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The syntheses and properties of tetra- and pentanuclear vanadium(lV,V) carboxylate complexes are reported.

Reaction of (NBzE§),[VOCl,] (1a) with NaG,CPh and atmospheric,8/0O, in MeCN leads to formation of
(NBzEt)2[VsOsCI(O.CPh)] 4a; a similar reaction employing (NBb[VOCI4] (1b) gives (NE§)2[VsOqCI(O2-
CPh)] (4b). Complexd4a-MeCN crystallizes in space grol2:2;2; with the following unit cell dimensions at
—148 °C: a = 13.863(13) A,b = 34.009(43) A,c = 12.773(11) A, andZ = 4. The reaction between
(NE)2[VOBr4] (28) and NaQCPh under similar conditions gives (NfV sO9Br(O,CPh)] (64), and the use of
(PPh)2[VOBr4] (2b) likewise gives (PP),[Vs09Br(O.CPh)] (6b). Complex6b crystallizes in space group
P2:2:2; with the following unit cell dimensions at139°C: a = 18.638(3) Ab = 23.557(4) A,c = 12.731(2)

A, andZ = 4. The anions ofta and 6b consist of a \¢ square pyramid with each vertical face bridged by a
u3-0?~ ion, the basal face bridged byaX~ (X = ClI, Br) ion, and a terminal, multiply-bonded?Oion on each
metal. The RC@ groups bridge each basal edge to g virtual symmetry. The apical and basal metals are
VVand W, respectively (i.e., the anions are trapped-valence). The reactibimwith AGQNO3 and Na(tca) (tca

= thiophene-2-carboxylate) in MeCN under anaerobic conditions gives)(JNEsOg(NOg)(tca)] (7). Complex
7-H,0 crystallizes in space group2/c with the following unit cell dimensions at170°C: a = 23.606(4) A,

b =15.211(3) A,c = 23.999(5) A, andZ = 4. The anion of7 is similar to those ofla and6b except that the
apical [VO] unit is absent, leaving as\équare unit, and the;-X~ ion is replaced with a4,7n*-NOs~ ion. The
four metal centers are now at thé"y3VV oxidation level, but the structure indicates four equivalent V centers,

suggesting an electronically delocalized system. Variable-temperature magnetic susceptibility data were collected

on powdered samples db, 6a and7 in the 2.00-300 K range in a 10 kG applied field4b and6a both show
a slow increase in effective magnetic momen| from ~3.6—3.7 ug at 320 K to~4.5-4.6 ug at 11.0 K and
then a slight decrease to4.2ug at 2.00 K. The data were fit to the theoretical expression folVa $tjuare with
two exchange parametels= Jis andJ = Jyans (I:I = —2J9S): fitting of the data gave, in the format/6a, J

= +39.7H46.4 cnT!, J = —11.1~18.2 cnTt andg = 1.83/1.90, with the complexes possessiag= 2 ground
states. The latter were confirmed by magnetizatisrfield studies in the 2.0630.0 K and 0.50650.0 kG
ranges: fitting of the data gav& = 2 andD = 0.00 cn1? for both complexes, wher® is the axial zero-field
splitting parameter. Complekshows a nearly temperature-independegt(1.6—2.0ug) consistent with a single
d electron per Y unit. The'H NMR spectra of4b and 6a in CDsCN are consistent with retention of their
pentanuclear structure on dissolution. The EPR spectruin infa toluene/MeCN (1:2) solution at25 °C

yields an isotropic signal with a 29-line hyperfine pattern assignable to hyperfine interactions with four equivalent

| =7/, 53V nuclei.

