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A totally new type of polyoxometalate, [IM0gO3,(OH)(OH,)s]*~, has Recently we discovered a novel type of polymolybdate
been synthesized by reacting [IMos0,,(OMe),]*~ with water. The that has a rutile structure core, [(IMD)2]°~.** The isolation
[IM0gO3,(OH)(OH,)3]*~ anion further transforms into [(IM0703),]6 ", of this compound was a little tricky. The tetrabutylammonium
a molecular oxide that has a rutile core, in dry acetonitrile, while (TBA) salt of [(IM0702)2]®~ was obtained by crystallizing

a compound prepared by adding TBABr to an acidic solution
of [IM0O24)°.24%5 However, the IR spectra of the initial
material thus preparedl; Figure S1 in the Supporting
Polyoxometalate chemistry has made a giant leap duringInformation) and the final crystals obtained were totally
the last score of yeatddowever, its development has largely different. This indicates that some structural reorganization
depended on the progress made for the Keggin and relatedakes place during crystallization. During an effort to fully
species that have tetrahedral heteroatoms. Many differentcharacterize this initial material, we have isolated a novel
species that contain tetrahedral heteroatoms have beettype of polymolybdate as well as a methoxide of [Y®gy]>.
reported since a milestone review was published in 2983. A dimethoxide of [IMaO,4°>~ was obtained by reacting
The progress for the species of octahedral heteroatoms, orll with methanol as a TBA saif. X-ray crystal structure ana-
the other hand, has been far slower. The situation for this lysis revealed that the dimethoxide anion, [I{@aOMe)]*,
class of polyoxometalates has not changed much since 1983has the structure shown in Figure 1 (see also the figure given
and even experts of the field can name only a handful of in the graphical table of contents)It has the same basic
newer structure%:'® Reaction chemistry of the species of (14) Blomstrand, C. WZ. Anorg. Chem1892 1, 10-50,
octahedral heteroatoms has largely been left unexplored. (15) angus, H. J. F.: Briggs, J.; Weigel, H. Inorg. Nucl. Chem1971,

it stays intact for several hours in wet acetonitrile.

