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Abstract: The alkoxo-polyoxovanadium clusters [Vs07(OR)12] (R = —CHs, —C.Hs) are fully alkylated
polyoxometalate derivatives comprising a hexavanadate core with the vanadium ions organized in an
octahedral fashion, a classic isopolyoxometalate structure (Lindgvist) which as an entity is not known for
vanadium. The clusters are highly redox-active compounds, displaying a large number of thermodynamically
stable redox isomers of which the chemical syntheses and structural characterization of the neutral and
cationic VV/VV mixed-valence species [VVu-VV(217O7(OR)12]"[SbCle], (R = —CHz, n =0, 1; R = —C;Hs,
n=0, 1, 2) are presented here. Neutral and positively charged clusters remain exceptional in the field of
polyoxometalate chemistry. Results obtained from cyclic voltammetry, infrared spectroscopy, and from
valence sum calculations conducted on X-ray structural data classify these clusters as class Il mixed-
valence compounds. Their highly symmetrical molecular structures make them particularly interesting as
model compounds for the investigation of intervalence charge transfer and electron delocalization in the
hexanuclear core. Furthermore, the large number of isostructural redox isomers affords a high variability
in d-electron content. Accordingly, a dependency could clearly be established between the extent of electron
delocalization and the V'V/VV ratio in a cluster species. A further interesting observation concerns the neutral
ethoxo compound [V'V4VV,07(OC;Hs)12] (3) which exhibits a crystallographic phase transition accompanied
by the conversion from a structure at 173 K with fully localized valencies to a room-temperature modification
displaying complete d-electron delocalization.

Introduction tives gave rise to a surge of new compounds and structures.
The early transition metals (V, Nb, Ta, Mo, W) play an Th?s progress, preceded by the int.roductio'n of organic coun-
important role in metal oxide chemistry due to their ability to terions such as tetrabutylammonium which marked the
form polyoxometalates. By virtue of both their charge-to-radius P€ginning of polyoxometalate chemistry in organic solvénts,
ratio and their ability to engage in metadxygen dr—pm expaqded their reach to practically all relevant fields of
interactions, these metals in their highest oxidation statgs (d chemistry.
dY) are able to form defined polynuclear anionic species in  Alkoxo-polyoxometalates, i.e., polyoxometalates incorporat-
solution, thus allowing an exclusive chemistry in a field which ing alkoxo ligands, represent the largest subclass of polyoxo-
for the rest is more or less banned to the solid state. Researchnetalate derivative§The introduction of oxygen donor-ligands
on polyoxometalates has brought forth a wealth of compounds in polyoxometalates allows charge compensation via formal
and structures, equally incorporating a variety of metals and substitution of peripheral, generally bridging oxo ligands, thus
nonmetals as heteroatorhdn addition to their intriguing stabilizing otherwise unstable polyoxometalate architecttires.
structural diversity as well as interesting magrietiad elec- Among other novel structures, this made it possible to synthesize
trochemical propertie,they have revealed a multitude of alkoxo-polyoxometalates containing the hexavanadate core
applications in various domains such as catalysis, medicine, and{ VeO1g},°*® one of the classical polyoxometalate structures
materials scienc®:4

In the past 30 years, extensive use of organic and organo- (4) (a) Kozevnikov, 1.Catalysis by Polyoxometalategohn Wiley & Sons:
Chichester, 2002. (b)Yamase, T., Pope, M. T., E@alyoxometalate

metallic components in the synthesis of polyoxometalate deriva- Chemistry for Nano-Composite Desjdgiuwer/ Plenum: New York, 2002.
(c) Pope, M. T., Mller, A., Eds.;Polyoxometalates: From Platonic Solids
(1) (a) Pope, M. THeteropoly and Isopoly OxometalateSpringer: Berlin, to Anti-Retrairal Activity; Kluwer: Dordrecht, 1994.

1983. (b) Pope, M. T.; Miler, A. Angew. Chem., Int. Ed. Endl991, 30, (5) (a) Gouzerh, P.; Proust, £&hem. Re. 1998 98, 77—111. (b) Khan, M.
34-48. (c) Baker, L. C.; Glick, D. CChem. Re. 1998 98, 3—50. (d) I.; Zubieta, J.Prog. Inorg. Chem1995 43, 1—-149.
Pope, M. T. InComprehensie Coordination Chemistry {iMcCleverty, J. (6) Fuchs, JZ. Naturforsch 1973 28hb, 389.
A., Meyer, T. J., Eds.; Elsevier: Oxford 2004; Vol. 4, 63578. (7) Bradley, D. C.; Mehrotra, R. C.; Rothwell, I. P.; Singh, Alkoxo and

(2) Miller, A.; Peters, F.; Pope, M. T.; Gatteschi, Dhem. Re. 1998 1, Aryloxo Derivatives of Metals Academic Press: London, 2001.
239-272. (8) Piepenbrink, M.; Triller, M. U.; Gorman, N. H. J.; Krebs, Bngew. Chem.,

(3) Sadakane, M.; Steckhan, Ehem. Re. 1998 98, 219-238. Int. Ed. 2002 41, 2523-2525.
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¢ be sublimated without degradation upon heating in high vacuum.
[VeO7(OCHg)12] has already been the object of an extensive
investigation, proving particularly stable and showing a rich ion
chemistry in the gas phase upon electrospray ionizafiue

to this feature, in combination with the clusters’ magnetic and
electrochemical properties, these substances could prove of great
interest for applications in the surface sciences and heteroge-
neous catalysis research.

The most prominent feature displayed by these compounds,
however, is certainly their large number of stable redox
derivatives. With the exception of the isovalent compounds
comprising vanadiumi|V) centers, the clusters are all mixed-
valent and, as such, are unique specimens for the investigation
of electron delocalization in the highly symmetric hexanuclear

¢ @° core. A separate chapter is devoted to this particularly interesting
Figure 1. The Lindqvist structure. topic, in which results from electrochemical, X-ray structural,
and IR-spectroscopic investigations will be discussed in detail.

Fs

formed by Mo, W, Nb and Ta, which is not known for
vanadium, probably due to the small ionic radius of W . . .
combination with the high charge of the theoreticabys]® Reagent-grade chemicals Were_used in all reactions. mgand
anion. Especially Zubieta et al. were successful in synthesizing VO(OCzHs)s were prepared according to literature procedifgichio-

a variety of such compounds incorporating trisalkgxoridging romethane u_sed ip oxidation reactions with chlorine‘and Sh@bk
moietiess® Our interest of research concerns related alkoxo- thoroughly dried with Cakland stored over molecular sieves (0.3 nm)

) . . v prior to use.
polyoxometal species of the general compositiotY fVVe_n-

@ Th | ; I . For stoichiometric reactions, chlorine was condensed under reduced
O7(OR)Z]“™™. These cluster compounds are formally derived esqure£100 mbar) into a graduated capillary held at liquid nitrogen

from the Lindgvist structufeM¢O14]"~ (Figure 1) by substitu-  temperature, and thawed at78 °C before further transfer by
tion of all twelve u-bridging oxo ligands with monodentate  condensation into the reaction vessel.

alkoxo ligands. Compounds of this type have been synthesized Reactions under solvothermal conditions were conducted in pressure

Experimental Section

with methoxo ligand3? digestion vessels (Berghof, DAB 2) containing 50-mL Teflon inserts.
In this article we describe the synthesis and crystal structures Column chromatography was performed or-@90 mesh silica gel

of the neutral alkoxo-polyoxovanadium clusters'\p/V,0;- (Merck). Silica gel 60 TLC aluminum sheets (Merck) were used for

(OR)J] (R = —CHs, —C,Hs), as well as three cationic thin-layer chromatography.

