J. Am. Chem. S0d.997,119, 3523-3535 3523

Reduced Nitrosyl Polyoxomolybdates with the Hitherto
Unknown Decamolybdate Y Structure: Preparation and Crystal
and Electronic Structures of the Two-Electron Reduced
[M010025(OMe)(NO)]~ and the Four-Electron Reduced
[M010024(OM6)7(NO)]2_

Anna Proust,*' Francis Robert," Pierre Gouzerh,” Qin Chen# and Jon Zubietat

Contribution from the Laboratoire de Chimie des tdlieéx de Transition, URA 419,
Universite Pierre et Marie Curie, 4 place Jussieu, case 42, 75 252 Paris Cedex 05, France, and
Department of Chemistry, Syracuse urisity, Syracuse, New York 13244

Receied October 7, 1996

Abstract: Reaction of eitherr-BusN);[M0s0;13(OMe}(NOX Na(MeOH} ]-xMeOH or (1-BusN)3[MogO15(NO)] with

various reducing agents, includingy-2HCI, in methanol or in a mixture of methanol and acetonitrile, yields
reduced nitrosyl decamolybdates, among whietB(4N)[M010025(OMe)(NO)] ((n-BugN)II') and two forms of if-
BusN)2[M010024(OMe)(NO)] ((n-BugN)2lVa and -BusN)2IVb) have been crystallographically characterizéda b

are diastereoisomers that differ in the location of methoxo groups. The molecular structiirasafV are closely

related to that of [WyOs2]*~, the so-called decatungstate Y, and consist of two halves of five edge-sharing octahedra
connected through four quasi-linear M®—Mo bridges. Besides the four electrons essentially residing at the
Mo(Il) center bearing the nitrosyl ligandl, andIV further accommodate two and four delocalized “blue” electrons,
respectively. Il and IV thus contain molybdenum atoms in three different oxidation states, Mo(ll), Mo(V), and
Mo(VI). On the basis of their optical spectra, they are best described as class Il mixed-valence complexes according
to the classification of Robin and Day. Their intimate electronic structure has been further investigated by means
of extended Hakel calculations on the model compound [M026(OH)s]. The composition of the HOMO clearly
demonstrates that the “blue” electrons are circulating among the eight equatorial molybdenum sites, the delocalization
being strongly favored by the quasi-linear—Mo bridges.

Introduction

Polyoxometalates are molecular metakygen clusters which
are of fundamental and practical inter&st. Their remarkable
electron storage capacitjH,W1,040]®~ can accomodate up to
32 electrond—and the electron delocalization within the oxide
framework provide unique opportunities for the investigation

of a number of processes which are of fundamental importance

in the frame of molecular materiaks,g (i) thermal and optical
electron transfe?, (ii) interactions between delocalized and
localized electron& (i) magnetic exchange interactioffsand

(iv) intramolecular energy transféf. According to Popé,
polyoxometalates can be divided into three types: type |, which
comprises polyanions in which each metal center exhibits a
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single terminal oxo ligand, type I, characterized by two terminal
oxo ligandsper metallic atom, and type 1ll, as a combination
of the two former (three terminal oxo ligands should be ruled
out according to Lipscomb’s rufealthough this has occasionally
been observédl Only type | polyanions have proved to be
reversibly reduced, that is, with minimal structural modifica-
tions1911 Such reduced species, commonly referred to as “poly
blues” or “heteropoly blues”, have been subjected to a number
of reviews!12 Their features have been studied by a number
of methods ¢.9.,IR,12°UV —vis—near-IR>1011 ESR>13NMR, 14
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diesl® and X-ray diffractioA”21) and discussed in terms of
various modelg2-24 They are best described as class Il mixed-
valence compound, that is with weakly trapped Md or

Proust et al.

charge balance considerations, [[¢0.,5(OMe)(NO)]~ would
thus comprise seven Mo(VI) and two Mo(V) centers and will
be consequently designated by. On a similar basis,

W5t centers. Ground-state delocalization on several addendum[Mo10024(OMe)/(NO)]>~ would accommodate, besides a Mo-

atoms has indeed been inferred from either ESRr NMR
studiest4

(NO)** unit, five Mo(VI) and four Mo(V) centers and thus
will be referred to adV. IVa,b designate two isomers, dif-

One of the most extensively studied polyoxometalates is the fering in the location of some methoxo ligands. The ‘Mo

decatungstate anion, }Ds;]*~ (the so-called tungstate ¥§.

centers could not be located by X-ray diffraction, which could

This species displays electrochemically reversible reduction result either from extensive electron delocalizatioidl¢ infra)

steps?” and there is retention of the structure on reduction by
one or two electron¥'d20 |t is among the most active poly-
oxometalates which promote alkane oxidatfoand nanosec-
onc®® and picosecorfd transient absorption studies of it have
been reported. Thus, it is unfortunate that its molybdenum
counterpart, [M@Osz]*~, is unknown, which precludes a com-

or from a disorder among the molydenum atoms, which is very
frequent in polyoxometalates. Although these species are
diamagnetic, they could not be characterized by multinuclear
spectroscopy. Therefore, to gain some insight into their intimate
electronic structure, we have undertaken extendatkel(EH)
calculations, which lead to the conclusion that the extra “blue”

parison between the photochemical properties of these twoelectrons are delocalized among the eight equatorial molybde-
species. The only isolated decamolybdate that has been charnum sites.

acterized to date, [M@Os4]®", is built up by connecting one
MogO,g Unit at corners to two Mo@octahedr&® We report

Experimental Section

here the synthesis and physicochemical characterization of some Reagent-grade acetonitrile, methanol, THF, or diethyl ether and

derivatives of the putative [M@0s2]*~ anion, namely [Me@Ozs-
(OMe)(NO)]~ (I1') and two isomers of [MaO24OMe),(NO)]2~

HPLC grade DMF, MH,-2HCI, and VC} were purchased from Aldrich
and used as received.n-BusN)jW10032],%* [MoCly(MeCN)],%® (n-

(IVa,b). These three compounds have been characterized a3uN):[MosO1(OMe)(NO)X Na(MeOH}]-xMeOH,* and (-Bu:N)s-
tetrabutylammonium salts by single-crystal X-ray analyses; they [M0sO1s(NO)]** were synthesized as reported in the literature- (
provide the first examples of a series of compounds whose struc-BuN)BFs was prepared fromntBusN)HSQ, and NaBk and dried

tures are directly related to that D3z ]*~.26 It is also note-
worthy that only a few molybdate “poly blues” have been struc-
turally characterized-Ca sHe[PM012040],27 S-[H4ASMO104q] 3,
a-[H2A3M012040]3*,18 O.-[HPM012040]47, [H382M018052]57,19
[H1.8W10032%~,20 [H1.8W10032]*,2% and [M01404¢]® .2

Roman numerald) for [Mo10025(OMe)s(NO)]~ andIV for
[M010024(OMe),(NO)]J?~, originate from the number of added

overnight under vacuum. When stated, methanol was distilled on
magnesium methoxide.

Infrared spectra were recorded from KBr pellets on a Bio-Rad FT
165 spectrophotometer. The electronic absorption spectra were recorded
on Shimadzu model UV-2101 (UWisible) and Beckman model UV
5240 (near-IR) spectrophotometers.

The susceptibility measurements were performed on SQUID mag-
netometer in the 2290 K temperature range ugim 1 kOe magnetic

“blue electrons” as compared to the putative oxidized parent field.

[Mo10032)*~ and do not take into account the d-electrons
localized on the Mo(NO) fragment. Assuming the latter to
be a Mo(NO¥" unit, as in all the oxonitrosyl molybdates we
have previously characterizét3 and taking into account

(15) Kazansky, L. P.; Launay, J.-Bhem. Phys. Lettl977, 51, 242.

(16) Casan-Pastor, N.; Baker, L. C. \i.. Am. Chem. S0d.992 114,
10384 and references therein.

(17) Barrows, J. N.; Jameson, G. B.; Pope, M.JTAm. Chem. Soc.
1985 107, 1771.

(18) Mller, A.; Krickemeyer, E.; Penk, M.; Wittneben, V.; Tng, J.
Angew. Chem., Int. Ed. Endl99Q 29, 88.

(19) Neier, R; Trojanowski, C.; Mattes, BR. Chem. Soc., Dalton Trans.
1995 2521.

(20) Sasaki, Y.; Yamase, T.; Ohashi, Y.; SasadaBWMIll. Chem. Soc.
Jpn. 1987, 60, 4285.

(21) Yamase, TJ. Chem. Soc., Dalton Tran£991, 3055.

(22) Fournier, M.; Rocchiccioli-Deltcheff, C.; Kazansky,Chem. Phys.
Lett. 1994 223 297.

(23) Borshch, S. AJ. Mol. Struct. (THEOCHEM}1995 330, 139.

(24) (a) Borras-Almenar, J. J.; Clemente, J. M.; Coronado, E.; Tsukerblat,
B. S.Chem. Phys1995 195 1. (b) Borras-Almenar, J. J.; Clemente, J.
M.; Coronado, E.; Tsukerblat, B. &hem. Phys1995 195 17.

(25) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocheni967, 10,
248.

(26) Fuchs, J.; Hartl, H.; Schiller, W.; Gerlach, Acta Crystallogr.1976
B32 740.

(27) (a) Boyer, MJ. Electroanal. Chem. Interfacial Electrochet®71,
31, 441. (b) Termes, S. C.: Pope, M. lhorg. Chem.1978 17, 500. (c)
Yamase, T.lnorg. Chim. Acta Lett.1983 76, L23. (d) Yamase, T.;
Takabayashi, N; Kaji, MJ. Chem. Soc., Dalton Tran4984 793. (e)
Chemseddine, A.; Sanchez, C.; Livage, J.; Launay, J.-P.; Fournikerok.
Chem.1984 23, 2609.

(28) Duncan, D. C.; Netzel, L. L.; Hill, C. Linorg. Chem 1995 34,
4640 and references therein.

(29) Yamase, T.; Usami, T. Chem. Soc., Dalton Tran$988 183.

(30) (a) Fuchs, J.; Hartl., H.; Hunnius, W.-D.; Majhour A&igew. Chem.,
Int. Ed. Engl.1975 14, 644. (b) Bharadwaj, P. K.; Ohashi, Y.; Sasada,
Y.; Sasaki, Y.; Yamase, TActa Crystallogr., Sect. Q986 C42 545.
(c) Garin, J. L.; Costamagna, J. Mcta Crystallogr., Sect. C1988
C44, 779.