33, 697—-703.
*To whom correspondence should be addressed. E-mail: tozeki@ (16) NaMoO4-2H,O (3.20 g, 13.2 mmol) was dissolved in 17.7 mL of
cms.titech.ac.jp (T.0.), yagasaki@kwansei.ac.jp (A.Y.). 1.05 M HCI (18.6 mmol). HIGQ-2H,0 (0.500 g, 2.19 mmol) was added
T Dedicated to Professor Yukiyoshi Sasaki on the occasion of his 77th to this solution. The mixture was stirred for 5 min, during which time
anniversary. colorless precipitates formed. It was further stirred for 15 min at 70
# Kwansei Gakuin University. 75 °C to yield a clear solution. A solution of TBABr (2.83 g, 8.78
8 Tokyo Institute of Technology. mmol, in 5 mL of water) was then added to the solution, and stirring
(1) For instance, see: Hill, C. IChem. Re. 1998 98, 1 and 2. was continued on the resulting slurry at@for 30 min. The mixture
(2) Pope, M. THeteropoly and Isopoly Oxometalate3pringer-Verlag: was filtered, and the pale yellow solids collected were dried in vacuo
Berlin, 1983. over ROs for 12 h to yield 3.31 g of the intermediate produtt,A
(3) Day, V. W.; Klemperer, W. G.; Schwartz, @.Am. Chem. So&987, total of 0.43 g ofl was dissolved in 15 mL of methanol, and the
109 6030-6044. solution was filtered to remove a small amount of solids left
(4) Ogawa, A.; Yamato, H.; Lee, U.; Ichida, H.; Kobayashi, A.; Sasaki, undissolved. The crystals that appeared after allowing the filtrate to
Y. Acta Crystallogr., Sect. @988 C44, 1879-1811. stand at ambient temperature for 24 h were collected by filtration and
(5) Ichida, H.; Nagai, K.; Sasaki, Y.; Pope, M.J.Am. Chem. So¢989 dried in vacuo over s for 12 h to yield 0.15 g of TBA[IM0 Oz
111, 586-591. (OMe)] (8.1 x 1075 mol, 28% based on Mo). Anal. Calcd for
(6) Jorris, T. L.; Kozik, M.; Baker, C. Winorg. Chem199Q 29, 4584~ CsoH11aN3IM06O24: C, 32.56; H, 6.23; N, 2.28; I, 6.9; Mo, 31.2.
4586. Found: C, 32.10; H, 6.20; N, 2.03; I, 7.2; Mo, 30.9. IR (Nujol mull,
(7) Ichida, H.; Yagasaki, AJ. Chem. Soc., Chem. Commu®91, 27— 1050-400 cntl): 1013 (m), 943 (vs), 925 (vs), 907 (vs), 892 (m),
28. 880 (w), 750 (s), 733 (s), 701 (vs), 666 (s), 641 (m), 624 (m), 556
(8) Robl, C.; Frost, MJ. Chem. Soc., Chem. Comma892 248-250. (vs), 478 (m), 473 (m)*H NMR (CDsCN): ¢ (ppm) 0.97 (t, Cls-
(9) Park, K. M.; Ozawa, Y.; Lee, UJ. Korean Chem. Sod.994 38, CH,CH,CHzN), 1.37 (m, CHCH,CH,CHzN), 1.62 (m, CHCH,CH2-
359-365. CHN), 3.11 (m, CHCH,CH,CH2N), 4.30 (s, ®i30), 4.31 (s, Ei30).
(10) Kamenar, B.; Cindriae, M.; Strukan, Rolyhedron1994 13, 2271~ TheH NMR of TBA3[IMoO22(OMe),] gives two peaks assignable
2275. to the methoxy groups in roughly a 2:1 ratio (see above), although
(11) Ortea, F.; Pope, M. T.; Evans, H. T., dJnorg. Chem.1997, 36, the methoxy groups of the anion are equivalent in the solid state. Partial
2166-2169. hydrolysis of the methoxy group is one possible explanation but has
(12) Khenkin, A. M.; Shimon, L. J. W.; Neumann, Rorg. Chem2003 been excluded because the intensity ratio of these peaks does not
43, 3331-3339. change with the concentration of the compound or the amount of
(13) Honda, D.; Ozeki, T.; Yagasaki, Anorg. Chem.2004 43, 6893~ methanol in solution. We currently have no solid explanation for this
6895. observation.
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) Figure 2. Structure of [IM@O3z(OH)(OH,)3]*~ (left) and its polyhedral
Figure 1. Structure of [IM@O2(OMe)]3". representaion (right).

structure as the parent [IMO.4°>~ anion® but two of the

OMo, oxygens in the parent anion are replaced by methoxy

groups in a centrosymmetric manner. The methyl groups

stick out from the surface of the Anderson anion almost at

right angles. Itis interesting to note that there are no terminal

methoxy groups in the structure, unlike in [M4(OCH)4]*",

where both terminal and bridging oxygens are replaced by

methoxy group3? They do not occupy the triply bridging

sites either. Selective methylation of ObMuxygen was also

observed in the direct methylation of [PM@43~ by

trimethyloxoniun? Figure 3. Polyhedral models of [IMgDs(OH)(OHy)* (left) and
The dimethoxide anion seems to be stable in an acetonitrile[MeAsW;O.7H]"~ (right). The MeAs group is omitted for clarity.

solution. It gives basically identical IR spectra in the solid

phase and in solution (Figure S2 in the Supporting Informa- ..t \re of this new molybdoperiodate anion, [
tion). It does get hydrolyzed and releases methanol When(OH)(OHz)g]"'*.zz The figure may be mistaken as that of a

HO is a_dded o the solution._ H_oyvever, the IR spectra of Keggin-related species at first sight. In fact, the ring made
the solution do not change significantly even after adding up from Mo1, Mo4, Mo7, Mo9, Mo6, Mo3, and the oxygens
120.equiv of .HO and allowing the solut-ion to stand for 24 that bridge tr;em isz very'simiIa’\r to tr’1e I\{(b,e ring observed

h (Figure S3 in the Supporting Inform:laltlon.), SUQQGSF'”Q that in the structure of the Keggin and related speéi¢sowever,

the Anderson framework of the anion is maintained in the unit that sits inside the cage made up from the

solut|on_ under these condltl_o_ns. molybdenum and oxygen atoms for the current compound
Despite the apparent stability of the Anderson framework is an octahedral IQunit, not a tetrahedral AQunit.