derivatives of the general composition\\_ V. OR)™ Extracted solutions containing reaction products were generally
9 P -0 VV2inO(ORKA filtered, until clear, through a syringe filter (Roth, Rotilabo, PTFE, 0.2

(R=—CHgz, n=1; R= —C;Hs, n= 1, 2) obtained by chemical ] o

idati fh tral ds. Neutral and cationi . __um) prior to crystallization.
oxidation of the neutral compounds. Neutral and cationic Species” b oaration of N(n-CaHe)aV s05(OCH3)1a. In a 50-mL Teflon-
are a rare instance among polyoxometafétasd their deriva-  |ineq pressure digestion vessel were heated 1.43 g (5 mmol) of VO-
tives? the positively charged clusters reported herein being to (O'Bu)s, 215 mg (0.83 mmol) of NBuBH], and 25 mL of methanol
our knowledge the first cationic alkoxo-polyoxometal clusters for 24 h at 125°C. The resulting green solution was concentrated to
known to daté? Although we have previously reported the approximately half its volume and stored overnight-80 °C, yielding
monocationic methoxo-polyoxovanadium clustefVpWV;0;- dark green, needle shaped crystals afd@Ho)4[V O7(OCHs)17] - CHs-
(OCHg)12* in polyhalide saltd?the hexachloroantimonate salt OH. The crystals were collected from the cold solution on a fritted
reported here offers the advantage of being easily synthesizedilter funnel and thoroughly vacuum-dried, thus removing excess
and of containing a counterion which is, to a large extent, _’:]‘e;:‘;;(’t'gnﬁzr"c‘)’o;kt#g O_feltgeiosg'(;’;o” was repeated with the filtrate
chemically inert. Furthermore, for sake of adequate comparison' Improve the yi o

0, =

of the compounds’ crystal structures and properties, the salts Elemental analysis calcd (%) forat2NOwsVe (M = 1032.52

dh I in h hi . h . _g/mol): C 32.57, H 7.03, N 1.36; found: C 32.40, H 6.94, N 1.26.
presente ere all contain hexachloroantimonate as the anion: IR (KBr pellet, cnT1): 1172 (w), 1146 (vw), 1051 (vs), 957 (vs),

Among the compounds we have synthesized, the alkoxo- gg3 (vw), 802 (vw), 737 (vw), 693 (W), 586 (vs), 431 (s), 408 (s).
polyoxovanadium clusters fD/(OR)z] (R = —CHs, —CzHs) Preparation of [V¢O/(OCHa)13 (1). N(N-CaHo)d[V 60,(OCHs)12]
are exceptional due to the fact that they carry no charge. Thus,(500 mg, 0.484 mmol) and (62 mg, 0.244 mmol) were dissolved in
despite their relatively high molecular weights{90 and 960 50 mL of acetonitrile and stirred for 1 h. The reaction solution was

g-mol~1, respectively), their mass spectra show that they can then evacuated to dryness. The residue was extracted witB@BmL
of hexane, and the extract was then concentrated and stored8Cat

(9) Lindqvist, I. Ark. Kemi1953 5, 247—250. °C, yielding black octahedral crystals ©f The crystals were collected
(10) fzpalnldééf'i%%”'e" C.; Bdgam, I.; Hartl, HAngew. Chem., Int. E2003 from the cold solution and air-dried (yield: 39%).
(11) Lu et al. reported a vanadomolybdenum polyoxocation (Yang, W. B.; Lu,
C. Z.; Zhan, X.; Zhuang, H. Hinorg. Chem 2002 41, 4621-4623) of (13) We hereby, however, only consider polyoxometalates and their derivates
which the exact charge determination, however, has not been adequately as truly cationic when the overall positive charge solely results from the
demonstrated, in our opinion. metal centers and is not, for example, due to positive groups which are
(12) (a) Khan, M. I.; Tabussum. S.; Doedens, R. J.; Golub, V. O.; O’Connor, covalently tethered to a negatively charged polyoxometalate core: Ng, C.
C. C.Inorg. Chem 2004 43, 5850-5859. (b) Castro, S. L.; Sun, Z,; H.; Lim, C. W,; Teoh, S. G.; Fun, H.-K.; Usman, A.; Ng, S. \Worg.
Bollinger, J. C.; Hendrickson, D. N.; Christou, G. Chem. Soc., Chem. Chem.2002 41, 2—3.
Commun1995 24, 2517-2518. (c) Chae, H. K.; Klemperer, W. G.; €a (14) Schidler, D.; Engeser, M.; Brostrup, M.; Daniel, C.; Spandl, J.; Hartl, H.
Loyo, D. E.; Day, V. W.; Eberspacher, T. Aorg. Chem1992 31, 3187 Int. J. Mass Stpectron2003 228 743-757.
3189. (15) Prandtl, W.; Hess, LZ. Anorg. Chem1913 82, 103-129.
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Elemental analysis calcd (%) forni36010V6 (M = 790.04 g/mol):
C 18.24, H 4.59; found: C 18.22, H 4.48.

IR (KBr pellet, cnt®): 1170 (w), 1142 (w), 1032 (vs), 1019 (sh),
974 (vs), 692 (vw, broad), 585 (vs), 501 (w), 436 (s), 409 (vs).

MS (El, 80 eV): m/z (%) = 790 (60) [M], 630 (32) [M — VO-
(OCHg)3]*, 470 (100) [M— 2VO(OCHy)]*.

Preparation of [V s07(OCH3)12[SbClg] (2). All steps were carried
out under inert conditions using Schlenk techniques. Into a 100-mL
Schlenk tube were given 500 mg (0.633 mmoll@ind 0.09 mL (0.710
mmol) of SbC4. Fifty milliliters of dichloromethane and 26L (0.907

dichloromethane. The solution was slightly concentrated under reduced
pressure and stored-aB0 °C, yielding black crystals d& (yield: 76%).

Elemental analysis calcd (%) for4s001sCl12VeSk (M = 1627.31
g/mol): C 17.71, H 3.72; found: C 17.63, H 3.59.

IR (KBr pellet, cnm1): 1150 (w), 1084 (m), 1006 (vs), 984 (vs),
868 (s), 610 (s), 493 (w, broad), 420 (m).

X-ray Structure Analysis. Single-crystal diffractometry was con-
ducted on a Bruker XPS diffractometer (CCD area detector, Mo K
radiation,A = 0.71073 A, graphite monochromator). Single crystals
of air-sensitive substances and of substances containing solvate

mmol) of Cl, were then successively condensed under reduced pressuremolecules were taken directly out of the mother liquor and prepared
into the Schlenk tube held at liquid nitrogen temperature. The reaction ynder a cold nitrogen stream. Empirical absorption correction was

mixture was thawed te-78 °C and slowly allowed to warm to room

applied on the data using symmetry-equivalent reflections (SADABS).

temperature while stirring. The solution was then evaporated to drynessThe structures were solved using direct methbdsd refined based

and the residue extracted with-650 mL anhydrous acetonitrile. The
solution was concentrated under reduced pressure and storgd fat
—30 °C yielding black, rod-shaped crystals ®f(yield: 67%).

Elemental analysis calcd (%) for;£13601oCleVeSb (M = 1124.53
g/mol): C 12.82, H 3.23; found: C 12.71, H 3.10.

IR (KBr pellet, cnt1): 1170 (w), 1138 (vw), 1006 (vs), 991 (vs),
801 (vw), 710 (vw), 603 (s), 472 (vw), 446 (m), 421 (s).

Preparation of [VsO7(OCzHs)1g (3). In a 50-mL Teflon-lined
pressure digestion vessel were heated 0.89 mL (5 mmol) of VO-
(OC;Hs)3, 210 mg (0.82 mmol) of RBuy[BH,], and 25 mL of ethanol
for 24 h at 125°C. The product of the solvothermal reaction was

on F? data with a least-squares procediiesing the WinGX program
systemt® Anisotropic displacement parameters were assigned to all
non-H atoms. The hydrogen atoms were calculated in geometrically
idealized positions. Crystallographic data for compouhd$ at 173

K is summarized in Table 1.