Elemental analyses were performed by the Service Central d’Analyse
of the CNRS (Vernaison, France).

Synthesis of 0-BusN)[Mo 1¢025(OMe)s(NO)] ((n-BusN)Il). To a
solution of 0.25 mmol (0.34 g) offBusN)[M0s0:3(OMel(NOX Na-
(MeOH)}] in 10 mL of hot distilled methanol was added 0.25 mmol
(0.04 g) of VCh. The violet color immediately turned blue. After a
4 h reflux under a nitrogen atmosphere, the blue precipitate, which
had formed, was collected by filtration and washed with diethyl ether.
Recrystallization in a THF/MeOH mixture afforded a few dark blue
crystals of (-BusN)II .

Synthesis of (-BusN)[M010024(OMe)7(NO)] ((n-BusN).IVa). To
a brown solution of 0.5 mmol (0.8 g) oh{BusN)3[M0sO15(NO)] in
30 mL of a 1:1 mixture of methanol and acetonitrile was added 1 mmol
(0.104 g) of NH4-2HCI. Upon heating to reflux, the solution developed
a blue color after about one-half hour. Afte 7 hreflux, the blue
solution was set aside and dark blue crystaleéB(4N).I\Va deposited
within a few hours; these were filtered off after 2 days and air dried
(0.14 g; yield: 22% based on Mo). Anal. Calcd forsgBos-
Mo1oN3Os2: C, 22.57; H, 4.54; Mo, 46.22; N, 2.02. Found: C, 22.31;
H, 4.53; Mo, 46.52; N, 2.00. IR (KBr pellet, ct): 2963 (m), 2929
(m), 2878 (m), 2822 (w), 1659 (3XNO), 1480 (m), 1384 (w), 1030
(s), 953 (vs), 783 (w), 632 (m). Visible/near-IR [MeCR;ax NM (€,
mol~* L cm™3)]: 635 (13 930), 920 (4600).

Synthesis of (-BusN)2[M010024OMe)7(NO)] ((n-BuaN).IVb). To
a violet solution of 0.25 mmol (0.34 g) of{BusN)z[M0sO13(OMe)-
(NOX Na(MeOH}] in 10 mL of hot, freshly distilled, methanol was
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Table 1. Crystal Data and Data Collection and Refinement ParametersiBuf\)[Mo10025(OCHs)s(NO)] ((n-BusN)Il') and
(n-Bu4N)2[M010024(OCH3)7(NO)] ((n-Bu4N)2IVa,b)

(n-BugN)II (n-BugN)2IVa (n-BugN)2IVb
formula G2Hs4M010N2032 CaoHg3M010N3032 C3oH93M010N3032
fw 1818.07 2075.58 2075.58
T,K 298 298 298
diffractometer CAD4F Enraf Nonius CADA4F Enraf Nonius AFC5S Rigaku
A (Mo Ka), A 0.71069 0.71069 0.71073
a A 11.538(4) 11.620(2) 11.697(4)

b, A 25.151(5) 24.332(5) 24.398(4)

c, A 17.232(4) 24.847(3) 24.776(4)

B, deg 95.58(3) 96.75(1) 96.89(2)

Vv, A3 4976 (11) 6976(5) 7020(12)

VA 4 4 4

crystal system monoclinic monoclinic monoclinic

space group P2:/n P2i/n P2i/n

systematic absences k@ k=2n+ 1, h0l, 0kO,k=2n+ 1, hOl, 0kO,k=2n+ 1, hOl,
h+1=2n+1 h+l=2n+1 h+l=2n+1

Dcalcas g CNT3 2.43 1.98 1.96

u(Mo Ko 24.63 17.70 17.59

scan mode l20 wl20 1)

scan width, deg 0.8 0.345 tard 0.8+ 0.345 tar¥ 1.5+ 0.30 tand

26 range, deg £50 1-50 1-45

rangehkl collected —13t0 13, 6-29, 0-20 —12to 12, 6-28, 0-27 0-12, 0-25,—26 to 26

no. of reflns collected 9211 9130 10148

no. of unique reflns 8756 8859 9446

no. of reflns withl > 3o(1) 5025 3688 3306

absorption correction DifaBgémin, 0.78; max, 1.19) Difal3gmin, 0.81; max, 1.17) W-scans

least-squares params 591 757 388

goodness of fit 2.66 2.71 1.60

R(Fo)? 0.049 0.055 0.062

Ruw(Fo) 0.052 0.060 0.064

aReference 38°R = Y||Fo| — |Fell/IIFol; Ry = (SW(|Fo| — |Fel)2/TW|Fo2)22,

added, under nitrogen, 0.25 mmol (0.08 g) of [Mg®leCN),]. The The locations of the methoxo ligands were determined with special
resulting blue solution was boiled under reflux for 7 h, after which attention. The procedure followed will be detailed 1br Careful
time a dark blue precipitate (0.15 g) was separated and washed withexamination of electron density difference maps unambiguously
diethyl ether. Dark blue crystals ofi-Bus:N).IVb suitable for X-ray revealed that 012, 013, 014, 015, 0113, 0114, and O115 must bear
analysis were grown from a THFAR mixture. carbon atoms, while 0112 and all other bridging oxygen atoms do not.
Electrochemistry. All measurements were carried out in DMF,  However, two refinement cycles resulted in nonhomogeneous isotropic
under argon, at room temperature, by using a standard three-electrodgéhermal parameters: 0.077, 0.049, 0.064, 0.059, 0.283, 0.115, and 0.145,
cell, which consisted of the working electrode, an auxiliary plati- respectively. The values for O113 and, to a lesser extent, for 0114
num electrode, and an aqueous saturated calomel electrode (SCEpnd 0115 were clearly indicative of partial occupation factors.
equipped with a double junction. Solution concentrations vearel Consequently, isotropic thermal parameters and occupation factors for
mM for the compound under study and 0.1 M for the supporting C113, C114, and C115 were refined by routine least-squares methods.
electrolyte, (-BusN)BF,. Polarograms were recorded at a rotating The resulting occupation factors of 0.45, 0.85, and 0.70, respectively,
platinum electrode or at a dropping mercury electrode on a Tacusselwere then fixed and the thermal parameters independently refined. Thus,
PRG3 device, at the rate of 0.15 V min Cyclic voltamograms were it appears thatl contains six methoxo ligands, two of which are
recorded at a carbon electrode on a PAR 273 instrument, at the rate ofdisordered on three sites. Following the same treatrilatyas found

0.1Vst to accommodate seven methoxo ligands, lying on sites 12, 13, 14, 15,
X-ray Crystallographic Studies. Relevant crystal data, data 112, 113, 114, and 115, one of which is disordered on two sites as
collection, and refinement parameters for compoumeBLN)II , (n- C112 and C114 were assigned occupation factors of 0.55 and 0.45,

BwN)JVa, and @-BwN)JVb are summarized in Table 1. The respectively. In common withva, IVb also displays seven methoxo
intensity data were collected, at room temperature, on either a CAD4 ligands, but is unaffected by disorder. In this instance, in addition to
Enraf-Nonius or a Rigaku AFC5S diffractometer, using graphite- sites 12, 13, 14, 15, 114, and 115, an equatorial site, namely 145, is
monochromated Mo & radiation. Accurate cell parameters and the involved. As the presence of methoxo instead of oxo ligands is clearly
orientation matrix were obtained from a least-squares fit of 25 reflected in the geometric parameter&lé infra), the geometry around
automatically centered reflections of high Reference reflections were  each oxygen atom was carefully inspected.

periodically monitored for intensity and orientation control; no crystal Hydrogen atoms were placed in idealized positionsreB,N).IVb
decay was observed. Intensities were corrected for Lorentz and but were not included in the model fdt and IVa. They were
polarization effects, and only those with> 30(l) were retained for isotropically refined and then introduced as fixed contributions in final
calculations. The structures were solved by direct metfbdshich refinements. All non-hydrogen atomslinandlVa were given aniso-

allowed the location of the molybdenum atoms and some of the oxo tropic temperature factors, with the exception of those of the carbon
ligands, and subsequent electron density maps. Neutral-atom scatteringatoms with partial occupation factors. Only the molybdenum atoms
factors were used, and anomalous dispersion corrections were in-in IVb were anisotropically refined. Refinements were carried out by
cluded?” An empirical absorption correction was applied using large block matrix least-square procedures. All computations were per-

DIFABS® for (n-BwN)Il and @-BusN).IVa, while that for - formed using the CRYSTALS version for PCor SHELXTL.26
Bu:N).IVb was based of-scans. Selected bond lengths and angles are listed in Tables 2 and 3,
- respectively.
(36) Sheldrick, G. I\/I.SHEL_X_S 86A Program for Crystal Structure The numbering schemes for the [MBs1_(OMe)(NO)]™ anions
Determination University of Gdtingen, 1986. . 3 i3
(37) International Tables for X-Ray Crystallograghtynoch: Birming- follow that previously adopted for the [M@1(OMe)(NO)]*" unit:
ham, U.K., 1974; Vol. IV, pp 149150. The molybdenum atom bearing the nitrosyl ligand, N101, was labeled

(38) Walker, N.; Stuart, DActa Crystallogr., Sect. A983 A39, 158. Mo1, while the adjacent molybdenum atoms were numbered from Mo2
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Table 2. Selected Bond Lengths (A) for (NBIiM010025(OCHs)s(NO)] (NBug)ll ) and (NBW)2[M01¢024(OCHs)7(NO)] ((NBus)2lVa,b)