n i, oSl ol Gt S e 3 oo o s
. i relevance to [CBASW;0,6(OH)]"~ (Figure 3)?* The former
solution of TBAJIM0¢O,(OMe)].2! Figure 2 shows the [CEASW:O2o(OH)I" (Figure 3)

anion ideally has am (Cs) symmetry, with the mirror plane

(17) Single crystals of TB4IM0sO22(OMe),] at 85(2) K: monoclinic, going throth l, Mo2, MoS5, and Mo8. The mOiety made
space groug2,/n, with a = 10.4009(1) Ab = 14.6658(3) Ac = up from the octahedra that are centered by those atoms and

23.5395(4) A8 = 100.324(19, V = 3532.5(1) R, andZ = 2. A ;
colorless crystal of dimensions 0.48 0.30 x 0.14 mn? was used the ones by Mol, Mo4, and Mo7 (or, alternatively, Mo3,

for data collection. Diffraction data were collected on a Bruker MO06, and Mo9) has the same geometry as theOW
SMART CCD diffractometer using Mo & radiation. The final framework of [CI—&A5W7026(OH)]7—_ In other words, if we

agreement factors weife = 0.0343 for 9714 reflections witk 2 > ; ;
Zg(F 2 andwR(F ?) = 0.0788 for 10 755 unique reflections. fuse two IM@O,7 units of the WO,7 structure in a manner

(18) Kondo, H.; Kobayashi, A.; Sasaki, ¥cta Crystallogr., Sect. B98Q that they share the | and three Mo atoms, we get the
B36 661-664. 4— i

(19) McCarron, E. M.; Harlow, R. LJ. Am. Chem. So4983 105 6179~ [IMOQOSZ(OH)(OHZ)S] anion.
6181.

(20) Knoth, W. H.; Harlow, R. LJ. Am. Chem. Sod.981, 103 4265~ (22) Single crystals of TBAIM0gO3(OH)(OH,)3]-H20 at 123(2) K:
4266. orthorhombic, space grolgna2;, with a = 24.549(1) Ab = 17.979-

(21) TBA3[IM0gO22(OMe),] (0.20 g, 0.11 mmol) was dissolved in 2.5 mL (1) A, c=22.860(1) g,v = 10089.6(8) &, andZ = 4. A colorless
of acetonitrile. Water (0.23 mL, 13 mmol) was added to this solution, crystal of dimensions 0.44 0.12 x 0.12 mn? was used for data
and the mixture was stirred for 7.5 h. A total of 8.8 mL of ethyl acetate collection. Diffraction data were collected on a MAC Science DIP
was then added to the solution. The crystals that appeared after LABO system installed on the BLO4B2 bending magnet beamline of
allowing the solution to stand for 16 h at ambient temperature were the SPring-8 syncrotron facility using a 37.78-keV £ 0.3282 A)
collected by filtration and dried in vacuo oves@ for 8 h toyield monochromatized X-ray beam. The final agreement factors Rere
64 mg of TBAy[IM0gO3x(OH)(OH,)3]-H20 (0.025 mmol, 34% based 0.0641 for 17 360 reflections with2 > 20(F 2) andwR(F 2) = 0.1763
on Mo). Anal. Calcd for G4H153N4IM0gOs7: C, 30.01; H, 6.02; N, for 18 130 unique reflections. For details of the data collection system,
2.19; Mo, 33.7. Found: C, 30.29; H, 6.07; N, 2.07; Mo, 33.6. IR (Nujol see: Ozeki, T.; Kusaka, K.; Honma, N.; Nakamura, Y.; Nakamura,
mull, 1000-400 cn1): 944 (s), 924 (vs), 911 (vs), 890 (m), 850 S.; Oike, S.; Yasuda, N.; Imura, H.; Uekusa, H.; Isshiki, M.; Katayama,
(sh), 821 (vs), 809 (vs), 758 (s), 734 (sh), 723 (m), 696 (m), 667 (m), C.; Ohashi, Y.Chem. Lett2001, 804-805.

648 (m), 627 (sh), 569 (w), 546 (w), 516 (w), 496 (w), 428 (w), 414 (23) Leyrie, M.; Tag A.; Herve G.Inorg. Chem1985 24, 1275-1277.
(w), 401 (w). The same compound can be obtained by using diethyl (24) Jameson, G. G.; Pope, M. T.; Wasfi, S.HHAm. Chem. S0d.985
ether instead of ethyl acetate. 107, 4911-4915.
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Figure 4. Structures of [IM@Os(OH)(OHy)3]*~ (top), [TeMaO2o(OH,)]4~
(bottom left), and [(IM@Oze)2]®~ (bottom right).