IR Spectroscopy.IR spectra were collected in the 468000 cnt*
region on a Nicolet 5 SXC FTIR spectrometer. The data was processed
using the OMNIC E.S.P software (version 4.1 b).

Cyclic Voltammetry. Cyclovoltammetric investigations were carried
out in a gastight three-electrode cell equipped with platinum wire
working, counter, and pseudoreference electrode. The cell was con-

evaporated to dryness under reduced pressure, and the crude produtfected to a computer-controlled potentiostat/galvanostat from EG&G

was extracted with 2x 20 mL dichloromethane. The extract was

Princeton Applied Research (model 173). The measurements were

evaporated to dryness under reduced pressure, and the residue Wagonducted in anhydrous dichloromethane with tetrabutylammonium
chromatographed on a silica gel column (elution with hexane/acetone, hexafluorophosphate as a supporting electrolyte (0.1 M) and a working

2:1 by volume). The first fractionR; 0.61) was evaporated to dryness,

concentration of approximately 1®mol-L 1. Redox potentials were

and the black residue was extracted with hexane until the extracting yeferenced against the ferrocene/ferrocenium-couple.

solution remained nearly colorless. The solution was concentrated under

reduced pressure and stored-80 °C, yielding black, rhombohedral
crystals of3, which were filtered off from the cold solution and air-
dried (yield: 36%).

Elemental analysis calcd (%) for{#siO10Ve (M = 958.37 g/mol):
C 30.08, H 6.31; found: C 29.98, H 6.18.

IR (KBr pellet, cnmr1): 1157 (w), 1089 (s), 1040 (vs), 972 (vs),
891 (s), 805 (w), 595 (s), 482 (w), 412 (s).

MS (El, 80 eV): m/z (%) = 958 (19) [M]", 756 (16) [M — VO-
(OC,Hs)3], 666 (22) [M— VO(OC,Hs); — 20GHs]*, 554 (100) [M
— 2VO(OGHs)3] .

Preparation of [V ¢07(OC2H5s)12][SbClg] (4). All steps were carried
out under inert conditions using Schlenk techniques. Into a 25-mL
Schlenk tube were given 100 mg (0.104 mmolBaind 13.2«L (0.104
mmol) of SbC}. Dichloromethane (15 mL) and £10«L, 0.45 mmol)

were then successively condensed under reduced pressure into th
Schlenk tube held at liquid nitrogen temperature. The reaction mixture

was thawed te-78 °C and slowly allowed to warm to room temperature

while stirring. The reaction solution was evacuated to dryness and the

residue extracted with % 20 mL anhydrous dichloromethane. The

The measurement data was processed with Microcal Origin (version
5.0).

DSC. Measurements were conducted in a Netzsch DSC 200
differential scanning calorimeter.

MS. The EI-MS experiments were conducted on a high-resolution
MAT 711 mass spectrometer (Varian).

Results and Discussion

Solvothermal SynthesisThe solvothermal syntheses of the
us-0xo-dodecat-alkoxo-hexa(oxovanadium) clusters g0-
(OR)17 (R = —CHgs, —C,Hs) represent a synthetic constraint
in the sense that they are self-assembly procéseassch have
little in common with rational synthesis. It is a powerful method
for synthesizing new compounds, yet the control (solvent,

%oncentration, temperature, pressure, reaction time, etc.) over

the products it yields is limited, and rarely straightforward. Thus,
we have recently discovered that the synthesis ofOpv
(OCH)17] (1) earlier reported? consisting in the solvothermal

solution was slightly concentrated under reduced pressure and stored€action of VO(CBu); in methanol, offers a major side product

at —30 °C, yielding black crystals o# (yield: 53%).

Elemental analysis calcd (%) for#16001oClsVeSbh (M = 1292.84
g/mol): C 22.30, H 4.68; found: C 22.17, H 4.54.

IR (KBr pellet, cnr1): 1153 (w), 1086 (m), 1018 (vs), 983 (vs),
884 (s), 606 (s), 490 (w, broad), 416 (s).

Preparation of [V ¢07(OC2H5)12][SbClg]2 (5). All steps were carried
out under inert conditions using Schlenk techniques. Into a 25-mL
Schlenk tube were given 96 mg (0.1 mmol) ®fand 26uL (0.205
mmol) of SbC§. Dichloromethane (15 mL) and £(10 uL, 1.133

mmol) were then successively condensed under reduced pressure into

which, being almost identical in composition and structure to
1, was very difficult to detect and had therefore eluded our
attention until now. For this reason we elaborated an alternative
route for the synthesis df via its singly reduced species. The
latter is obtained in good yield and in high purity by solvo-
thermal reaction of VO(Bu); and tetrabutylammonium boro-

(16) (a)SHELXS-97A program for automatic solution of crystal structures; G.
M. Sheldrick, University of Gtiingen, Germany, 1997; Release 97-2. (b)
Altomare, A.; Gascarano, G.; Giacovazzo, C.; Gualardi, JA.Appl.
Crystallogr. 1993 26, 343—350.

the Schlenk tube held at liquid nitrogen temperature. The reaction (17) SHELXL-97 A program for crystal structure refinement; G. M. Sheldrick,

mixture was thawed te-78 °C and slowly allowed to warm to room

temperature while stirring. The reaction solution was evacuated to

dryness and the residue extracted withx2 20 mL anhydrous

13980 J. AM. CHEM. SOC. = VOL. 127, NO. 40, 2005

University of Gdtingen, Germany, 1997; Release 97-2.

(18) Farrugia, L. JJ. Appl. Crystallogr 1999 32, 837—838.

(19) Khan, M. |.; Zubieta, Jrog. Inorg. Chem1995 43, 13—16 and references
therein.
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Table 1. X-ray Crystallographic Data for Compounds 1-5
compound 1 2 3 325K 4 5:2 CH,Cl,
formula GioH36019Vs Ci12H3601CleVeSb  GaHedO10Vs Co4He0019V6 CosHeoO19CleVeSb  GeHeaO16Cl16V6Shy
fw 790.05 1124.53 958.37 958.37 1292.85 1797.19
measured 173 173 173 295 173 173
temperature (K)
crystal morph. octahedron rod-shaped rhombohedron rhombohedron trigonal pyramid octahedron
crystal size 05x03x0.2 0.17x0.08x 0.07 0.4x04x0.3 0.44x0.35x0.26 0.27x 0.16x 0.11  0.45x 0.32x 0.25
(mm x mm x mm)
crystal system orthorhombic _hexagonal monoclinic _ trigonal _ triclinic _ triclinic
space group Pra2, R3 P2:/n R3m P1 P1
cell dimensions
a(h) 20.8343(12) 13.943(4) 10.338(4) 17.5332(15) 10.4567(17) 11.1503(19)
b (A) 10.0830(6) 13.943(4) 17.760(8) 17.5332(15) 10.5469(17) 11.584(2)
c(R) 13.5064(8) 16.773(6) 11.002(5) 11.224(2) 10.6194(17) 12.829(2)
o (deg) 90.00 90.00 90.00 90.00 88.751(4) 109.445(3)
f (deg) 90.00 90.00 106.408(8) 90.00 86.169(4) 102.351(4)
y (deg) 90.00 120.00 90.00 120.00 88.269(4) 93.771(4)
cell volume (&) 2837.3(3) 2823.8(15) 1937.7(14) 2988.2(6) 1167.8(3) 1509.3(5)
formula unitsZ 4 3 2 3 1 1
pecalc (g/cm™Y) 1.850 1.984 1.643 1.598 1.838 1.977
u (Mo Koy 1.971 2.621 1.459 1.419 2.125 2.534
(mm~1)
abs. corr., 0.41/0.65 0.67/0.81 0.74/1.00 0.68/0.87 0.84/1.00 0.86/1.00
Tmin/Tmax
Omin/Omax (deg) 1.95/30.03 2.08/30.55 2.24/27.58 2.26/23.25 1.92/30.53 1.74/30.51
collected 32332 11659 19107 7026 14662 18865
reflections
unique 8265 1923 4489 530 7019 9070
reflections
Is parameters 348 95 229 69 290 319
R1[l > 20(1)] 0.0282 0.0359 0.0494 0.0400 0.0336 0.0180
wWR2 [I > 20(1)] 0.0694 0.0949 0.1211 0.1126 0.0747 0.0411
R1 (all data) 0.0347 0.0690 0.0586 0.0588 0.0523 0.0221
WR2 (all data) 0.0727 0.1087 0.1277 0.1304 0.0825 0.0423
GoF 1.017 0.889 1.116 1.075 1.028 1.034
larg. diff. + (e:A~3) 0.54/-0.31 0.37+1.05 1.45(-0.51 0.30+-0.22 1.00+-0.42 0.49+-0.47