1l IVa IVb Il IVa IVb
Mol—N1 1.77(1) 1.73(3) 1.74(2) Mo01640110 2.224(9) 2.19(2) 2.20(2)
Mo1-010 2.123(8) 2.11(2) 2.13(2) Mo16D101 1.69(1) 1.67(2) 1.67(2)
Mo1—012 2.013(9) 2.02(2) 2.02(2) Mo16D112 1.80(1) 1.89(2) 1.87(2)
Mo1-013 2.00(1) 1.97(2) 1.99(2) Mo01610113 1.91(1) 2.03(2) 1.89(2)
Mo1-014 2.013(9) 2.02(2) 1.96(2) Mol16D114 1.98(1) 1.84(2) 1.98(2)
Mo1-015 1.987(9) 1.99(2) 1.99(2) Mo016D115 2.05(1) 1.99(2) 2.04(2)
Mo2—-010 2.360(8) 2.37(2) 2.39(2) MoleD?2 1.878(9) 1.89(2) 1.90(2)
Mo2—-012 2.139(9) 2.16(2) 2.15(2) Mo0162110 2.388(9) 2.34(1) 2.47(2)
Mo2—-02 1.852(9) 1.85(2) 1.85(2) Mo01620112 2.04(1) 2.04(2) 2.07(2)
Mo2—-022 1.67(1) 1.67(2) 1.67(2) Mo01620122 1.67(1) 1.66(2) 1.69(2)
Mo2—-023 1.901(8) 1.90(1) 1.93(2) Mo162D123 1.906(9) 1.92(1) 1.91(2)
Mo2—024 1.896(8) 1.93(1) 1.89(2) Mo16D124 1.890(9) 1.93(1) 1.88(2)
Mo3—-010 2.336(8) 2.33(1) 2.32(2) Mo16®3 1.887(9) 1.90(2) 1.89(2)
Mo3—-013 2.152(9) 2.19(2) 2.15(2) M016®110 2.359(9) 2.30(2) 2.44(2)
Mo3—-023 1.896(9) 1.89(2) 1.91(2) Mo016®113 2.07(1) 2.14(2) 2.07(2)
Mo3—-03 1.86(1) 1.83(2) 1.86(2) Mo01630123 1.90(1) 1.90(1) 1.93(2)
Mo3—-032 1.668(9) 1.68(2) 1.67(2) Mo0163132 1.66(1) 1.68(2) 1.66(2)
Mo3—035 1.897(9) 1.90(2) 1.90(2) M016®135 1.92(1) 1.92(2) 1.89(2)
Mo4—-010 2.363(8) 2.38(1) 2.38(2) Mo160D4 1.875(9) 1.89(2) 1.93(2)
Mo4—014 2.153(9) 2.17(2) 2.17(2) M0169©110 2.288(9) 2.38(2) 2.24(2)
Mo4—024 1.905(9) 1.89(1) 1.91(2) Mo160©114 2.10(1) 2.07(2) 2.12(2)
Mo4—04 1.863(9) 1.85(2) 1.83(2) Mo164D124 1.906(9) 1.92(1) 1.92(2)
Mo4—042 1.657(9) 1.64(2) 1.67(2) Mo1640142 1.67(1) 1.66(2) 1.67(2)
Mo4—045 1.907(8) 1.86(2) 1.88(2) Mole£©145 1.90(1) 1.89(2) 1.99(2)
Mo5—-010 2.317(8) 2.34(2) 2.32(2) Mo16%5 1.893(9) 1.90(2) 1.94(2)
Mo5—015 2.186(9) 2.17(2) 2.18(2) M016%110 2.253(9) 2.31(2) 2.24(2)
Mo5—035 1.899(9) 1.90(1) 1.91(2) Mo16%115 2.14(1) 2.12(2) 2.10(2)
Mo5—045 1.893(9) 1.92(2) 1.95(2) Mo16%135 1.89(1) 1.92(2) 1.89(2)
Mo5—05 1.862(9) 1.85(2) 1.82(2) Mo016%0145 1.90(1) 1.87(2) 1.99(2)
Mo5—052 1.67(1) 1.66(2) 1.65(2) Mo1680152 1.67(1) 1.69(2) 1.67(2)
N1-01 1.17(1) 1.21(3) 1.22(3) 011112 1.3(1)
012-C12 1.44(2) 1.43(3) 1.43(4) 013%113 1.44(5) 1.46(4)
013-C13 1.45(2) 1.46(3) 1.43(4) 011114 1.49(3) 1.5(1) 1.42(5)
014-C14 1.44(2) 1.44(3) 1.44(4) 01#£115 1.35(3) 1.50(5) 1.41(5)
015-C15 1.44(2) 1.48(3) 1.41(5) 0145145 1.51(5)
through Mo5. Since the anions can be built from two ‘Manits calculations were also performed on the model {§gs(OH)s] derived

connected by quasi-linear M&—Mo bridges, the numbering scheme  from [Mo1¢0,5(OH)s(NO)]~ by substitution of a Mo®" unit for the

in the “lower” half was derived from that of the “upper” one by adding Mo(NO)** unit. Finally, to get more accurate Coulombic integrals,
100 to each basic number. Connecting oxygen atoms betweén Mo the valence shell ionization potentials for the formally Mo(VI) and
and Mo10 were labeled @ Terminal oxygen atoms (Dwere labeled Mo(ll) centers were tentatively derived from charge iterations on
0i2, wherei is the number of the molydenum atom, with the exception [M010¢032]*~ and [Mo(NO)(OH)O]3-, respectively. Geometrical pa-
of that on Mo101, which was labeled O101. Bridging oxygen atoms rameters for [M@Osz]*~ have been approximated by those of
(Oy) were labeled @, wherei andj are the numbers of the bridged [W10037]* 26 and again constrained 4, symmetry, and those of
molybdenum atoms, and central oxygen atomg (@re labeled 010 [Mo(NO)(OH),0]* taken as in the corresponding part of [MO2s
and O110. Finally, carbon atoms were assigned the same labels afOH)s(NO)]". The Cartesian coordinates for [M@.s(OH)s(NO)]~

the oxygen atoms to which they are linked. and [MagOs,]* are given in Figure 1.
Extended Huckel Calculations The isolated anion [M@O;s- The Hickel parameters were taken from Hoffmann’'s wiérand
(OMe)(NO)]~ (Il') and the hypothetical species [M@2s(OMe)], are listed in Table 4. The energy 6f12.3 eV for Mo d orbitals is

[M014O32]*", and [Mo(NO)(OMe)OJ*~ were subjected to EH calcula-  more appropriate to Mo(VI) or Mo(V) than the value 6f10.5 eV,
tions™® To facilitate the calculations and to avoid accidental orbital which refers to molybdenum in low oxidation states. For d orbitals, a
splittings, geometric data derived from the X-ray crystallographic study linear combination of two Slater-type orbitals was used, as usual. The
of (n-BusN)[Mo10025(0OMe)(NO)] ((n-BusN)Il ) were constrained to  Wolfsberg-Helmholtz coefficient was set to 1.75.

approximateD4, symmetry. Cartesian coordinates were used. Refer-

ence axes are as followed: the plane through the fauat@ms was Results

taken az = 0, and thex andy axes, respectively, lie along the ©3

04 and 05-02 vectors. Methyl groups were replaced by hydrogen ~ Syntheses Reduced polyanions can be generally prepared
atoms and forced in the Mei0li—Moi or M0101-011i—Mol10i by electrolysis of their respective oxidized parents. This
planes. Only O114 and O115 were protonated, neglecting the disorderprocedure results in good yields and high selectivity, unless
affecting 0113, 0114, and O115 ih (vide suprg. The Mo(NO) decomposition or disproportionation occurs. However, it
fragment was constrained along theaxis. Strictly speaking, the  requires the availability of the parent anion. The chemical
idealized [MagOx(OH)e(NO)]” anion hasCs, notDay, symmetry. EH o q,ction described here thus provides the only way to reduced

(39) (@) Watkin, D. J.; Carruthers, J. R.; Betteridge, P. @Vystals derivatives of the hitherto unknown anion [M@®s2]4~. The
User Guide Chemical Crystallography Laboratory, University of Ox-
ford: Oxford, U.K., 1992. (b) Pearce, L. J.; Watkin, D. GAMERON (41) (a) Wheeler, R. A.; Whangbo, M.-H.; Hughbanks, T.; Hoffmann,
Chemical Crystallography Laboratory, University of Oxford: Oxford, U.K., R.; Burdett, J. K.; Albright, J. AJ. Am. Chem. S0d.986 108 2222. (b)
1992. Summerville, R. H.; Hoffmann, Rl. Am. Chem. Sod.976 98, 7240.

(40) FORTICON 8, QCPE 344, Indiana University, Bloomington, IN. (42) Alvarez, S. Personal communication, 1989.
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Table 3. Selected Bond Angles (deg) for (NBIM01¢025(OCHz)s(NO)]((NBus)ll ) and (NBw)2[M010024(OCHz)7(NO)] ((NBus).lVa,b)