Introduction completely understood, although it has been extensively
studied'®35 As part of our own efforts, we have prepared a
variety of discrete V/S compounds with thiolate/sulfide/persul-
fide ligands to model the V/S intermediates tgSyV3S, that
form under the reducing and S-rich conditions of hydrodesul-
furization8”

Vanadium chemistry is of relevance to a number of important
industrial processes such as the refining of crude oils by the
petroleum industry. Heavy crude oils with large amounts of
organic sulfur compounds (thiophenes, thiols, and disulfides)
also have significant amounts of metallic impurities, chiefly V,
Ni, and Fe! The oil-soluble vanadyl species are reduced and 2) (a) Ware, R. A.; Wei, JJ. Catal. 1985 93, 100, 122, and 125. (b)
sulfided and depOSiIEd on the Catalyst as insoluble vanadium Speight, J. GThe Desulfurization of Heg Crudes and Residugs

sulfides, which decrease the activity of the catalyst pétés. Marcel Dekker: New York, 1981.
The molecular mechanism for vanadium deposition on the © ggf'hom' H.; Szymanski, R.; Plumail, J. Catal. Today199Q 7,
catalyst as vanadium sulfides (chiefly,$ and V3S) is not (4) (@) Reynolds, J. G.; Biggs, W. Fuel. Sci. Technol. Int1986 4,
593. (b) Reynolds, J. G.; Gallegos, E. J.; Fish, R. H.; Komlenic, J. J.
T Indiana University. Energy Fuelsl987 1, 36. (c) Dickson, F. E.; Petrakis, Anal. Chem.
# University of California at San Diego. 1974 44, 1129. (d) Reynolds, J. G.iq. Fuels Technol1985 3, 73.
® Abstract published i\dvance ACS Abstract©ctober 1, 1996. (5) (a) Loos, M.; Ascone, |.; Goulon-Ginet, C.; Goulon, J.; Guillard, C.;
(1) (a)Metal Complexes in Fossil Fuelbilby, R. H., Branthaver, J. F., Lacroix, M.; Breysse, M.; Faure, D.; Des CourievesChtal. Today
Eds.; ACS Symposium Serie344; American Chemical Society: 199Q 7, 515. (b) Silbernagel, B. GJ. Catal. 1979 56, 315. (c)
Washington, DC1987 (b) Yen, T. F.The Role of Trace Metals in Silbernagel, B. G.; Mohan, R. R.; Singhal, G.ACS Symp. Set984
Petroleum Ann Arbor Science: Ann Arbor, MI, 1975. No. 248 91.
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Vanadium-oxygen species are also of industrial relevance.
Vanadium pyrophosphate, (V&0;, catalyzes the oxidation
of n-butane to maleic anhydride under mild conditiérend

Inorganic Chemistry, Vol. 35, No. 22, 1996451

[V 408(NO3)(02CR)]%~ and [Vs0yCI(OCR),)2~ salts?° and the
former has more recently been reported by others at a higher
oxidation levelviz [V 405(NO3)(0.CR)] .2 We herein describe

many vanadium phosphates and organophosphates have thuis detail the syntheses and crystal structures eOpX(O,CR)]?~

been synthesized hydrothermalll? The oxide \LOs is useful

(X = CI, Br) and [V40g(NO3)(O.CR)]?" salts, together with

as a reagent for organic synthesis; it catalyzes the oxidation oftheir electrochemical, magnetochemical, and spectroscopic

furfural by NaCIQ to form fumaric acid, the oxidation of
hydroquinone to quinone, and the oxidation of cyclic ketones
or alcohols to dicarboxylic acidd. An important industrial
V,0s-catalyzed reaction is the ;(pxidation of SQ to SG;,
which is then converted to 430,12 The catalytically-active
phase is thought to be a liquid, and®% is activated by the
addition of alkali metal salts such as®Ox or K,S,07,.12 The
liquid phase of K-activated 305 catalysts contains small ions
and aggregates such ag,K/O,", VO3*, V.04, SO2-, and
$,0777.12 Several mechanisms have been proposed for this
reaction, many of which involve adduct formation between the
VO™ species and sulfur oxides, but the rate-determining step
has not been identifiet}.

properties.