hydride in methanot? 1 is then easily obtained by oxidation of
N(n-C4Hg)4[V507(OCHg)12] with iodine.

[V6O7(OCHs)17] (3) is synthesized by solvothermal reaction
of VO(OC;Hs)3 and tetrabutylammonium borohydride in etha-

[V,0,(0CH,),,]

2512

nol. Unlike methanol, under the solvothermal conditions em-
ployed, ethanol is not sufficiently reducing to generate vanadium-
(+1V) necessary for the synthesis 8f which like 1 contains
four V'V ions. Thus, borohydride is employed as a reducing
agent in this reaction.

An account, however, exists of the inadvertent formation of
[V6O7(OC.Hs)12] (3), apparently by microhydrolysis of VO-
(OC;Hs)3 during the shipping procedure of a damaged flask of
the chemicaf! This could however not serve as a basis fora s~ o 7 s 7 oo o5 | 10 15
general synthgtic procedure of the substance. E V] vs Fe

EIeCtrOChe.mIStry and Redox Reactlo.nSThe neUtral clusters Figure 2. Cyclic voltammograms of~ (tetrabutylammonium salt) ar@l
1and3 contain VQ octahedra comprising one terminal 0Xygen measured in dichloromethane and referenced against the ferrocene/ferro-
atom respectively, classifying them according to Pope as type-I cenium couple.
polyanion-derivatived? In the absence of in-plane bonding, the ) )

LUMO for type-I polyhedra is a nominally nonbonding, mainly Accordingly, the cyclic voltammograms of the cluster com-
metal-centered ‘g’ orbital 1> Accordingly, this class of poly-  Pounds [WsV¥i0,(OCHg)1g ™ (17) and [VYaVY;07(0OCHs)17]
oxometalates allows the reversible uptake of a number of (3) shown in Figure 2 display four reversible single-electron
electrons, which populate the predominantly nonbondigg d transfers, spanning a row of five |sostruc_tural hexavanadlum
orbital in the metal centers. As a result, the compounds retain CoMpounds with varying ¥ content respectively, ranging from
their initial structures to a large extent, only minor changes the isovalent alkoxo-polyoxovanadate dianiof’p0-(OR)z]*~
taking place upon reductios. up to the dicationic [W,VV40/(OR);2)%" species.1™ as its
tetrabutylammonium salt was the substance of choice for the
(20) Spandl, J. Doctoral Thesis, Freie Univeitsitgerlin, Germany, 2001. cyclovoltammetric investigation of the methoxo cluster series,
(21) Kessler, V. G.; Seisenbaeva, G.lAcrg. Chem. Commui200Q 3, 203~ giving the best cyclic voltammograms in regard to the criteria
(22) Pope, M. TInorg. Chem 1972 11, 1973-1974. of reversibility and hence, providing the greatest accuracy in

[V,0,{OCH,) I
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Table 2. Redox Potentials Obtained from the Cyclic Oxidation of1 to the dicationic methoxo derivative [{4VV,Or-
Voltammograms of Compounds 1~ (Tetrabutylammonium Salt) (OCH)12?* with the Cb/SbCk mixture in dichloromethane was
an

not successful. This species equally could not be chemically

_EVvsFein CHCL(Y) synthesized using very strong oxidizing agents such ag e

redox process R=-CH; R=-CHs (E” vs Fc= +1.03 V in CH,Cl,),?” all of which only generated
[VVaVVY30/(OR)2 " = [VVaVV407(OR)]** + & +0.83  +0.75 the monocationic species. The dicationic species should,
R:X%&gggsﬁf#[\f\'/vlgv\j%oé(()géﬂ Te  Toa0 T00s however, be accessible through electrosynthesis.
[V VO (ORNA% <= [VVeVV10(ORya- + e 063 121 IR Spectroscopy.IR spectroscopy is a very useful tool for
the analysis of the alkoxo-polyoxovanadium clusters. Particu-
ac =5 x 104 M; sweep rate= 50 mV/s. larly the 406-1200 cm! region is of interest, containing
Table 3. Comproportionation Constants K. (298 K) for the absorption bands due to metalxygen stretching vibrations

[V6O7(OR)12]-Series? which are characteristic of polyoxometalate spectra in general.
The assignment of the vibration modes in this region was

redox active cluster R =-CH, R=-CHs 1 X :
[VVavV10/(OR)a 92 10F > 0% 10° tentatllvely.condl_Jcted on the basis of nor.mal cpordlnate analyses
[VIV,\/V,07(OR).J] 1.4 % 1010 4.7 x 101 and vibrational investigations on Lindvist aniéhss well as
[VVaVV307(OR)15 ™ 4.5x 1010 1.5x 102 by comparison with IR data from related alkoxo-polyoxovana-
dates containing thEV¢O1} core?329
*RTIn Ke = nHE”1 — E%2). The clusters of the general formula'PyVVs—,O7(OR)2] 4~

. . presented here have the advantage of containing only one type
dete_rm|n|ng the redox potentials. As a matter of course, the of u-bridging ligand, which greatly simplifies their IR spectra.
_cychc_: voltammogram of the neutral compounbl gffords If care is taken that the salts do not contain coordinating coun-
identical redox potentials. The redox potentials obtained for the terions, then the charged species’ spectra compare quite well

respective cluster seres are "Ste‘?' in Table 2. As is t0 be i, those of the neutral compounds. This afforded a convincing
expected, the greater positive inductive effect of the ethyl groups assignment of the most important stretching vibrations in the