[ IVa Vb [ IVa Vb
N1-Mo1-010 178.5(5) 177.7(9) 178.3(9) 014#0101-0101 168.8(5) 170.2(8) 172.0(8)
N1-Mol-012 97.6(5) 99.3(9) 97.(1) 011M0101-0112 82.3(4) 78.6(7) 82.9(7)
010-Mo1012 81.1(3) 81.8(6) 81.5(7) 016M0101-0112 108.7(5) 105.7(9) 104.1(9)
N1-Mol-013 100.3(5) 100.9(10) 99.(1) 011010101-0113 79.7(4) 76.7(6) 81.7(7)
010-Mo1-013 80.3(3) 81.0(6) 79.6(7) 016M0101-0113 101.4(5) 94.5(9) 101.4(9)
012-Mo1-013 87.2(4) 90.5(7) 88.5(7) 01#Mo0101-0113 94.8(5) 86.6(7) 94.1(8)
N1-Mol-014 97.7(5) 95.8(10) 100.(1) 011010101-0114 76.7(4) 81.5(7) 100.1(9)
010-Mo1-014 81.5(3) 82.2(6) 81.0(7) 016M0101-0114 100.0(5) 106.7(9) 75.9(7)
012-Mo1-014 86.6(4) 86.4(6) 88.3(7) 013Mo0101-0114 91.2(5) 93.9(7) 89.1(8)
013-Mo1-014 161.5(4) 163.2(7) 160.6(7) 014M0101-0114 154.6(4) 157.7(7) 156.8(8)
N1-Mol-015 99.8(5) 98.4(9) 101.(1) 0110M0101-0115 74.3(4) 78.2(6) 74.4(7)
010-Mo1-015 81.5(3) 80.4(6) 80.6(7) 016M0101-0115 94.6(5) 96.1(8) 98.3(9)
012-Mo1-015 162.5(4) 162.1(7) 162.0(8) 014R0101-0115 156.5(4) 155.5(7) 157.1(8)
013-Mo1-015 90.8(4) 89.0(7) 88.8(7) 01130101-0115 83.5(5) 80.5(6) 86.3(7)
014-Mo1-015 90.0(4) 89.0(7) 88.3(7) 01#M0101-0115 81.3(5) 90.4(7) 82.0(7)
010-Mo02-012 73.2(3) 73.3(6) 73.1(6) GM0102-0110 90.9(3) 92.6(6) 92.8(7)
010-Mo02—02 93.9(4) 95.0(6) 95.7(7) 0GM0102-0112 164.4(4) 165.0(7) 165.3(7)
012-Mo02-02 167.1(4) 168.3(6) 168.8(7) 011010102-0112 73.5(3) 72.4(6) 72.5(6)
010-Mo02—022 163.7(4) 161.4(7) 161.8(8) ©M0102-0122 101.9(5) 101.0(8) 100.6(8)
012-Mo02-022 90.5(5) 88.1(7) 88.7(8) 013MM0102-0122 167.2(4) 166.4(7) 166.5(8)
02—-M02—022 102.4(5) 103.6(8) 102.6(8) 014R10102-0122 93.7(5) 94.0(7) 94.1(8)
010-M02—023 74.8(3) 73.9(6) 74.3(6) OMo0102-0123 90.2(4) 91.0(6) 91.7(7)
012-Mo02-023 86.3(4) 86.1(6) 84.2(7) 0130M0102-0123 75.4(4) 74.8(6) 76.1(6)
02—-M02—023 91.3(4) 91.4(7) 92.7(7) 01#M0102-0123 85.4(4) 85.5(7) 85.7(7)
022-M02-023 103.7(4) 106.0(8) 103.6(8) ©M0102-0124 90.9(4) 89.8(6) 89.4(7)
010-Mo2—024 75.6(3) 75.2(6) 75.1(6) 013M0102-0124 74.4(4) 76.5(6) 72.9(7)
012-Mo02-024 85.4(4) 82.9(6) 85.3(7) 013M0102-0124 85.6(4) 86.4(7) 85.4(7)
02—-M02—024 90.5(4) 93.5(7) 92.7(7) 012M0102-0123 104.6(5) 104.5(7) 103.9(8)
022-M02—-024 104.7(4) 102.5(8) 104.8(8) 012M0102-0124 104.8(5) 103.5(7) 106.3(9)
023-M02—024 150.4(4) 149.0(7) 149.4(7) 01280102-0124 149.7(4) 151.3(6) 149.0(8)
010-M03-013 72.5(3) 72.0(6) 72.2(6) 0M0103-0110 93.0(4) 94.7(6) 92.6(7)
010-Mo03-023 75.5(3) 74.9(6) 76.2(6) G3M0103-0113 166.4(4) 167.0(6) 165.1(7)
013-M03-023 83.8(4) 84.8(7) 83.8(6) 013#0M0103-0113 73.4(4) 72.3(6) 72.6(6)
010-Mo3-03 95.2(4) 96.6(6) 96.0(7) G3M0103-0123 91.6(4) 90.8(6) 89.3(7)
013-Mo3-03 167.6(4) 168.6(6) 168.2(7) 011010103-0123 76.2(3) 76.2(6) 76.6(7)
023-Mo3-03 91.9(4) 93.1(7) 93.6(7) 011310103-0123 85.7(4) 86.8(6) 85.7(7)
010-Mo03-032 162.3(4) 160.4(7) 162.1(7) ©30103-0132 100.5(5) 101.7(8) 99.0(8)
013-M03-032 89.9(4) 88.4(7) 89.9(7) 0110M0103-0132 166.4(4) 163.5(8) 168.3(8)
023-M03-032 104.5(4) 105.4(8) 102.8(8) 014810103-0132 93.1(5) 91.3(8) 95.8(8)
03-Mo3-032 102.4(5) 102.9(8) 101.9(8) 012810103-0132 104.8(4) 104.8(8) 105.3(8)
010-Mo3—-035 74.0(3) 73.7(6) 74.2(6) G3aM0103-0135 90.2(4) 91.4(7) 90.6(7)
013-Mo3-035 86.2(4) 84.5(6) 84.5(7) 0130M0103-0135 74.4(4) 76.3(6) 73.1(6)
023-M03-035 149.5(4) 148.6(6) 150.2(7) 014810103-0135 85.7(4) 85.0(6) 86.7(7)
03-Mo3-035 91.8(4) 91.7(7) 92.3(7) 01230103-0135 150.5(4) 152.5(7) 149.6(7)
032-M03-035 104.3(5) 103.6(8) 104.5(8) 013R10103-0135 103.7(5) 101.6(8) 104.7(8)
010-Mo4—014 73.4(3) 73.3(6) 71.4(6) ©GM0104-0110 93.2(4) 93.0(6) 95.3(7)
010-Mo4—024 75.4(3) 75.7(6) 75.0(6) GM0104-0114 166.4(4) 165.5(7) 167.5(7)
014-Mo4—024 85.0(4) 83.7(6) 84.8(6) 013M0104-0114 73.2(4) 72.6(6) 72.6(6)
010-Mo4—04 95.1(4) 95.6(6) 96.7(7) GM0104-0124 90.9(4) 91.4(7) 92.2(7)
014-Mo4—04 168.4(4) 168.9(6) 168.0(7) 01180104-0124 76.6(4) 75.7(6) 78.2(7)
024-Mo4—04 91.0(4) 92.8(7) 93.1(7) 01+M0104-0124 86.0(4) 86.6(6) 88.0(7)
010-Mo4—042 161.9(4) 161.0(8) 160.1(8) ©M0104-0142 102.3(5) 100.7(8) 101.8(8)
014-Mo4—042 88.7(4) 87.8(8) 88.7(8) 0130M0104-0142 164.5(4) 166.4(8) 162.5(8)
024-Mo4—042 105.9(4) 103.1(8) 104.3(8) 014#0104-0142 91.3(5) 93.8(8) 90.2(8)
04—Mo4—042 102.9(4) 103.4(8) 103.2(8) 012M0104-0142 103.3(5) 103.6(8) 104.4(9)
010-Mo4—045 74.2(3) 74.2(6) 74.7(7) 0M0104-0145 90.1(4) 89.7(7) 88.5(7)
014-Mo4—045 86.7(4) 86.4(6) 83.3(7) 0130M0104-0145 75.1(4) 73.1(6) 76.1(7)
024-Mo4—045 149.5(4) 149.9(6) 149.6(7) 014#0104-0145 86.5(4) 84.7(7) 85.9(7)
04—Mo4—045 91.3(4) 91.6(7) 92.8(7) 012410104-0145 151.7(4) 148.8(7) 154.2(8)
042-Mo4—045 103.2(4) 104.8(8) 103.3(8) 014R0104-0145 104.2(5) 106.8(8) 100.6(8)
010-Mo5-015 73.1(3) 71.9(6) 72.6(6) GHM0105-0110 95.1(4) 95.2(6) 95.0(6)
010-Mo5—035 74.4(3) 73.4(6) 74.2(6) 0Mo0105-0115 167.2(4) 168.2(6) 167.4(7)
015-Mo5—-035 85.2(4) 84.8(6) 84.8(7) 013M0105-0115 72.1(4) 73.2(5) 72.5(6)
010-Mo5—045 75.5(3) 74.2(6) 75.0(6) ©GIM0105-0135 91.3(4) 90.7(7) 90.3(7)
015-Mo5—045 85.4(4) 84.8(6) 84.0(7) 0130M0105-0135 77.4(4) 76.2(6) 77.9(7)
035-Mo5—045 149.9(4) 147.6(6) 149.1(7) 014#0105-0135 85.8(4) 85.0(6) 86.0(7)
010-Mo5—05 96.4(4) 96.8(6) 97.1(7) G5M0105-0145 90.6(4) 91.4(7) 90.1(7)
015-Mo5—05 169.5(4) 168.7(7) 169.6(7) 011010105-0145 76.0(4) 75.4(6) 76.1(7)
035-Mo5—05 92.4(4) 93.1(7) 93.4(7) 011501050145 86.6(4) 87.4(7) 86.0(7)
045-Mo5—05 91.6(4) 91.3(7) 92.5(7) 013501050145 153.4(4) 151.6(7) 153.9(7)
010-Mo5—052 160.7(4) 161.4(7) 160.7(8) ©%10105-0152 102.3(5) 102.0(8) 100.6(8)
015-Mo5—052 87.6(4) 89.5(7) 88.1(8) 013MM0105-0152 162.6(5) 162.8(7) 163.9(8)
035-Mo5—052 104.1(5) 104.3(7) 104.0(8) 014810105-0152 90.5(5) 89.6(7) 91.9(9)
045-Mo5—052 103.9(5) 106.1(7) 104.3(8) 013810105-0152 103.1(5) 101.7(8) 106.0(9)
05—-Mo5—052 102.9(5) 101.8(8) 102.2(8) 01481010-0152 102.5(5) 105.6(8) 99.5(9)
Mol-N1-01 178.0(14) 177.7(28) 175(2)
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(a) analytically pure if-BusN)[M010024(OMe)(NO)] ((n-BusN).IVa)
8 lz was reproducibly obtained in this way, albeit in moderate yield,
7.283 5 O1 which is not unanticipated owing to the large structural

rearrangements involved in the formation &¥a from
6.035 § N1 [MogO15(NO)J3~. Our attempts to improve the yield iVa,
either by varying the reaction time or the amount of solvent or
by lowering the amount of M42HCI, have, up to now, failed.

4.573 |.. . ; L
4296 The reaction does not occur in pure acetonitrile, as could have
3.058 been anticipated from the molecular formulalgf. Aceto-
nitrile was nevertheless systematically added to the reactant
2156 mixture to ensure the solubilization of the product and to favor
2.141 its crystallization. The lowering of the total cluster charge

1.868 resulting from the incorporation of methoxo ligands in the
molecular structure of these reduced decamolybdates parallels
the effect of protonation which often accompanies the reduction
of polyoxometalates in aqueous solutiom-BusN);[M0sO;3-
(OMeu(NOYX Na(MeOH}] also reacts with BH42HCI in
methanol to give a few small dark blue crystals. Although their
(b) elemental analysis is not in agreement with eitheB(;N)II

g1 2 or (n-BusN),IV , they very probably belong to the same family
of compounds, as inferred from their IR spectrum and their
polarogram. When the amount obMNy-2HCI is lowered, the
brown compound r-BusN)2[M010020(OMe)(NO)s] can be
isolated*32 It belongs to a different structural type, which
notably displays two metalmetal bonds between the four
Mo1 localized Mo(V) centers.