The structure of [IM@Osx(OH)(OH,)s]*~ also has a
close relationship with those of [TeMO,(OH,)]*" and
[(IM0702),]®~ (Figure 4; see also the figure given in the
graphical table of content$)3 If we tear up the bottom part
of [TeMogO2(OH,)]4~ and insert a Mo unit, we get the
structure of [IM@Osx(OH)(OHy)s]*". If we remove two

(OHy)g]?~.732 The charge neutrality of the crystal requires
one more oxygen be protonated in the [§@eOH)(OH,)3]*
anion, just as the formula tells. Although the X-ray data were
not very decisive on this matter, we tentatively propose that
either 026 or 028 is protonated. The bond valence &tiths
for these oxygen atoms are 1.4 and significantly smaller than
the values for the other oxygen atoms.

Another point that merits mention is the location of the
noncoordinating water molecule (O37). It locates itself as if
to fill the void of the layer that is made up from four terminal
oxygen atoms: 014, 022, 026, and O32. Itis close to 014
and O11 (O37:014 2.75 A, 037-:011 2.78 A) and seems
to be hydrogen-bonded to these two atoms.

In contrast to [IM@O,(OMe)]®", the [IM0yOsx(OH)-
(OHy)3]*~ anion exhibits totally different behaviors in dry
and moist acetonitrile. It undergoes spontaneous reorganiza-
tion in dry acetonitrile and transforms into [(IMO2¢)2]®~
(Figure S4 in the Supporting Information). In moist aceto-
nitrile that contains 90 equiv of water, on the other hand,
the framework of [IM@O3(OH)(OHy)3]* is maintained for
more than several hours (Figure S5 in the Supporting
Information). It does decompose after a longer period of time
or if more water is added to the solution but never into
[(IM07056),]%~ when the solution contains this much water.
Because the IR spectra of TBMV0¢O3(OH)(OH,);] are

MoOs octahedra from this teared up part (those centered by extremely similar to those of the mystery starting compound

Mos and M), we get the structure of the monomeric unit
of [(|M07025)2]6_.

Three of the Mo atoms in [IMgD3(OH)(OH,)3]4~ (Mo4,
Mo5, and Mo6) have three nonbridging M® bonds. This
violation of Lipscomb’s rule’>26 however, is of apparent
nature. One of those three M@ bonds in each case is much
longer than the other two (Me4014 2.36 A, Mo4-015
1.68 A, M0o4-016 1.66 A; M0o5-017 2.39 A, Mo5-018
1.68 A, M0o5-019 1.68 A; M06-020 2.36 A, Mo6-021
1.70 A, Mo6-022 1.70 A), suggesting that it is actually a
Mo—OH, bond. Unlike the majority of the (apparent and
strict) anti-Lipscomb polyoxometalates reported so’faf!
the terminal Me-O bonds in the current compound are
aligned inmer geometry, not ifac. The mer arrangement
of two terminal Mo-O and one (terminal) MeOH, bonds
has been observed in [Teh®@yoOH,)]*~ and [CHASM0sO,1-

(25) Lipscomb, W. Nlnorg. Chem.1965 4, 132-134.

(26) Reference 2, pp 19 and 130.

(27) Ma, L.; Liu, S.; Zubieta, Jnorg. Chem.1989 28, 175-177.

(28) Hartl, H.; Palm, R.; Fuchs, Angew. Chem., Int. Ed. Endl993 32,
1492-1494.

(29) Fuchs, J.; Palm, R.; Hartl, Angew. Chem., Int. Ed. Endl996 35,
2651-2653.

(30) Btsing, M.; Loose, |.; Pohlmann, H.; Krebs, Bhem—Eur. J.1997,
3, 1232-1237.

(31) Loose, I.; Droste, E.; Bing, M.; Pohimann, H.; Dickman, M. H.;
Rosu, C.; Pope, M. T.; Krebs, Bhorg. Chem1999 38, 2688-2694.
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1, we now believe thal is actually TBA[IMogO3(OH)-
(OHy)4] in a less crystalline and somewhat lower purity form.

Here we have discovered an interesting series of reactions
that accompanies structural change. Experiments to reveal
further reaction chemistry of the molybdoperiodate system
are underway.
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