in the ethoxo series causes a shift in the respective Single'dodeca-alkoxo-oxo-hexa(oxovanadium) clusters’ IR spectra.
Oxidation potent_ials to more hegative values as compared 10 ¢ spectra are thus best characterized by four absorption
those of1~ and its _redox |sorT1el%3. . _ bands in the 4061200 cnt? region. The two most prominent
The electrochemical potential separations between successive, g |gcated in the 9501100 cnt region: the @R (1000~
one-electron redox eventsE” in the cyclic voltammograms 110 cntl) and the V-0x (950-1000 cnt?) stretching modes.
of 1~ and3 are very large, ranging from 530 to 720 mV. These e absorption band in the 55650 cnt region can be
values correspond to large comproportionation C(_)_ns%‘hKTGS attributed to \/-Op—V bending, and one in the 468150 cnt?
~ 10°-10%, indicating high thermodynamic stability of the  e4ion to -0, stretching, the central oxygen atom vibrating
redox active species toward disproportionation to their one- \yithin the octahedral vanadium framewdae.
electron oxidized and reduced derivatives, respectively (Table  aj| four vibration modes are sensitive to the cluster’s overall
3). These values are crucial for preparative chemistry, for they charge, the @R and V-0 stretching showing the greatest
determine the feasibility of isolating a pure solid mixed-valence dependency. The species with higher d-electron content show
compound from its solutiof higher Q—R stretching frequencies due to the larger negative
Encouraged by these observations, our synthetic endeavompartial charge on the bridging oxygen atoms, which increases
consisted in chemically producing and isolating all redox the polarity and thus the strength of the-OHz bond. On the
derivatives ofl and3, particular interest being paid to the highly  other hand, the smaller positive charge on the vanadium atoms
unusual cationic species. For the synthesis of the latter, wejn these species diminishes the polarity of the bonds to the
experimented with a variety of oxidarfsOxidation by chlorine  respective terminal oxygen atoms, the @ stretching vibration
in the presence of antimony pentachloride finally proved to be thys shifting to lower frequencies upon reduction of the cluster.
particularly suitable for our purposes, due to the mixture’s high The cluster charge-to-frequency relationship for these vibration
oxidation potential as well as to the reactions’ completeness modes is displayed in Figure 3, based on spectral data obtained
and easy workup. In these reactions chlorine is generally usedfrom the neutral compounds as well as from their redox
in large excess, the respective degree of oxidation being derivatives’ tetrabutylammoniuffiand hexachloroantimonate
controlled by the stoichiometry of antimony pentachloride in - salts, respectively. The relationship is of great practical use since
the reaction mixture. Sb€lacts as a Lewis acid, generating it allows the rapid and unambiguous determination of a cluster's
hexachloroantimonate as the counterion by complexing chloride charge from IR spectroscopic data. This easily accessible and

formed in the oxidation: reliable information makes the method highly useful for
. analyzing reaction mixtures and products.
[VcOAOR),,] + (n/2)Cl, + Sbcgﬂ' One further aspect of the clusters’ IR spectra, which will
[V (O,(OR),,J[SbCI] prove of great importance for the discussion on mixed valency
6~7 1 n

(27) Kochi, J. K.Acc. Chem. Red.992 25, 44.
(28) (a) Rocchiccioli-Deltcheff, C.; Thouvenot, R.; Fouassier)ibrg. Chem.

(23) Chen, Q.; Goshorn, D. P.; Scholes, C. P.; Tan, X.; Zubieta, Am. Chem. 1982 21, 30—35. (b) Mattes, R.; Biertsse, H.; Fuchs, Z. Anorg. Allg.
Soc 1992 114, 4667-4681. Chem.1971, 385, 230-242.
(24) Richardson, D. E.; Taube, thorg. Chem 1981, 20, 1278-1285. (29) (a) Hou, D.; Kim, G.-S.; Hagen, K. S.; Hill, K. llnorg. Chim. Actal993
(25) Ludi, A. In Mixed-Valence Compounds: Theory and Applications in 211, 127-130. (b) Khan, M. I.; Chen, Q.; Hm®, H.; Parkin, S.; O'Connor,
Chemistry, Physics, Geology, and Biolog@rown, D. B., Ed.; D. Reidel C. J.; Zubieta, Jinorg. Chem.1993 32, 2929-2937.
Publishing Company: Dordrecht, 1980; 33. (30) Spandl, J.; Daniel, C.; Bdgam, |.; Hartl, HAngew. Chem., Int. E@003
(26) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877-910. 42, Supporting Information.
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a measurement involved, display features typical for both localized
\ and delocalized states, as well as for states which can be
+_ 10504 v(O-R) A\ considered as intermediate to these.
g : Class Il compounds are of particular interest since they are
5 \. excellent models for investigating the mechanisms of electron
'g 1000 4 - e transfer. Thus, the factors which influence the transition
= 1 . (temperature, solvate, ligand sphere, transition metal, etc.) can
% be varied in numerous ways, delivering detailed information
2 950 ] on the extent to which a given variable influences the interva-
A . . . . lence charge transfer (IVCT). Furthermore, depending on the
- _ + 2+ time scale of the method of investigation involved, the exchange
formal charge rateket can be estimate#?2
Figure 3. Charge () to wavenumber dependency for théO,—R) and In the past decades, research on mixed valency has focused
v(V—CQ) vibration modes in the [y¥O7(OCHg)17]" (a) and [VeO7(OCzHs)12]" on polynuclear transition metal complexes, among which the
(®) IR spectra respectively (KBr pellet). Creutz-Taube ion is certainly the most prominent exanifle.

o o Although a large number of mixed-valence complexes exist,
and electron delocallzqtlon below, concerns their simplicity. In o+antion has mainly been paid to those possessing a high point
the 506-1000 cnt* region, the spectra only show two absorp- sy mmetry, since their mixed-valence centers have identical site
tion bands: one for the ¥O; stretching and one for the g mmetry in the respective oxidation states. In these compounds
V—0,—V bending vibration, respectively. Other symmetrically he |ocalized states have the same energy, thus greatly simplify-
substituted polyoxometalate derivatives comprising the hexa- ing their theoretical modeling®which is an important prereg-
vanadate cofé>=*all display additional vibration modes in this jte for the correct interpretation of experimental results.
region. This directly reflepts the high symmetry fqund in the The Lindqvist structure (Figure 1) is predestined for the
dodeca-alkoxo cluster series, the number of bands in the-metal investigation of mixed valency in polynuclear transition metal

oxygen stretching r.egion com_paring well with those found in complexes due to the high symmetry found in the hexametalate
the IR spectra of Lindavist aniorfs. core. Research has been conducted on the reduced molybdenum
Mixed Valency and tungsten isopolyanioA&33¢-38which, however, can only
) ) ) ) take up two electrons, respectively. The metal centers in the

As in mixed-valence compounds in general, the unpaired gcyyre describe an octahedron and posSgssite symmetry
elect_rons in the alkqxo-polyoxovanadlum clusters can el_ther be respectively, a situation which, as IR-spectroscopic results
localized or delocalized. In the event of delocal_lzatlon, it may_ suggest (vide supra), is to a large extent also valid for
concerln_ selected or aIIf mletal cen(tjerls. Tlheoretlc_al ar?d ﬁXpe”'y-substituted dodeca-alkoxo-oxo-hexa(oxovanadium) cluster
menta mvesngzast;gg o electron deloca |zat|o; In the hexa- gerjvatives comprising monodentate alkoxo ligands. This condi-
metalate core# and in polyoxometalate$;**as well as tion is not fulfilled in other hexavanadium derivatives containing

in mixeq-valencelcompounds in.gene?r”db an area of research either differentu-bridging ligands® bridging trisalkoxo® or
of considerable interest for which several models have beenorganometallic fragmeritsas bridging ligands.

5
pro;;ose% I d classificat h db bi The series of alkoxo-polyoxovanadium clusters presented here
The widely accepted classi |cat|onﬁ3é: eme proposed by RobiN 5 i 4 previous publicatiéhhave properties which distinguish
and Day for mixed-valence compouritifocuses on the degree o, tor mixed-valence research. Besides the symmetry require-
of electronic mteractl_on present betwe_en _snes of differing ments they fulfill, they can accept up to six electrons without
valencg an.d the ensuing charge ollelocallzatlon.. Three levels Ofengaging in metatmetal bonds as shown from the interatomic
delocalization are proposed, ranging from localized (class 1) 10 \ anadium distances obtained by X-ray structure analysis. Hence,
completely delocalized (class Ill), class Il representing com- a large number of mixed-valence states in a highly symmetric

pounds which, depending on their condition and the method of o 2 metalate core can be realized, all of which, as cyclovolta-

(31) (a) Hayashi, Y.: Ozawa, Y.: Isobe, Khem. Lett1989 425. (b) Chae, H. mmetric investigations have disclosed (vide supra), are remark-
K.; Klemperer, W. G.; Day, V. W.inorg. Chem 1989 28, 1423. (c) ably stable.