012 It is noteworthy that in contrast to [M@:g(NO)]*-, a
reducible type | polyoxoanion, [M@®:3(OMe),(NO)]3-, is ex-
pectedly electrochemically inert (no reduction was observed up
2.065 to —1 V vs SCE) as expected for a type Il complex. Moreover,
1.888 the formation ofll andIV from [MosO13(OMe)(NO)]3~ does
not reflect simple condensation of two units since only one
02 retains its integrity in the products (Figure 3). Thus the
formation of reduced decamolybdates probably occiies
y 8 preliminary degradation of part of [M®:3(OMe)(NO)J-,
followed by reduction of the resulting fragments and final
reaggregation with [MgD13(OMe)(NO)J3~. The above mech-
anism is supported by the following lines of evidence: (i)
[Mo5013(OMe)(NO)J3~ is known to be unstable in the presence

<o
1.933
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2.568 |
3.950

5990 g O1

4.230
3.922

Mo2

866
280 W
3.995

- o
Figure 1. Cartesian coordinates used in EH calculations for the
hypothetical [M@qO.s(OH)s(NO)]~ (a) and [MaOsz]*~ (b) anions.
Structural data for [M@Os,]*~ have been approximated by those of

[W 10037426 of protons; (ii) NH4-2HCI was found to be more efficient than
N2H4-HCI in the formation of blue decamolybdates from
Table 4. Atomic Parameters Used in Extendeddxel [Mos0;3(OMe)(NO)J3~, while use of NH4-H»0 led only to a
Calculations red solution; (iii) while -BusN)2[M0osO13(OMe)(NOX Na-
orbitals Hi2eV &® &2 c=c* A B° ch (MeOH)}] is reduced by [Cp*ReG] with formation of blue
H s —13.60 1.30 13.618 27.18 13.6 decamolybdates, the reaction is inhibited in the presence of
N s —26.00 1.95 0.0 137 264 NEt;, (NHEt;)3[M0s013(OMel(NO)] being the only product
p —1340 195 00 137 134 isolated in that cas®® (iv) increasing the amount of reducing
0 s —3230 227 0.0 152 330  reagent beyond 1 equiv first drops the yield in blue products
M P _E4'80 2.27 00 152 164 and finally results in the formation ofn{BusN);[M0¢O;4]
o s 9.66 1.96 1.35 5.64 6.57 . . )
p —6.36 1.90 197 296 420 exclusively. These observations support degradation of
d —1230 454 1.90 05899 1.83 816 839 [M0sO13(OMe}(NO)]*~ by protons, either directly introduced

or generated by solvolysis of VEor [MoClsy(MeCN),], prior

to reduction. Thus, irrespective of its reducing function, the
reducing agent is involved in the degradation of f@es
(OMe)y(NO)]3-, which should proceed sufficently, although
not to completion. Interestingly, it leads to suppose that the
nonreduced complex [MgO,7(OMe}(NO)]~ could even-
tually be obtained by acidbase reactions, which is currently
under investigation. Finally, with regard to the formation of
the blue decamolybdates from-BusN)3[M0eO15(NO)], it is
worth noting that [M@O;g(NO)]3~ can be transformed
into [MosO13(OMe)}(NO)]®~ by reaction with aniline in
methanolt3a

aReference 41&. Reference 42.

method has its drawbacks: reactimggusN);[Mos013(OMe)-
(NOY Na(MeOH}] with VCI3 or [MoCls(MeCN),] results in
mixtures of products, as revealed by the observation of complex
polarograms with, notably, a mixed anodic/cathodic wave for
the crude dark-blue precipitates. That recrystallization has given
(n-BusN)[M010025(0OMe)s(NO)] ((n-BusN)II') in the first case
and 1-BusN)2[M010024(OMe);,(NO)] ((n-BusN)2IVb) in the
second is probably fortuitous, and it is more likely that both
crude precipitates contain a mixture af-BusN)Il and -
BusN),IVb, and possibly other species. The synthetic procedure

was improved through the reduction ofBusN)s[MocO15(NO)] (43) (a) Proust, A. Doctoral Dissertation, Univerdtierre et Marie Curie,
by N2H4:2HCI in a mixture of methanol and acetonitrile, and 1992. (b) Proust, A. Unpublished results.
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Spectroscopic and Magnetic Studies Only (n-BusN),IVa

was obtained in sufficient amount to be adequately characterized

by electronic spectroscopy, electrochemistry, and magnetic
studies.

The IR spectra of the reduced nitrosyl decamolybdates are
deceptively simple. Besides the bands arising from the tet-
rabutylammonium cations, only three are strong enough to
deserve some comments. The band at 1659'dmassigned
to the stretching vibration of the nitrosyl ligand and that at 1030
cm1is associated with the methoxo ligands, while the one at
953 cntt! is attributed to a stretching mode involving the
terminal oxo ligands. The intensity of the band(s) with dominant
Mo—0Oy, stretching character is notably low, which is not

surprising as both intensity and energy of these bands have been

consistently reported to decrease upon reducdfiei.22

The electronic spectrum ofn{BusN).IVa in acetonitrile
solution displays two bands at 635 nm= 13 930 mot? L
cm~1) and 920 nmq = 4600 mof! L cm™1). Spectra recorded
in acetone, dichloromethane, or DMF did not show any

significant solvent dependence of the second band, presumablyto those of
because of its broadness. These data are compared with thos

for [W100327>~ (A = 780 nm,e = 7000 mot! L cm™; A =
1546 nm,e = 4500 motl L cm™2, in DMF) and [W;¢Os2]%~

(A = 630 nm,e = 14000 mot! L cm™% A = 970 nm,e =

10 000 mot? L cm™1, in DMF).2027b.¢ Qwing to its low energy
and its solvent dependence, the banda1546 nm has been
confidently attributed to an intervalence charge transfer (IVCT)
process. Increasing the number of added “blue” electrons is
known to result in a blue shift and enhanced intensity of IVCT
bands, whereas ©> M charge transfer bands decrease in
intensity. In view of these observations, we will tentatively
assign the band at 920 nm ia to an IVCT process and the
band at 635 nm to th#B, — 2E d—d transition within localized
MoO3+ units. Admittedly, the first one is less intense than
expected for a four-electron reduced species since the intensit
of IVCT bands has been reported to be roughly proportional to
the number of “blue” electron’s.On the contrary, the second
band is by far more intense than expected since’fae— 2E
d—d transition within a localized Mo should be rather weak,
and so would be théE — 2B, d—d transition within the
MoNO3** unit (1 = 530 nm,e = 50 mol! L cm™! for
[Mos013(OMe)y(NO)]37).32 However, anomalously high in-
tensity of the?B, — 2E d—d transition is quite common in

intensity-stealing from the nearby IVCT band and by the
reduction of symmetry of the M(V) centéf2

As expected for a polyoxoanion reduced by an even number
of electrons, f-BusN),2lVa is essentially diamagnetic.

Electrochemical Studies The polarogram ofrtBusN).lVa

in DMF, recorded at a rotating platinum electrode betwedn
and—1 V vs SCE, displays an anodic wave wih, = +0.29

V and a cathodic wave witk;, = —0.37 V. These values are
in agreement with the formal potentials obtained by cyclic
voltammetry (Figure 2). The anodi&f;) and cathodic Ky
peak potentials for the oxidation process are equal-@35
and +0.27 V, respectively, from which a formal potential of
+0.31 V is derived. For the reduction process, the mean
potential is calculated as0.40 V from the values foEp, and
Epe, —0.36 and—0.44 V, respectively. Both oxidation and
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Figure 2. Cyclic voltammogram of ri-BusN)2[M01¢024(OMe)(NO)]

((n-BwN)2lVa) in DMF, at a carbon electrode vs SCE at a scan rate
of 0.1V St
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waves at—1.04 and—1.61 V, the height of which are similar
0-BusN).IVa at the same concentration, thus further
gupporting the monoelectronic character of the processes.
X-ray Diffraction Studies. Il, IVa, andIVb crystallize as
tetrabutylammonium salts in the monoclif2;/n space group.
The asymmetric unit contains one formula entity, that is one
anion and either one or two cations. The structures of the anions
are depicted in Figure 3: for the sake of clarity, oxygen labels
have been omitted (see the Experimental Section for the full
numbering scheme).
The overall molecular structure of [MgD31-x(OMe)(NO)]"™
(Il: x=6,n=1;IVa,b: x=7,n=2) is clearly related to
that of [W10032]4", and these reduced nitrosyl decamolybdates
thus provide the first examples of the putative f@z]*". They
can be viewed as composed of two halves of five edge-sharing
octahedra each, connected by four nearly linear1@®s-Mo

ybridges, with mean angle ranging from 175tb 176.3 for

Mo—O—Mo angles. In the following discussion, the 10
molybdenum atoms will be divided into two types, axial for
Mol and Mo0101 and equatorial for the eight remaining centers.
The Mo2-023-M03—035-Mo05—045-Mo4—024 ring is
almost planar with a maximun deviation of 0.07 A for 023 and
045 inlVb, and itis the same for its counterpart in the “lower”
subunit of the anion (maximun deviation of 0.04 A for 0123
in IVb). The central oxygen atom departures from the corre-

%ponding plane range from 0.27 to 0.29 A for 010 and from

0.19 to 0.22 A for 0110. The larger deviation for the former
are very likely attributable to the influence of the Mo(NO)
moiety. The structure of the “upper” part of the anions is
reminiscent of that of [MgO13(OMe)(NO)]3~.32 It accom-
modates a lineafMoNO}* fragment}* formally composed of

a Mo(ll) center and a NOligand. Four methoxo ligands and
the central oxo ligand O10 complete the coordination sphere
of Mol. Depending on the species under consideration, the
“lower” part contains either two or three extra methoxo ligands.
In [M010025(0Me)(NO)]~ (II'), the two extra methoxo groups
have been found to be distributed among the three sites 113,
114, and 115 (see Experimental Section). The (formal) alky-
lation of a bridging oxo ligand is expected to result in a
lengthening of the Me-O bonds and in a bending of the Mo
O—Mo unit. This is indeed what is observed, the geometry of

reduction processes are quasi-reversible and account for theD113 being intermediate between those of 0112 on one hand

exchange of a single electron, as is usually the case in
nonaqueous solvent. At a dropping mercury electrode, the
polarogram ofVa displays three reduction processes, V&ilh
measured at—0.44, —1.05, and —1.53 V. In the same
conditions, the polarogram of{BusN)4[W10037] displays two

and those of 0114 and 0115 on the other hand. The Me101
0114 and M010+0115 distances of 1.98(1) and 2.05(1) A,