Experimental Section

All manipulations were carried out under an inert atmosphere using
standard Schlenk and glovebox techniques, unless otherwise noted. All
solvents were dried and degassed by standard methods except where
indicated otherwise: MeCN was distilled fro4 A molecular sieves,
and EtO and toluene were distilled from sodium/benzophenone.
(NBzE)[VOCI4] (18) and (NE&);[VOCI4] (1b) were prepared as
described elsewhef@?? and Na(QCPhp-Me) and Na(tca) (tca=
thiophone-2-carboxylate) were made from the corresponding acid and
NaOEt in EtOH. AgNQ, EtOH, and Na@CPh were used as received.

(NEt4)[VOBr 4] (2a). A slurry of VOSQ-2H,0 (5.0 g, 25 mmol),

LiBr (4.3 g, 50 mmol), and NEBr (10.5 g, 50 mmol) in EtOH (50

As an extension to our V/S studies, therefore, we have becomemL) was maintained at reflux for 3 h, and the resultant blue solution

interested in V/O chemistry, specifically that involving soluble
clusters with carboxylates as peripheral ligands. Most V
carboxylates currently known are trinuclear or smaller: the most
common structural type comprises a triangulag@¥ unit with

a centrajuz-O?~ ion and has been obtained at several oxidation
levels!® Also known are the linear trinuclear species(@,-
CR)(tmeda)] (R = PhCH,, Ph,CH) prepared from the reaction
of V(tmeda)Cl, with carboxylic acids# Only a handful of V
carboxylate complexes with metal nuclearitie8 have been
prepared, such as [Ds(C204)4(H20)2]*,15 [KV 408(O2CR)]-
(OQCR) (R = BUtCHz),:L6 [VeO]_o(OzCPh))],Na [H 6V10022—
(RCOy)e]?~ 1 and [V4Zns(O.CPh)x(THF)4).18 Our own work,

in addition to [V40,(O,CEt)(bpy)](ClO4),'° has contributed

(6) (a) Money, J. K.; Huffman, J. C.; Christou, Gorg. Chem.1985

24, 3297. (b) Money, J. K.; Folting, K.; Huffman, J. C.; Collison, D.;
Temperly, J.; Mabbs, F. E.; Christou, [Borg. Chem1986 25, 4583.
(c) Money, J. K.; Huffman, J. C.; Christou, @. Am. Chem. Soc.
1987 109 2210. (d) Money, J. K.; Folting, K.; Huffman, J. C.;
Christou, G.Inorg. Chem1987, 26, 944. (e) Money, J. K.; Huffman,
J. C.; Christou, Glnorg. Chem.1988 27, 507.

(7) (a) Castro, S. L.; Martin, J. D.; Christou, Gorg. Chem.1993 32,
2978. (b) Sendlinger, S. C.; Nicholson, J. R.; Lobkovsky, E. B.;
Huffman, J. C.; Rehder, D.; Christou, Giorg. Chem1993 32, 204.

(c) Dean, N. S.; Bartley, S. L.; Stgreib, W. E.; Lobkovsky, E. B.;
Christou, G.Inorg. Chem.1995 34, 1608. (d) Reynolds, J. G.;
Sendlinger, S. C.; Murray, A. M.; Huffman, J. C.; Christou,ABgew.
Chem., Int. Ed. Engl1992 31, 1253.

(8) (a) Seeboth, H.; Freiburg, H.-J.; Hopf, G.; Kressig, J.; Kubias, B.;
Ladwig, G.; Lucke, B.; Muller, G.; Wolf, H., DDR Patent 113 210,
1975. (b) Seeboth, H.; Kubias, B.; Wolf, H.; Lucke,Bhem. Technol.
1976 28, 730.

(9) (a) Soghomonian, V.; Chen, Q.; Haushalter, R. C.; Zubieta, J.;
O’Connor, C. JSciencel993 259 1596. (b) Soghomonian, V.; Chen,
Q.; Haushalter, R. C.; Zubieta, Ahgew. Chem., Int. Ed. Endl993
32, 610. (c) Khan, M. I; Lee, Y.-S.; O'Connor, C. J.; Haushalter, R.
C.; Zubieta, JInorg. Chem.1994 33, 3855.