Hayashi, Y.; Ozawa, Y.; Isobe, Knorg. Chem.1991, 30, 1025-1033. . . . .

(32) (a) Bridgeman, A. J.: Cavigliasso, Borg. Chem 2002 41, 1761-1770 The fqllowmg subsections addre;s th_e subject pf_m|xed
%nd Arﬁfeéeh%esttlhﬂe_lr:(- (gl) ﬁugu§(ty®ilk-3a5)I0(I§%w, l\éldé\.; ZBgrigcefk_S. A.; valency in the clusters presented in this work, within the
Togih G Hart, . ablokov, . VNew J. Chem2005 25 boundaries of the experimental methods used and their respec-

(33) (a) Pope, M. T. Il€omprehensie Coordination Chemistry jMcCleverty, tive time scales.

J. A., Meyer, T. J., Eds.; Elsevier: Oxford 2004; Vol. 4, pp 6687 and
references therein. (b) Pope, M. T.NMixed-Valence Compounds: Theory

and Applications in Chemistry, Physics, Geology, and Bigl&ypwn, D. (35) (a) Hush, N. S. IMixed-Valence Compounds: Theory and Applications
B., Ed.; D. Reidel Publishing Company: Dordrecht, 1980; pp-3836. in Chemistry, Physics, Geology, and Biolp&yown, D. B., Ed.; D. Reidel
(c) Sanchez, C.; Livage, J.; Launay, J. P.; Fournier, M.; Jeannid, Am. Publishing Company: Dordrecht, 1980; pp #3188. (b) Schatz, P. N. In
Chem. Soc1982 104, 3194-3202. (d) Piepgrass, K.; Barrows, J. N.; Pope, Inorganic Electronic Structure and Spectroscp@plomon, E. I.; Lever,
M. T. J. Chem. Soc., Chem. Commuad®89 1, 10-12. A. B. P., Eds.; John Wiley & Sons: New York, 1999; Vol. 2, pp ¥7226
(34) (a) Demadis, K. D.; Hartshorn, C. M.; Meyer, TChem. Re. 2001, 101, and references therein. (c) Creutz, C.; Newton, M. D.; Sutin,JN.
2655-2685. (b) Prassides, K., EMixed Valency Systems: Applications Photochem. Photobiol., A994 82, 47-59. (d) Hupp, J. T. IlCompre-
in Chemistry, Physics and Biologiluwer: Dordrecht, 1991. (c) Brown, hensve Coordination Chemistry {iMcCleverty, J. A., Meyer, T. J., Eds.;
D. B., Ed. Mixed-Valence Compounds: Theory and Applications in Elsevier: Oxford 2004; Vol. 2, pp 769716 and references therein.
Chemistry, Physics, Geology, and Biolody. Reidel Publishing Com- (36) Robin, M. P.; Day, PAdv. Inorg. Chem. Radiochemi976 10, 247.

pany: Dordrecht, 1980. (d) Breedlove, B. K.; Yamaguchi, T.; Ito, T.; (37) Creutz, CProg. Inorg. Chem1983 30, 1-73.

Londergan, C. H.; Kubiak, C. P. l@omprehensie Coordination Chemistry (38) Pope, M. TProg. Inorg. Chem1991, 39, 235-236.

II; McCleverty, J. A.; Meyer, T. J., Eds.; Elsevier: Oxford 2004; Vol. 2,  (39) Khan, M. |.; Chen, Q.; Zubieta, J.; Goshorn, D.IRarg. Chem1992 31,
pp 717729. 1556-1558.
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Cyclic Voltammetry. Resolved one-electron redox processes
in the cyclic voltammograms of mixed-valence compounds are
a clear indication of electronic interaction between the redox-
active sites. Ideally, molecules containing noninteracting centers
display a multielectron transfer at one single poterifiathereas
compounds with significant interaction between redox-active
centers exhibit cyclic voltammograms with multiple single-

electron transfers. Multielectron processes, however, can conceal
unresolved single-electron events and therefore do not automati- [VsO/(OCHs):" (2)

cally exclude the possibility of weak electronic coupld.hus,
the magnitude oAE® between neighboring redox potentials
is, among other factors of lower impact influencing the
separation, representative of the stabilization energy imparted
to the mixed-valence state by electron delocalization.

The cyclic voltammograms of~ and 3 (Figure 2) display
large potential separations=” between successive one-electron

Table 4. Valence Sum Calculations for the Crystallographically
Independent Vanadium Atoms in Compounds 1—5 Based on X-ray
Crystallographic Data Collected at 173 K

bond-valence sums

cluster/cluster ion (compound) VV V¥ V(1) V(@) V@) V@) V(B V(6e)
[V607(OCHs)14 (1) 4 2 VWV 473 414 414 417 412481
VV 498 4.36 4.35 4.39 4.345.06
[V607(0OC:Hs)19] (3) 4 2 VV 4.03 4.68 4.06 — - -
VV 424 493 4.28 — - —
3 3 VW 452 — - - - —
VV 475 — - - - -
[V607(OC:Hs)12] ™ (4) 3 3 VV 431 442 4.45- - -
VV 454 466 4.68— - -
[VeO/(OCHs)12"(5) 2 4 VV 473 4.28 4.50— - -
VV 498 450 4.74 — - -

(vide supra), the potential differences can be attributed to
differing magnitudes of the latter in the mixed-valence species.

events (Table 2) compared to the values in other mixed-valenceThys, the ethoxo derivatives generally display somewhat greater

compounds§4d41a42There are, however, examples of systems

AE? values compared to those of methoxo species comprising

with comparable potential separations comprising bridging the same V/VV ratios. Within a cluster serieAE® continually

ligands mediating very strong electronic couplfdé large AE”
is also found for hexamolybdaté which, however, as is the

increases toward cluster species with small&/WV ratios, i.e.,

with decreasing d-electron content. Unfortunately Alt€' value

case for the tungsten analogon, cannot be reduced further thafor neither of the dicationic species could be determined, the

its two-electron reduction produttHence, the dodeca-alkoxo-
oxo-hexa(oxovanadium) cluster series exhibits substantial ther-
modynamic stabilization in all mixed-valence species detected
in the cyclovoltammetric experiment, rendering §ésO19}

core an apparently ideal framework for paramagnetic electron
delocalization.

The fact that all 124-bridging oxo ligands of the Lindqvist
structure are substituted by monodentate alkoxo ligands is
essential for the ease of electron transfer, which is strongly
correlated to the vanadium centers’ site symmetry. Accordingly,
polyoxovanadate derivatives of lower symmetry comprising the
{VeO1g} core exhibit cyclic voltammograms with only cife
or at most twé°44redox potentials with substantially smaller
AEY values, owing to the dissymmetry imposed by the differing
ligands, as well as to the covalent tethering of the alkoxo groups
in the chelating moieties. Furthermore, the influence of coor-
dinating cations on a cluster’s electrochemical properties should
not be underestimated, which particularly in organic solvents
can cause a strong distortion of symmetry and charge distribu-
tion.

The splitting of the redox potentialAE” in the cyclic
voltammograms oL~ and 3 is associated with the thermody-
namic stabilization of the chemical species involved in both

redox potential of the respective {4VV40:(OR)5)2T/[VV1-
VVs0,(OR)12)®" redox pair lying beyond the limits of the
measurement conditions employed in the cylclovoltammetric
experiment. It would, however, be interesting to determine
whether the trend to largexE” values continues, or if within
the electron-hole analogy, the largest mixed-valence stabiliza-
tion is realized for the “half-filled” cluster comprising a 3:3
VVIVV ratio. CV experiments aiming at the acquisition of
further redox transitions at highly positive potentials are
currently in progress.