(44) (a) Enemark, J. H.; Feltham, R. Boord. Chem. Re 1974 13,
339. (b) Feltham, R. D.; Enemark, J. Fop. Inorg. Organomet. Stereochem.
1981, 12, 155.
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Figure 3. Cameron views of the structures of [M@.5(OMe)(NO)]~ (I1) (a), [M0106024(OMe),(NO))]>~ (IVa) (b), and [MaO24OMe),(NO)]?~
(IVb) (c). Partial occupation factors: occ(C1E3)0.45, occ(C114¥ 0.85, and occ(C1155 0.70 inll ; occ(C112)= 0.55 and occ(C114¥F 0.45
in IVa.

respectively, compare well with the MeD1 distancesi(= Table 5. Geometric Distorsions Caused by the Replacement of an
2-5; mean value 2.00 A) but are clearly longer than Mot01 ~ Oxo Ligand by a Methoxo Group in [MgOxs(OCHs)s(NO)]”
0113 (1.91(1) A), itself longer than Mo16D112 (1.80(1) A).  (1)and [MadO:(OCH,)(NO)I* (IVa b)

Given the standard deviations, the expected trends are less I IVa Vb
pronounceedhalthough discerniblefor Mo10i—O11i distances Mo0101-0112 1.80(1) 1.89(2) 1.87(2)
and Mol10}+011i—MolG angles { = 2—5). The 0116 M0101-0113 1.91(1) 2.03(2) 1.89(2)
Mo10i distances of 2.388(9), 2.359(9), 2.288(9), and 2.253(9) Mo0101-0114 1.98(1) 1.84(2) 1.98(2)
A, fori =2, 3, 4, and 5, respectively, seem also to reflect the Mo101-0115 2.05(1) 1.99(2) 2.04@2)
difference in the environments of the Mal€enters. These Mo0102-0112 2.04(1) 2.04(2) 2.07(2)
trends were taken into account in the course of the structure mgigi—gﬁi g%gg 3(1)471% g%%
solution to confirm both the location and the occupancy factors " . : :

of the methoxo ligands and to ensure that no other plausible Mo105-0115 2.14(1) 2.12(2) 2.10()
site had been overlooked; the relevant data are gathered in Table Mo104-0145 1.90(1) 1.87(2) 1.99(2)
5. A similar analysis is pertinent to [MgO24(OMe);(NO)J>~ Mo105-0145 1.90(2) 1.87(2) 1.99(2)
(Iva), and the corresponding data are collected in Tablg®. 0110-Mo102 2.388(9) 2.34(1) 2.47(2)
displays seven methoxo ligands, four in the “upper” part of the 0110-M0103 2.359(9) 2.30(2) 2.44(2)
anion and three in the “lower”. One of the latter is disordered ©0110-Mo104 2.288(9) 2.38(2) 2.24(2)
among two sites, namely 112 and 114, with occupancy factors 0110-M0105 2.253(9) 231(2) 2.242)
of 0.55 and 0.45, respectively, while the other two are located Mo101-0112-M0102  115.0(5) 114.9(8) 114.2(9)
at sites 113 and 114. A detailed examination of the structural Mo101-0113-Mo103  113.2(5) 110.9(7) 113.9(9)
parameters around Oil( = 2—5) clearly reveals that sites 112 ~ M0101-0114-Mo104  112.1(4) 114.2(8)  111.3(8)
and 114 differ from sites 113 and 115vb differs fromIVa M0101-0115-Mo105  112.0(5) 1106(r)  111.6(9)
in the position of the third extra methoxo ligand, which is not Mo0104-0145-Mo0105 112.1(9)

disordered this time but located on tbguatorialsite bridging
Mo0104 and M0105. Once again, a detailed examination of the thermal parameters after disorder treatment/a, which could
geometric features (Table 5) clearly shows that sites 112 andsuggest that the sum of the occupancy factors on the two sites
113 are clearly different from sites 114 and 115, the former is less than unity. However, shoulda have been a mixture
being occupied by oxo ligands and the latter by methoxo ligands. of [M010024(OMe),(NO)]?~ and [MoygO25(0OMe)(NO)]%, it

The number of Mo(V) centers in [MgO31-x(OMe)(NO)]"~, should have been paramagnetic. The observed diamagnetism
i.e. the reduction state, leaving the Mo(N®unit aside, can dictates that the amount of [MgDs(OMe)(NO)]?-, if any,
be determined from the values ofandx. The net charge has  should be small. Another highly speculative description would
been deduced from the number of tetrabutylammonium cations.imply that the unit cell contains (+ y) methoxo ligand ang
It seems very unlikely that some protons could be involved, at hydroxo ligands distributed on the sites 112 and 1#4, IVa
least on sites different from those partially occupied by methoxo would be formulated as [M@O.4OMe);-yH(NO)]>~. Owing
ligands, since a careful examination of structural features did to the lack of experimental evidence for these hypotheses, both
not reveal any other distorted site. Thlsand IV would IVa andIVb have been formulated as [MD.4(OMe)(NO)]2~.
contain respectively two and four Mo(V) centers. Although  The bond valence sums calculated by us§ @f/1.882)5° (d
has been determined with very special care, a possible objectionin A)45 show some irregular variation, probably because of the
is that C112 and C114 still have anomalously large isotropic disorder. Nevertheless, the average valence sums for the
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Figure 4. Bonding scheme within the Mo(NO) fragment, derived from
EH calculations on [M@0O.5(OH)s(NO)]~ without charge iteration (a)
and on [Mo(NO)(OH)O]*~ with charge iteration (b). Only the 18—
interaction in thexz plane is depicted; the bonding MO has not been Figure 5. Partial energy diagram resulting from EH calculations on
represented (see text). The unormalized coefficients of the atomic [Mo10026(OH)s).

orbitals involved are indicated in boldface.

decamolybdates. The resulting values for the Coulombic
integrals of Mo1, N1, and O1 are given in Table 6. Those for
Mol are intermediate between those usually assumed for Mo-
(0), that is—8.34,—5.24, and—10.50 eV, respectively, for s,

p, and d orbitals, and those for Mo(VI) (Table 4). Convergence
satisfactorily proved to be independent of the starting set of
Coulombic integrals, starting either from those for Mo(0) or
Mo(VI). The antibonding and quasi-nonbonding MOs resulting
from the combination of Mol,d N1 p,, and O1 pare presented

in Figure 4b. They also reflect the interaction of Mgl with

013 p, 014 p, and O10 p Comparison with Figure 4a clearly

bonding MOs resulting from the combination of Mg.dnd d, shoyvs an improvemgnt in the description of the interaction
AOs and the NOt*) orbitals. These MOs should have more within the Mo(NO) unit.
Mo than NO character, while the opposite is expected for ~However, as far as the delocalization of the “blue” electrons
corresponding antibonding MOs. More accurately, the MO is concerned, a complete treatment of the Mo(NO) fragment is
pattern within the Mo(NO) fragment involves two degenerate Not absolutely necessary. Consequently, EH calculations have
sets of three three-center MOs resulting from the interaction of been carried out on [M@O26(OH)e], as another model com-
the Mo d, N p, and O p AOs in thexz plane and a similar ~ pound forll, which formally derives from [Mg@O25(OH)s(NO)] ™~
interaction in theyzplane. The coefficient on the central atom by replacement of the Mo(N®) unit by a MoG™" unit. A
(N in this case) in the intermediate MO is usually quite srffall. ~ diagram of the calculated electronic energy levels for {§0gs-
The results of our calculations are illustrated in Figure 4a. The (OH)g is depicted in Figure 5. It clearly shows that the 224
bonding MO is not represented because it is diluted among MOs can be divided into five groups: (i) The first group, below
several MOs, owing to the interactions with the polyoxomo- —32.64 eV, includes 32 MOs based on oxygen s-type dangling
lybdate framework. Although the interpretation is complicated lone pairs. (ii) The second group, betweed7 and—14.57
by the superimposed combination of Mog,d13 g, 014 p, eV, comprises 96 MOs which are largely localized on ligands.
and 010 pAOs, it is clear that the intermediate orbital overesti- Most of them reflect ther- andz-bonding mixing é O p and
mates the contribution of the NO ligand, and more especially Mo d AOs, while some of them are bonding MOs in connection
that of the central N atom. On the other hand, the contribu- with O—H bonds and the remaining are nonbonding MOs based
tion of the Mo atom to the antibonding MO is clearly on O p lone pairs. (iii) The HOMO, no. 96, belongs to a group
anomalously high. Such inconsistencies presumably arise fromof 30 nonbonding or weaklyr-antibonding MOs, between
the use of inadequate Coulombic integrals for both N1 and Mo1. —11.67 and—9.74 eV, which are mainly,g dy;, and gy in
Thus, to improve the description of the Mo(NO) unit, EH character. (iv) The fourth group, betweer8 and—3.83 eV,
calculations have been undertaken, with charge iteration, on theis composed of 2®-antibonding MOs which are primarily
[Mo(NO)(OH),0OJ3~ as a model for the “upper” part of nitrosyl ~ d—y2 and d2 in character. (v) Abovet-5.92 eV lies a group
(45) Brown, I. D.; Wu, K. K.Acta Crystallogr., Sect. B976 32, 1957. of 4(.5 strongly antibondin.g MOs. Energy values are gi\(en to
(46) Albright, T. A.; Burdett, J. K.; Whangbo, M. HDrbital Interactions provide an order of magnitude of the gaps between the different
in Chemistry Wiley: New York, 1985. groups, although they are questionable, especially for strongly

equatorial molybdenum atoms [5.761In 5.73 inlVa, and 5.63
in IVb] are smaller than the values for the lower apical
molybdenum atom.

Extended Huckel Calculations EH calculations have been
carried out on [M@yO25(OH)s(NO)]~ as a model compound for
[M01¢025(0OMe)(NO)]~ (Il). Using the parameters listed in
Table 4 without any charge iteration, the calculated MOs were
found satisfactory, with the noteworthy exception of those for
the Mo(NO) fragment. As stated above, this fragment accom-
modates four essentially localized d electrons, which are
considered to occupy the two degeneréte C,, Symmetry—
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Figure 7. Representation of the doubly-degenerate LUMO of {{@gs
(OH)el.

bonding or antibonding MOs. This is an aknowledged limitation
of the EH method, which overestimates orbital overlaps.

Let us come back to the group of 30 molecular orbitals
containing the HOMO, on which we will more especially focus
in the following discussion. The HOMO and the doubly-

Proust et al.