(10) (a) Vaughey, J. T.; Harrison, W. T. A.; Jacobson, A. J.; Goshorn, D.
P.; Johnson, J. Winorg. Chem.1994 33, 2481. (b) Huan, G.; Day,
V. W.; Jacobson, A. J.; Goshorn, D. R.Am. Chem. S0d991, 113
3188. (c) Johnson, J. W.; Jacobson, A. J.; Brody, J. F.; Lewandowski,
J. T.Inorg. Chem.1984 23, 3844.

(11) Fieser, L. F.; Fieser, MReagents for Organic SynthesWiley: New
York, 1967; pp 733, 1057, and references therein.

(12) Urbanek, A.; Trela, MCatal. Re..—Sci. Eng.198Q 21, 73.

(13) (a) Cotton, F. A.; Lewis, G. E.; Mott, G. Nnorg. Chem.1982 21,
3127. (b) Cotton, F. A.; Lewis, G. E.; Mott, G. Morg. Chem1982
21, 3316. (c) Cotton, F. A.; Wang, Wnorg. Chem1982 21, 2675.
(d) Cotton, F. A.; Extine, M. W.; Falvello, L. R.; Lewis, D. B.; Lewis,
G. E.; Murillo, C. A.; Schwotzer, W.; Tomas, M.; Troup, S. Morg.
Chem.1986 25, 3505. (e) Castro, S. L.; Streib, W. E.; Sun, S.-J,;
Christou, G.Inorg. Chem, submitted for publication.

(14) Edema, J. J. H.; Gambarotta, S.; Hao, S.; Bensimomadtg. Chem.
1991 30, 2584.

(15) Rieskamp, H.; Gietz, P.; Mattes, Rhem. Ber1976 109, 2090.

was cooled to room temperature. It was then stirred overnight at room
temperature and concentrated to dryness under dynamic vacuum. The
remaining EtOH was removed by two cycles of dissolution of the
residue in MeCN (30 mL), followed by removal of the solvenbacua
The solid was then dissolved in MeCN (60 mL), the green solution
was filtered to remove LEQO,, and the filtrate was concentrated+@5
mL and stored at-10 °C overnight. Green crystals 8awere collected
in 41% vyield (6.6 g). (PPf[VOBr4 (2b) was prepared in an
analogous manner employing RBh
(NBzEt3)[Vs04CI(O,CPh)4 (4a). To a light green solution of
(NBzEt)[VOCI4] (1) (1.17 g, 1.97 mmol) in MeCN (100 mL) was
added Na@CPh (0.575 g, 3.99 mmol). The resulting solution was
exposed briefly to air (1-3 min), the flask resealed, and the solution
stirred for 30 min. The deep green solution was filtered, and the filtrate
allowed to slowly evaporate, giving large deep green crystals in 56%
yield. Dried solid analyzed as solvent-free. Anal. Calcd (found) for
Cs4HeaN201/,CIVs: C, 49.77 (49.4); H, 4.95 (5.12); N, 2.15 (2.57).
Crystals of4a-MeCN suitable for crystallography were grown by slow
diffusion of EtO into a solution odain MeCN. (NEt)2[VsOsCI(O--
CPh)] (4b) was made in an analogous manner starting from {¥Et
[VOCI,] (1b). Electronic spectrum in MeCNimax NM (em, L mol™*
cm™): 314 (3600),~402 (sh, 810), 590 (220), 762 (320).
(NEt4)2[Vs04CI(OCPh-p-Me)s] (5). This was prepared from
complex1b and Na(QCPhp-Me) by a method analogous to that for
4a and4b. The yield of complexs was 32%. Anal. Calcd (found)
for C43H53N2017C|V5: C, 46.65 (4629), H, 5.56 (528), N, 2.27 (239)
(NEt4)2[Vs0eBr(0,CPh),] (6a). To a stirred solution of complex
2a(2.58 g, 3.98 mmol) in MeCN (50 mL) was added N&Ph (1.12
g, 7.77 mmol). The solution was exposed to airdar5 min and the
flask was then resealed and stirred at room temprature for 2 h, during
which time the solution turned slightly deeper green. The green solution
was filtered to remove NaBr, and the filtrate layered withCEt After
several days, the green crystals that had formed were collected by
filtration, washed with a little EO, and driedin vacua The yield
was 25% (0.30 g). Selected IR data (Nujol), @m 1595 (s), 1552
(s), 999 (s), 972 (s). Anal. Calcd (found) forgHssNsO18BrVs (6a
MeCN-H,0): C, 43.08 (42.86); H, 5.11 (5.65); N, 3.28 (3.12). The
complex (PPR2[Vs0sBr(O.CPh)] (6b) was prepared similarly using