Valence Sum CalculationsX-ray structure analysis provides
insight on mixed valency in the solid state, on a time scale which
vastly exceeds the event of electron transfer and thus clearly
shows delocalization. When in possession of good quality
structural data, it is possible to calculate the valence sums of
certain atoms to determine their oxidation state. This can
furthermore be used to determine excess charge or charge deficit
in atoms beyond their ideal valency, a practice which has found
wide use in polyoxometalate chemistfyln mixed-valence
compounds, these calculations are useful for determining the
oxidation state of the element in question. Deviations from
whole number valences can be interpreted as arising from
delocalization of the unpaired electron(s) to an extent which

redox events which define the gap (Table 2). Under the premisescorresponds to the degree of the observed discrepancy.

that electronic coupling between the vanadium sites and
especially the stabilization energy arising from electron delo-
calization represent the major contributions to the sizAgf

(40) Flanagan, J. B.; Shlomo, M.; Bard, A. J.; Anson, FJCAm. Chem. Soc
1978 100, 4248-4253.

(41) (a) GagneR. R.; Spiro, C. LJ. Am. Chem. S0d98Q 102 1443-1444.
(b) Crutchley, R. J. IlComprehensie Coordination Chemistry jIMc-
Cleverty, J. A., Meyer, T. J., Eds.; Elsevier: Oxford 2004; Vol. 2, pp-235
244,

(42) (a) Kreisz, J.; Kirss, R. U.; Reiff, W. Mnorg. Chem 1994 33, 1562—
1565. (b) Richardson, D. E.; Taube, Boord. Chem. Re 1984 60, 107—
129. (c) Harmalker, S. P.; Leparulo, M. A.; Pope, MJTAm. Chem. Soc
1983 105 4286-4292.

(43) (a) Lay, P. A.; Magnuson, R. H.; Taube, IHorg. Chem 1988 27, 2364~
2371. (b) Manriquez, J. M.; Ward, M. D.; Reiff, W. M.; Calabrese, J. C.;
Jones, N. L.; Caroll, P. J.; Bunel, E. E.; Miller, J. .Am. Chem. Soc
1995 117, 6182-6193.

(44) Mller, A.; Meyer, J.; Bagge, H.; Stammler, A.; Botar, AZ. Anorg. Allg.
Chem 1995 621, 1818-1831.
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The valence sum calculations presented here were performed
on data from X-ray structure analysis obtained, unless otherwise
stated, at 173 K. The bond valence parameters féravid W
as well as the “universal” constabtwere taken from Brese
and O’Keeffe?® Calculations were performed on crystallo-
graphically independent vanadium atoms for the valerdds
and+V, respectively. The results for compounts5 are listed
in Table 4.

Valence sum calculations conducted on the crystal structures
of compoundsl—5 at 173 K yield different results as to the

(45) Tytko, K. H.; Mehmke, J.; Kurad, D. Fischer, Bonding and Charge
Distribution in Polyoxometalates: A Bond Valence Apprgadingos, D.
M. P., Fischer, S., Eds.; Structure and Bonding, Vol. 93; Springer: Berlin,
1999; pp 166, 129-321.

(46) Brese, N. E.; O'Keeffe, MActa Crystallogr 1991, B47, 192—-197.
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Figure 4. Crystal structure of [V 4VV,07/(OCHa)12] (1).

Table 5. Valence Sum Calculations for the Crystallographically
Independent Vanadium Atoms in Compounds 1 and 3 Based on
X-ray Crystallographic Data Collected at Room Temperature (295
K)

bond-valence sums
compound AR V(1) V() V(3) V@) V(5B) V(®)

[VeOrOCHy)1] (1295) 4 2 VIV 4.68 4.12 420 4.10 4.134.75
VV 492 434 442 432 434500
[VeOr{OCHs)12] (325K 4 2 W 4.37 —
VY 460 —

delocalization of the d-electrons, depending on th&WV ratio

of a given compound. The neutral compouridand 3 with a

2:1 ratio contain localized vanadium valences in the solid state,
whereas the monocationic specizsand 4 with a 1:1 ratio
display complete delocalization of the three unpaired electrons
(Table 4). The valence sums for the dicationic ethoxo cluster
with a 1:2 ratio indicate that both electrons are contained in
one of the cluster’s planar,®, rings. This resembles the result
obtained forl and 3, respectively, in which all four unpaired
electrons are located in a planag® ring (Figure 4). It is not
clear from the valence sums for compoudhowever, whether
the electrons are delocalized within thgQ4 ring or if the mixed
valency for these ions results from rotational disorder in the
crystal structure.

Interestingly, upon temperature increase, the neutral ethoxo
cluster 3 goes through a phase transition from the low-
temperature monoclinic structurBZ;/n) at 173 K to the high-
temperature trigonal modificatiorRBm) at 295 K (Table 1),
leading to a structure at room temperature with the d-electrons

pronounced effect on the rate of intramolecular electron transfer
when involved in an orderdisorder type behavior upon
temperature variation. It has been suggested that dynamic
disorder of the former enhances the delocalization process, by
providing a more symmetrical environment for the mixed-
valence site48 A crystallographic phase transition is, however,
not a prerequisite for the event of valence detrapping.

The solid-state phase transition of the ethoxo-polyoxovana-
dium cluster3 to the completely valence detrapped structure is
accompanied by the disorder of the ethyl chains observed in
the crystal structure at room temperature (Figure 6). Although
a detailed crystallographic investigation of the phase transition
via multi-temperature X-ray structure analysis has not been
undertaken, the intervalence electron transfer is certainly linked
to the motion imposed on thebridging oxygen centers by the
ethyl groups’ order-to-disorder transition. Thus, a fluctuation
of their positions has a pronounced effect on the ligand sphere
of the respective vanadium atoms, which contains four ethoxo
ligands. By enabling intervalence electron transfer, the dynamic
disorder is coupled to the motion of the unpaired d-electrons,
as well as to the resulting motion of the remainder of the atoms
involved in the process, i.e., the entire hexametalate core. This
is particularly striking when comparing the thermal ellipsoids
for compoundd and3 at both 173 K and room temperature as
shown in Figure 5; whereas the structures show comparable
thermal motion at 173 K, compourglexhibits atomic displace-
ment parameters at room temperature which largely exceed those
of 1 at the same temperature (295 K). For sake of clarity, the
disorder of the ethyl groups in the ambient-temperature structure
329K s not displayed in Figure 5, for which two conformational
possibilities occur in the crystal structure, respectively (Figure
6).

When considering the results of the valence sum calculations,
one must bear in mind that they reflect the condition of these
compounds as found in the solid state at a given temperature.
The valence trapping incurred is therefore specifically linked
to the numerous factors encountered in this environment. Thus,
packing and other effects exert a strong influence on the
localization of the unpaired electrons, which would, for example,
not be effective in solution. It cannot be ruled out, therefore,
that the transition to a structure with disordered ethyl groups in
3295K simply helps overcome packing effects which could be
responsible for valence trapping.