[M010025(OH)s(NO)]~ were then carried out with the parameters
of Table 6 for the Mo(NO) fragment and the Mo centers and
the usual parameters of Table 4 for the remaining H and O
atoms. Analysis of the frontier orbitals is puzzling, since the
four electrons associated with tfi&oNO}4 fragment would
reside in a MO reminiscent of the LUMO of [MgD2¢(OH)g).

This results contradicts the description of the oxonitrosyl
complexes as localized (class 1) mixed-valence species, as
inferred from®*Mo or 83W NMR data on [M@O1g(NO)]*~ or
[We015(NO)]3~.38 The bonding MOs within the Mo(NO)
fragment, although correctly depicted, are too high in energy,
probably as a result of the differences in energy between formal
Mo(ll) and Mo(VI) oxidation states.

We did not multiply such calculations in order to adjust the
Coulombic integrals and obtain a reasonable bonding descrip-
tion. However, we can draw the conclusion that the introduction
of the Mo(NO) moiety into the calculations is not so easily
accomplished. Ascribing the same Coulombic integrals to the
10 molybdenum atoms leads to the expected order in the frontier
orbitals (two occupied and degenerate MOs resulting from Mol
dxz 0y, andz*(NO) interactions lying below the HOMO, which
accomodates the two extra electrons) but fails to describe
correctly the Mol ¢,d,; andz*(NO) combinations. In contrast,
distinguishing the Mo1 site improves the form of the MOs but
leads to an unreasonable energy order. As long as the
description of the electronic structure Ibfis restricted to the
delocalization of the extra electrons, we will thus content
ourselves with the results of the calculations carried out on
[M010026(OH)s].

Discussion

degenerate LUMO are represented in Figures 6 and 7, respec- Structural Considerations. Were it not for the nitrosyl and

tively. The two electrons in the HOMO are equally and quasi-
exclusively distributed among the eight equatorial Mo sites, in
dx; or dy; orbitals. The population of these eight d orbitals
accounts for “1.92” electrons, the remaining “0.08” electrons
residing on the eight Oland O11 atoms, 0.01 on each. The
HOMO is very slightly antibonding, with an energy 6f11.67

eV somewhat higher than the starting value—<f2.3 eV for

Mo d orbitals. Each component of the LUMO is constructed
from eight g, or d,, orbitals of equatorial Mo atoms, as for the
HOMO, but also on four porbitals of four equatorial oxygen
atoms of the @ type. It also comprises, in contrast to the
HOMO, a very small contribution of,dand g, on both Mol
and Mol101. As the latter represents only 1.35% of the two
electrons which would occupy the orbital, it is hardly significant.
Four MOs, namely 96, 91, 79, and 78, display absolutely no
contribution of the two axial Mol and Mo101 centers. On the
other hand, Mol and Mo101 AOs always mix with those of
the equatorial Mo atoms. However, Mol and Mo101, taken
together, contribute 66 and 77% of MOs 93 and 92, with the
exclusive participation of,g on both sites. Likewise, MOs 87

methoxo ligands, the [M@O31-x(OMe)(NO)]"~ anions would
approach th®4, symmetry. Althoughl andlV are considered

to accommodate two and four d electrons, respectively, in
addition to those associated with the Mo(NOWnit, i.e. they
could display two or four Mo(V) centers, none of them could
be located on the basis of X-ray diffraction data. For the pur-
pose of comparison, mean geometric parameters foi {®he-x-
(OMe)(NO)]"~, togetherwith those for [MgD13(OMe)(NO)J3- 32

and [Wyo03]*~,26 are summarized in Table 7. The Mevio
nonbonding distances ih andIV fall in the expected range
for edge-sharing octahedra, with an average of 3.28 A within
the equatorial planes and a somewhat longer value (3.74 A)
between the two equatorial planes. These values compare fairly
well with those for [WO37]*~.26 More generally, the geometric
features ofll andIV are very close to those of [WOsz]*~,26

or even to those of [MgD;3(OMe}(NO)J~,32 so far as the
“upper” part ofll or IV is concerned. Thus itis likely that the
structural data for the hitherto unknown oxidized parentH of
andlV, e.g.[Mo10031(NO)]°~ and [Moy,Os2]*~, would be quite
similar to those of their reduced derivatives. This is usually

and 86 have mainly Mol character, while 84 and 83 are mainly the case for the few crystallographically characterized Pope’s

Mo101 in character. Six MOs have equivalent contributions of
AOs from either axial or equatorial Mo atoms and the remaining
14 MOs exhibit greater involvement of the equatorial sites.

type | reduced polyoxanions, of whigh-Cay sHs[PM01204(]
(4e)l" B-[HasASMO012040%  (4e) and o-[H2ASMO12040]%"
(26),18 a-[HPM012040]4_ (26) and [H,SQMOROGQ]S_ (48),19 Q-

As it seemed nevertheless unsatisfactory to neglect completely[CoW;,040]%~ (2€)#7 and [HW1¢032]*~ (x = 1.5 or 1.8° are

the nitrosyl ligand, calculations on [MgD.5(OH)s(NO)]~ have

representatives. Detailed comparisons of structural data for “poly

been modified. To begin, more accurate energy parameters forblues” with those of their oxidized parents usually reveal only

Mo(VI) in an oxo environment have been derived by means of
EH calculations on [MgQsz]4~, with charge iteration proce-
dures applied to both Mo and O valence shell ionization
potentials. The resulting values for Mo are given in Table 6.
That for the d orbitals, oF12.62 eV, is close to the starting
value of —12.30 eV and as such satisfactory. Calculations on

no significant difference apart from a slight expansion in the
cluster size upon reductidi:#8

(47) Casan-Pastor, N.; Gomez-Romero, P.; Jameson, G. B.; Baker, L.
C. W.J. Am. Chem. S0d.99], 113 5658.

(48) Chen, Q.; Goshorn, D. P.; Scholes, C. P.; Tan, X.-L.; Zubieta, J.
Am. Chem. Sod992 114 4667.
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Table 6. Coulombic Integral$d; (eV) Derived from Charge Iteration Procedures

N O (of NO) Mo
S p S p s p d
[Mo(NO)(OH),QJ3~ —25.05 —12.05 —27.51 —-10.91 —8.48 —5.33 —-11.14
[M01¢037]*~ —9.51 —6.02 -12.62

Table 7. Comparison of the Main Geometric Features of the {{@as(OCHz)s(NO)]~ (I1) and [M0;0024(OCHz)-(NO)]?~ (IVa,b) Anions with
those of [W¢O32]*~ 2 and [Ma:013(OCHs)4(NO)J*~ P Anions

0 o] 0]
e URBYA()) od{ 1.21 (3) 20@[ 122 (3)
1780 <7'40)0 N 17 177.1 ‘380)0 N 3@ C”Sl( 9)9 Il 1.74 (2)
H3C\ _./Mo H3C\ . Mo Hj N /A 0
0 ‘ 2123 (8) 0 ‘ 211 2) 0 ‘ 213 (2)
2.16 o 2.17 No- 2.16/ ~o-
PPN PEEWAN g /235\
167> Mo~ 234 1.66> Mo 236 16T Mo ="
oﬁﬁ 190 0— ofﬁ‘ 1900 01;4 oo~
o 0 0
x.ss‘ 1.90\ 1i2|
\Mo/ \Mo/ MoZ_
1 1900~ <1 LT o— 1 1500~
complex I IVa Vb
0OMol1-01l1i—Moi (deg) 108.1 107.9 109.1
OMoi—0ij—Moj (deg),i = 1 119.7 120.4 119.4
0OMo010i—01lij—Mo10j (deg),i = 1 118.5 118.8 1203
OMoi—Oi—Mo10i (deg) 175.1 176.1 176.3
Mol—Moi (A) 3.37 3.38 3.39
Moi—Moj (A)i,j=1 3.29 3.29 3.30
Mo1Gi—Mol1Q (A)i,j=1 3.27 3.28 3.30
Moi—Mo10Gi (A) 3.74 3.74 3.75
0
1 176 ) . r\‘l 1.22(1)
OI-&W 76 (3 175.3(1)(: N‘I 175 (1)
Hj \1./6 o
onz/ - ’ /2'32 @ - O 2.122(5)
(0] . N A
170y =230 =X
Z | T—o— 1.695__ Mo __2.343
Ooo| 191° & | o—
o} 1.7240
complex [W100s7]*~ 2 [M050:3(OCHs)4(NO)J*~
OM1-01i—Mi (deg) 114.3 106.8
OMi—0;—Mj (deg)i = 1 117.4 116.2
OMi—0i—M10i (deg) 175.3
M1—Mi (A) 3.298 3.437
Mi—Mj (), i,j=1 3.281 3.257
Mi—M10i (A) 3.796

a Reference 26 in which the two halves of the anion are related through a mirror-pReference 32 Distances and angle around 0145 not
taken into account.

The Mo—O distances inll and IV fall in the expected Il and IV are ESR silent and, furthermore, could not be
ranges for terminal and bridging oxo ligands, with mean values adequately studied bY?Mo or 170 NMR.
of 1.67 and 1.89 A for Me-O; and Mo—0Oy, respectively. No Electron delocalization in mixed-valence complexes is gener-
significant variation in Me-O, bond lengths with the Mo ally assumed to proceed through two main mechanishs:
O—Mo angle is observed. Futhermore, the alternation pattern electron hopping, the frequency of which strongly depends on
of short and long bonds within the linear M®—Mo bridges the temperature, and electron ground-state delocalization,
found in [X2Mo01g0e2]"~ aniongd®>Yis not observed il and operating even at low temperatures and relying on orbital
IV where the Mo—Oi and Mol10—0Oi distances are similar.  mixing. It is well-known that the observed behavior of
However, the alternation pattern observed isM815067]*~ has mixed-valence compounds depends both on the temperature
been found to vanish upon reductiththus its absence ifi and on the time scale of the spectroscopic technique. The
andlV does not imply that it should not occur in their oxidized frequency of the thermally activated electron hopping can be
parents. obtained from ESR!® and NMR“451 data, while the extent of

Electronic Structures. An accurate description of the ground-state delocalization can be estimated from ESR hyper-
electronic structure of reduced nitrosyl decamolybdates would fine features. Thermal activation energies have been derived
require a thorough study of these species by a number of from analysis of ESR line-width temperature dependences for
spectroscopic experiments, including NMR, ESR, and electronic Lindgvist, Keggin, Wells-Dawson, and tungstate Y struc-
spectroscopy, in addition to X-ray diffraction. Unfortunately, tures®¢.d.27¢.29.52 Generally speaking, ESR and NMR data for

(49) () Stranberg, Ricta Chem. Scand975 A29, 350, (b) D’Amour, “heteropoly blues” demonstrate that the added electrons are
H. Acta Crystallogr., Sect. B976 32, 729. (c) Pope, M. Tlnorg. Chem. (50) Hori, T.; Tamada, O.; Himeno, S. Chem. Soc., Dalton Trans.