(16) Priebsch, W.; Rehder, D.; von OeynhausenCiem. Ber1991, 124,
761.

(17) (a) Rehder, D.; Priebsch, W.; von OeynhausenAdgew. Chem.,
Int. Ed. Engl.1989 28, 1221. (b) Muller, A.; Rohlfing, R.; Kricke-
meyer, E.; Bogge, HAngew. Chem., Int. Ed. Endl993 32, 909.

(18) Cotton, F. A.; Duraj, S. A.; Roth, W. horg. Chem1984 23, 4042.

(19) Castro, S. L.; Sun, Z.; Bollinger, J. C.; Hendrickson, D. N.; Christou,
G. J. Chem. Soc., Chem. Commad®895 2517.

(20) Heinrich, D. D.; Folting, K.; Streib, W. E.; Huffman, J. C.; Christou,
G. J. Chem. Soc., Chem. Commad®889 1411.

(21) Arrowsmith, S.; Dove, M. F. A.; Logan, N.; Antipin, M. Y. Chem.
Soc., Chem. Commui995 627.

(22) Rambo, J. R. Ph.D. Thesis, Indiana University, 1993.
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Table 1. Crystallographic Data for Complexds-MeCN, 6b, and
7-H0

4a-MeCN 6b 7-H0

formula CseHe7CIN3- CreHe0017- CaeHsaN3-
O17Vs PBrvs 02054V 4

fw?a 1344.31 1641.86 1180.84
space group P12:2; C2lc P2:212,
a, 13.863(13) 23.606(4) 18.638(3)
b, A 34.009(43) 15.211(3) 23.557(4)
c A 12.773(11) 23.999(5) 12.731(2)
B, deg 90 127.60(1) 90
v, A3 6021.9 6827.0 5589.7
VA 4 4 4
T, °C —148 —-170 —139
radiation, & 0.71069 0.71069 0.71069
Ocaloy g/Cm3 1.438 1.597 1.403
u, et 8.324 13.335 8.353
no. of unique data 7862 6047 4459
Rmerge 0.056 0.048 0.022
no. of obsd data 6053 4804 2947
R (Ry®) 6.02 (5.47) 4.91(4.49)  9.47 (9.53)

a|ncluding solvate molecule8.Graphite monochromatofF >
30(F). *R=J||Fo| — Fell/Y|Fol. ® R = [XW(|Fo| — |Fcl)¥Zw|Fo|?]"2
wherew = 1/0(|F,).

(PPh),[VOBr,], and was employed for the crystallographic studies.
Electronic spectrum in MeCNlmax NM (v, L mol™* cm™): 312
(2600), 382 (sh, 800), 592 (250), 768 (290).

(NEtg)2[V 405(NO3)(tca)s] (7). To a solution of compledb (0.94
g, 2.0 mmol) in undried, degassed MeCN (50 mL) under an inert
atmosphere was added Aghl(2.32 g, 7.77 mmol). This gave a rapid
precipitate of AgCl and produced a blue solution. To the latter was
added solid Na(tca) (0.62 g, 4.1 mmol) and the mixture stirred; within
a few minutes, a dark green solution was obtained. This was filtered,
the volume of the filtrate reduced t020 mL under vacuum, and the
flask stored at room temperature for two days to give dark green crystals
in 40% yield. Anal. Calcd (found) for £Hs4N3020S4V 4 (7-H20): C,

36.6 (36.8); H, 4.6 (4.7); N, 3.6 (3.7); S, 10.9 (10.4); V, 17.3 (17.2).
The electronic spectrum in MeCN showed no well-defined maxima in
the 366-800 nm range.