IR Spectroscopy. In recent years, IR spectroscopy has

delocalized over all six vanadium centers (Table 5). Differential increasingly found use in the investigation of mixed-valence
scanning calorimetry (DSC) measurements indicate a hardly compounds#d The absorption of IR radiation occurs roughly
detectable phase transition at about 220 K. An analogous phasen the time scale of a vibrational period ¥1/which locates
transition is not observed for the neutral methoxo clustdor the IR method in the range of 1¥—-10"1“s. Thus, mixed-
which the X-ray structure analysis conducted at room temper- valence compounds with trapped valences or low rates of
ature corresponds to the low-temperature data, showing the saméntervalence charge transfer show resolved absorption bands for
results for the respective valence sums (Table 5). DSC measurethe respective oxidation states. IR line broadening and coales-
ments conducted ol between 153 and 323 K show no cence occur if there is chemical site exchange during the lifetime
detectable phase transition. of the vibrational excited stafé2 Several experimental accounts
Detailed studies of valence-trapping and -detrapping in
molecular mixed-valence compounds in the solid state have been47) (a) wilson, C.; Iversen, B. B.; Overgaard, J.; Larsen, F. K.; Wu, G.; Palii,
published, in which among ofher methods, X-ray siructure ;5 Tned, & A Setbeley N. i, e So2goq 122 Lot
analysis at different temperatures was used to investigate the  Gitlich, P.; Hendrickson, D. Ninorg. Chem 1997, 36, 4717-4733 and
process’ These investigations have established that the ligands ., feferences therein.
and eventual solvate molecules in the crystal lattice can have a

(48) Sorai, M.; Kaji, K.; Hendrickson, D. N.; Oh, S. M. Am. Chem. Soc.
1986 108 702-708.
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Figure 5. ORTEP representations af(left) and3 (right) at 173 K and room temperature respectively (ellipsoid probability: 50%). Hydrogen atoms have
been omitted. Thé at 295 K refers to the following: The crystallographic disorder of the ethyl groups is not shown.

Figure 6. Conformational disorder of the ethyl groups3#X.

of infrared line broadening and coalescence arising from

dynamic coupling to electron transfer have been repdfted.
Not all absorption bands in mixed-valence compounds,

however, are suitable for this type of observation. Vibration

modes which are strongly coupled to the electron transition,

valences on the IR time scale, it must weakly coupled to
electron transfer and make an insignificant contribution to the
electron-transfer barrier. Accordingly, the differences in equi-
librium displacement for these modes between oxidation states
are minor. Such modes act as “spectator” vibrations for electron
transfer and provide useful oxidation-state and electron-transfer
markers34a

The Q—R stretching vibration is a good candidate for probing
the mixed-valence state of the alkoxo-polyoxovanadium clusters,
for while coupled to the intervalence charge transfer through
the oxygen atom, the varying bond lengths caused by the
vibration only has a minor impact on the rate of the electronic
transition as compared to the metalxygen vibration modes.
Although a splitting of the @-R absorption band is not
observed under the conditions employed (KBr pellet, room
temperature), distinct variations in the half width of the-®
vibration and in some cases the appearance of a shoulder were

i.e., vibrations which initiate the transfer process by engendering apparent_ In Comparison, the respective half-width and Shape

the necessary changes in bond-lengths, are themselves involvegf the remaining features in the IR spectra of compouhelS
inintervalence charge transfer. Thus, they influence the processgre practically constant.

and as a consequence, the rate of electron transfer. In the alkoxo-

polyoxovanadium clusters, this concerns all metatygen
stretching- and bending vibrations, particularly the-®;
stretching-, \-Op-V bending-, and VO, stretching modes
(vide supra). Correspondingly, the IR spectra of the neutral
cationic, and reducé@ispecies all showingleabsorption bands
for these vibration modes.

On the other hand, a vibration mode which is not coupled to

intervalence charge transfer will also show a single absorption

band. For a vibration mode to relay information on trapped

(49) Demadis, K. D.; Hartshorn, C. M.; Meyer, T.Ghem. Re. 2001, 101,
2655-2685 and references therein.
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Compoundd and3 display relatively large ©@-R stretching
vibration half-widths. In addition to this, the absorption band
in both compounds shows a shoulder on the low wavenumber
side, which is most apparent in the IR spectrumlgfFigure

' 7). Careful study of the band shape Inindicates a further,

weakly resolved shoulder of somewhat greater intensity on the
high wavenumber side. To investigate the effect of the KBr-
matrix on the band shape, both compounds were measured in
solution (CHCI,). Here the spectra display sharper absorption
bands, yet the ©-R stretching vibrations still show weakly
resolved shoulders on the absorption bands’ low wavenumber
side (Figure 7). Thus, according to the,€R “spectator”
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centers exhibit higher intervalence charge-transfer rates than the
neutral species, as well as the dicationic derivative in the ethoxo
series, which contains two'V sites.

Conclusion

The results obtained from cyclovoltammetric, IR-spectro-
scopic, and X-ray structural investigations clearly indicate that
the methoxo- and ethoxo-polyoxovanadium cluster series
[VIV(4_n)VV(2+n)O7(OR)12]n+[SbCk§]n (R =—-CH3;,n=0,1;R
= —CyHs, n =0, 1, 2) are class Il mixed-valence compounds
according to the Robin and Day classification scheme. Thus,
valence sum calculations from X-ray structural data show that
valence trapped species are found in the solid state, as well as
species displaying partly and fully delocalized d-electrons,
depending on the V/VV ratio, the nature of the-bridging
alkoxo ligands, as well as the collection temperature. Cyclic
T T voltammetry indicates, based on the large splitting of the single-

1050 1000 1050 1000 electron transfer redox potentials, that a high degree of electronic
- coupling between the metal sites in the mixed-valence species

cm” cm ) R . S
) L . is effective, implying extensive electron delocalization in the
Figure 7. Op—R stretching vibration in the IR spectra bfand3 in KBr . .
(=) and CHCl, (). solvated state. Finally, thanks to the existence of a so-called
“spectator” vibration, IR spectroscopic results suggests that the
2 4 . 5 mixed-valence clusters are partly trapped on the IR time scale,

to an extent which mainly depends on the specié$/\W ratio.
Considering these results, it can be assumed that the valence
trapping ensued in the solid state is caused by cooperative effects
in the crystalline phase (packing, dipole interactions, magnetic
ordering, etc.).
The results presented here are by no means conclusive for
the dodecamethoxo- and dodeca-ethoxo-oxo-hexa(oxovanadium)
: Lo ; cluster series. Investigations by UWis and NIR spectroscopy,
: for example, are imperative to the further understanding of these
: v : compounds. These spectra contain, among other features,
valuable information on intervalence electron transfer by means
of the corresponding charge-transfer bands found therein. Aside
from this, EPR spectroscopic investigatié#tsand magnetic
measurements promise insight on the electron-transfer mecha-
nisms (ground-state delocalization, electron hopping) and on
L e e e o e B e the interplay of the unpaired d-electrons in these complex

1050 1000 1050 1000 1050 1000 systems. Our intent is therefore to promote the presented
cm™ cm™ cm™ compounds in this intensely investigated field of research as
Figure 8. Op—R stretching vibration in the IR spectra 2f4, and5. The unique systems comprising a novel, highly symmetrical hexa-
V-0 stretching vibration is shown as a dashed line. nuclear framework, in which a large number of thermodynami-

vibration, the species comprising fouMtenters seem to imply cally stable mixed-valence states can be realized.

a certain degree of trapped valence on the IR time scale. Acknowledgment. We kindly thank Mrs. Irene Brdgam for
The IR spectra of the monocationic clusters in compouhds  collecting the X-ray diffraction data, and Miss Rita Friese for
and 4 both display a narrower &R stretching vibration conducting the DSC experiments. Special thanks go to our
compared to that of the neutral species (Figure 8). In the caseformer research students Eva-Kathrin Schillinger, Steffen Belz,
of the methoxo cluster, the difference is distinct. Although the Anne-Kathrin Schmidt, and Esther Fischbach for their valuable

band presents a comparably regular shape for both compoundsgontributions to this work.

a slight distortion toward the low-frequency side cannot be
ignored. Finally, the dicationic ethoxo-clusteshows an @-R
absorption band which is significantly broader compared with
the IR spectrum of its monocationic derivati#eThese results
suggest that the monocationic species comprising thiée V JA052902B

Supporting Information Available: Crystallographic data of
compoundsl—5 (CIF files). This material is available free of
charge via the Internet at http://pubs.acs.org.
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