1976 15, 2008. (d) Garvey, J. F.; Pope, M. Thorg. Chem.1978 17, 1989 1491.
1115. (51) Barrows, J. N., Pope, M. Tnorg. Chim. Actal993 213 91.
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weakly trapped at low temperatures but undergo rapid hopping
at room temperature. On the other hand, these electrons appear
trapped, even at room temperature, on the shorter time scale of
electronic spectroscopy; indeed, electronic spectra of “heteropoly
blues” display enhanced-dl bands in the visible and IVCT
bands, the intensity of which correlates with the extent of
electron delocalization, in the near-IR region. This is typical
of class Il mixed-valence behavior according to the classification
of Robin and Day®

As it might be anticipated, the extent of electron delocalization
appears to depend on geometric features, in particuta©MM
angles. It has been found to increase from Lindqvist-type
structures, which are constructed only of edge-sharing octahedra
(M-O-M = 11_50)’ to Keggin-type _structures, which exhibit Figure 8. Combination of the M g and O R AOs in a linear dinuclear
both edge-sharing and corner-sharing octahedra@¥M = mixed-valence complex with a single d-electron.
15C°)%¢d and to Wells-Dawson and tungstate Y structures,

which display respectively six and four sets of nearly linear 54 quasi-exclusive contributions of the eigth equatorial metal
M—O-M bridges. Indeed, an extensive analysis of the centers (Figure 6). However, it must be recognized that EH
electronic spectra of [WOsz°~ according to the PKS model 5y lations were carried out in the limit of a class 11l complex,
s i e conuoon at. i bt 1.3 1 Vi coms ver ven e Same Codomb st
(LlDsE : g and the structural data were constrained to approxirbate
ground-state delocalization in reduced decatungstates is furthersymmetry_ EH calculations at least reveal that electron delo-
supported by the disappearance of the-QM charge transfer  cgjization, if any, is restricted to the eight equatorial sites and
band in [WicOsg®. The thermal activation energy for  eyclude any participation of the axial Mol and Mo101 centers,

[W1gOs]°~ was calculated to be 0.06 ¥ This was first  yhich is consistent with all experimental evidence for the
assumed to correspond to an electron transfer between twopy, 0] system (ide supra.

quasi-linear W-O—W pairs?’®¢ However, as this value is al-
most equal to the value for [WD1g]3,5¢ it could as well T

correspond to a hopping process between the equatorial andreduced [Ma:Osg1°" anior? are of some relevance to our work,

i 9
axial octa}hedra. ) . . since this study deals with a reduced species including two
There is now a lot of experimental evidence for electronic quasi-linear Me-O—Mo pairs. Our calculations on [MgOzs-
delocalization on equatlgrlal sites in WetlBawson and dgga— (OH)g] provide a generalization to a system enjoying four such
tungstate Y structures!®W NMR data on 2e-[®W:140s7] Mo—O—Mo pairs. Figure 8 represents the bonding scheme
were interpreted in terms of electron delocalization on the resulting from the combination of two Mgand one O p
12 tungsten atoms of the belts,> while the comparison of  ritais for a linear M-O—M fragment, holding in a dinuclear
theg values for 1e-[fM01g0e7] "~ and le-[AMo"W.170c7 " also mixed-valence complex with one d-electr®@n.
favors delocalization on equatorial sites in the forfieas As regards to the form of the HOMO (b), it is clear that the
. . 7 _ 8— 53 . ! . .
previously |nferred from’O NMR datg on 2e-[M010s] — HOMO for Yamase's complex can be viewed as a combination
The comparison of crystallographic data for/&:40s] of two b-type MOs, while the HOMO ofl is constructed of
and 4e-[HS;M0150s]° reveals that the largest structural ¢ v he MOs. The IVCT transition in a dinuclear mixed-
changes oceur In the belts and_ so lend futher support fo_r elec'valence complex occurs between the b-type HOMO and the
tron o_leloca_llzatllon on these .sné@s.The observed hyperfine c-type LUMO. In this context, it is noteworthy that Yamase
coupling with eight protons in the single-crystal ESR spec- found good agreement between the IVCT energy and the

trum of photoreduced decatungstate substantiates eleCtror}:alcuIated gap from the HOMO to an empty MO consisting of
delocalization, even at 77 K, on the eight equatorial tungsten . ~ c-type components. In the case of [MOss(OH)g], 10

4 ition 18 indi : ’
centers: .In add't'og'; W NMR dat_a mqllcate that the WO MOs from the group including the HOMO, display contributions
electlr?dns in [WoOs2]°" are located primarily on the equatorial of the linear oxo bridges. Some of them are quite complex but
sites?

- ) three are relatively simple: MO 91, which combines onjy d
Since the geometric features of the [M0s1-(OMe)(NO)]™ or d,, orbitals of the eight equatorial Mo atoms andap p, of
(I x=6,n=11Vab x=7n=2)anions are quitt e four Q (and some very small contributions on;@nd Q1
similar to those of [WoOs]*~ (vide suprg, they can confidently  5q for the HOMO), and MOs 74 and 71, which further involve
be expected to display significant electron delocalization, gjiher the eight terminal oxo ligands,@r 74, or the bridging
presumably on the eight equatorial molybdenum atomsIVAs 0y and Q, as well as very small amount of Mo1, M0101;,0
the only compound that was obtained in a reasonable yield, is ;g Qu, for 71. There are depicted in Figure 9. Althohgh
diamagnetic, no ESR experiments could be undertaken to obtainy;5 g1 appears to be the closest approximation to a c-type MO,

an estimate o_f the thermal activation energy and the extent of ;¢ energy relative to the HOMO (0.77 eV) does not match the
electron trapping at low temperatures. Furthermido NMR
studies were hampered by the actual low symmetry of the anion  (55) Masure, D.; Chaquin, P.; Louis, C.; Che, M.; Fournier JMCatal.

o i i i 1989 119 415.
and by decomposition in solution. However, EH calculations (56) Yamase, T.. Suga, M. Chem. Soc., Dalton Trans989 661,

on [Mo01gO26(OH)s] support electron delocalization on the (57) Moffat, J. B.J. Mol. Catal. 1984 26,385.

(c)

(b)

EH study reports on polyoxometalates are rather séafee°
hose described by Yamase on a fragment of the two-electron

equatorial Mo sites ifl . Indeed, the HOMO reflects equal (58) (a) Jansen, S. A.; Singh, D. J.; Wang, S@Hem. Mater1994 6,
146. (b) Wang, S.-H.; Jansen, S. 8hem. Mater1994 6, 2130.
(52) Cooper, J. B.; Way, D. M.; Bond, A. M.; Wedd, A. Gorg. Chem. (59) Calhorda, M. JJ. Organomet. Chenl994 475 149.
1993 32, 2416. (60) Gatteschi, D.; Sessoli, R.; Plass, W.;IMy A.; Krickemeyer, E.;
(53) Kazansky, L. P.; Fedotov, M. Al. Chem. So¢Chem. Commun. Meyer, J.; Ster, D.; Adler, P.Inorg. Chem.1996 35, 1926.
198Q 644. (61) Babonneau, F. Doctoral Dissertation, Univeérdtierre et Marie

(54) Yamase, TJ. Chem. Soc., Dalton Tran%987, 1597. Curie, 1984.
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Figure 9. Representation of the orbitals 91, 74, and 71, which might be involved in IVCT.

energy of the IVCT transition (1.35 eV). The energies of MOs demonstrating that stabilization of spin singlets can originate
74 and 71, 1.6 and 1.63 eV, respectively, are not more in from electron transfer processes.

agreement with the IVCT energy. Furthermore, the transitions .

from the HOMO to either MO 74 or MO 71 would not be ~Conclusion

allowed in strict Dsn symmetry. However, the calculated Reduced nitrosyl decamolybdates have been obtained through
energies are strongly dependent upon the starting set ofchemical reduction of rtBusN);[Mos0:3(OMe)(NOX Na-
parameters and the actual symmetryliofdeparts fromDagp. (MeOH)}]1-xMeOH or (-BusN)3[M0ogO15(NO)] in MeOH or

Furthermore, in contrast to the energy diagram of a dinuclear MeOH/MeCN mixtures. The two-electron reduced derivative
mixed-valence complex, that of [MgD.¢(OH)g] displays, above (n-BugN)[Mo10025(OMe)(NO)] ((n-BugN)II) and two dia-
the HOMO, not a single but a bunch of levels potentially stereoisomers of the four-electron reduced®(iN)2[M01024
involved in the IVCT transition. (OMe)(NO)] ((n-BusN)zlVa and @-BusN)aIVb) have been
Although quantitative discussions of EH are known to be crystallographically characterized. Complexea b differ in
speculative, we might point out that the energy difference the location of some methoxo groups. Spectroscopic charac-
between the HOMO and the LUMO (0.53 eV) is not so far, terization oflVa and EH calculations on model compounds for
although probably fortuitous, from the difference (0.66 V) in || have led to the conclusion that these reduced decamolybdates
Eu2 values for the oxidation and reduction processes observedare best described as class Il mixed-valence complexes with

for IVa. significant electron delocalization on the equatorial molybdenum
Discussing the magnetic propertiesibfandIV in the light atoms. As [WeO32]4 has proved to be an efficient and selec-

of EH calculations is more puzzling. Indeed, examination of tive photoinitiator of oxidation of alkane’ the availability of

the degeneracy of the molecular levels obtained for {j@gs related molybdenum compounds is very attractive. Current ef-

(OH)g] leads to the conclusion that would be diamagnetic  forts are directed toward the electrochemical study of the four-
with its two “blue” electrons in the nondegenerate HOMO, but electron reduced derivative. The synthesis and ESR characteri-
thatIV would be paramagnetic with the two extra electrons in zation of the three-electron reduced derivatives would comple-
the doubly-degenerate LUMO. Howevéva is diamagnetic; ment this novel family of complexes.

this apparent contradiction could arise from the high symmetry

imposed on the anion in the calculations, which do not reflect ~ Acknowledgment. A.P. is indebted for EH calculations to
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