X-ray Crystallography and Structure Solution. Details of the
diffractometry, low-temperature facilities, and computational procedures
employed by the Molecular Structure Center are available elsewfiere.
Suitable dark green crystals 4&-MeCN, 6b, and7-H,O were chosen
from samples examined in aMlovebag, attached to glass fibers with
silicone grease, and transferred to the cold stream of a Picker four
circle diffractometer. Data collection parameter$ {620 < 45°) are
summarized in Table 1. The structures were solved by a combination
of direct methods (MULTAN) and Fourier techniques and refined by
full-matrix least-squares cycles. The octants collected were+k,
+l| for 4 and7, and+h, £k, &I for 6b.

For 4a-MeCN, a systematic search of a limited hemisphere of
reciprocal space yielded a set of reflections that exhibited orthorhombic
symmetry. The systematic extinction l®0 forh = 2n + 1, kO for
k =2n + 1, and 001 fol = 2n + 1 uniquely identified the space
group as the non-centrosymmetf2,2,2;,. Four standards monitored
every 300 reflections showed no systematic trends. The five V atoms
and the Cl atom were located in the initial MULTAEmMap, and the

remaining non-hydrogen atoms were located in successive difference

Fourier maps phased on the already-located atoms. All of the hydrogen
atoms, except for those on the MeCN molecule in the lattice, were

introduced in fixed, calculated positions. All non-hydrogen atoms were

refined anisotropically. No absorption correction was applied. The

largest peak in the final difference Fourier map was 0.61.e/fhe

Karet et al.

2n for hOl indicated the space group to B or C2/c; the choice of

the latter was proven correct by subsequent successful solution of the
structure. Four standards monitored every 300 reflections showed no
systematic trends. The five V and one Br atoms were located from an
initial E-map, and the remaining non-hydrogen atoms were located in
successive difference Fourier maps phased on the already-located atoms.
No disorder problems were encountered. All non-hydrogen atoms were
refined with anisotropic thermal parameters. Hydrogen atoms were
included in fixed, calculated positions with thermal parameters fixed
at one plus the equivalent isotropic thermal parameter of the C atoms
to which they were attached. An absorption correction was applied
using the program AGNOS? The largest peak in the final difference
Fourier map was 0.74 effear the Br atom.

For complex7-H-0, data collection was undertaken -ai39 °C
because fragmentation of the crystal occurred at lower temperatures.
A search of a limited hemisphere of reciprocal space revealed a set of
reflections with orthorhombic symmetry and indicated the space group
as non-centrosymmetr®2,2,2,. The four V atoms were located from
the initial E-map, and the rest of the non-hydrogen atoms were observed
in successive difference Fourier maps. The compound exhibited very
high thermal motion, and the S atoms of the thiophene groups were
disordered about two positions. In three of the thiophene rings, the
disorder was settled by varying the occupancies; in the fourth, at C(30),
two positions were found for C(35) and C(36). The two NEtations
also showed very high thermal motion. In addition, two peaks were
located within 1.8 A of each other and were presumed to be disordered
solvent or water molecules. They were assigned oxygen scattering
factors, and the occupancies were refined to 0.75. Hydrogen atoms
were not located or included. All of the non-hydrogen atoms except
for those on the disordered thiophene ring at C(30) and the two
“solvent” atoms were refined anisotropically. No absorption correction
was performed. Because of the poor quality of the data, due to solvent
loss or other factors, it was not possible to determine the absolute
structure for this noncentrosymmetric space group. The largest peak
in the final difference map was 0.6 /A

Physical Measurements. NMR spectra were recorded in GON
on a Varian XL300 spectrometer; the solvent was used as an internal
NMR reference. Chemical shifts are quoted ondtseale (downfield
shifts are positive). EPR measurements were performed at X-band
frequencies (9.4 GHz) on a Bruker ESP300D spectrometer with a
Hewlett-Packard 5350B microwave frequency counter and an Oxford
liquid He cryostat and temperature controller. Electronic spectra were
recorded on a Hewlett-Packard Model 8452A spectrophotometer.
Variable-temperature magnetic susceptibility data for powdered samples
(restrained in Vaseline to prevent torquing) were recorded in the
temperature range-5320 K and at an applied field of 10 kG on a
D.C. SQUID susceptometer. Data were also collected in the temper-
ature range 230 K at applied fields of 0.550 kG. Diamagnetic
corrections, estimated from Pascal’s constants, were subtracted from
the experimental susceptiblities to give the molar paramagnetic sus-
ceptiblities.

Results

Syntheses. The synthetic procedure to the tetra- and pen-
tanuclear complexes described all involve controlled oxidation/
hydrolysis reactions of the anions [VQX~ in organic solvents
in the presence of Na@R. Reaction of [VOC]|?~ salts with
NaG,CR (R= C4H3S, Ph) in MeCN with brief exposure to air
yields deep green solutions from which can be isolated salts of
the [VsOoCI(O,CR)]%2~ anions. The precise length of air
exposure is not critical since the product is not itself very air-
sensitive, and we have found this procedure to be a convenient

obtained structure was the correct absolute structure; refining the otherand readily reproducible route to these anions. Extensive air

enantiomer gav® (R,) = 0.0650 (0.600).

For 6b, a systematic search of a limited hemisphere of reciprocal
space yielded a set of reflections that reveal@a@entered monoclinic
cell. Following complete data collection, the additional conditien

(23) (a) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Kirkpatrick, C. C.
Inorg. Chem.1984 23, 1021. (b) de Meulenaer, J.; Tompa, Acta
Crystallogr. 1965 19, 1014.

exposure leads to V/O products with no R£digands (as
judged by IR). Thus, V/O/RC@products represent the result
of partial hydrolysis of [VOCJ]?~ in the presence of Na©
CPh. Our original work was performed with Ng@C4H3S (tca,
thiophene-2-carboxylate) and yielded (NBZE& sOqCl(tca)]

3 whose crystal structure was reporf8dHowever, the latter
was complicated by disorder problems in the thiophene group,
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and this carboxylate is also not the most suitablelfbNMR
studies. We have since instead employed p&#h and found
that this also readily gives (NfR[Vs0oCI(O.CPh)] (R4 =
BzEg;, 4a, or Et, 4b); complex3 will thus not be discussed
further.

The formulation of the anion oft requires a 4W,vV
oxidation state description, indicating an increase in both the
0%V ratio and metal oxidation states-avis the VOCK2~
(V) starting material, thus rationalizing the need for exposure
of the reaction mixture to air. The formation of the aniordof
is undoubtedly facilitated by the ability of carboxylate groups
to function as H acceptors during the incorporation op®
derived oxide ions into the [3O¢Cl] core. The RCQ@:
[VOCI4)?~ ratio of 2:1 was found to be optimum; an increase
in this ratio gave impure material. The synthetic procedure to
4 could undoubtedly be extended to a variety of substituted-
benzoate derivatives; use of atethylbenzoate) in a smaller
scale reaction gave (NB[V sOoCI(O.,CPhp-Me)4] (5), required
to assist théH NMR studies ¢ide infra).

The procedure to complekwas also successfully employed
for the preparation of the Branalogue [¥OgBr(O,CPh)]%~,
the anion o®, by substitution of compleg for 1 (i.e. [VOBI,]2~
for [VOCI4)?7), and this was structurally characterized as the
PPh™ salt Gb). This anion is again at the 4¥/VV oxidation
level and is essentially isostructural with the-@halogue fide
infra).

The occurrence of rare, tetragonal pyramidahalide ions
in complexes3—6 was noteworthy and it became of interest to
ask whether halide-free versions might be accessible. Prelimi-
nary attempts to abstract Cwith AgNOs; from preformed
[V 504CI(O,CR)]2~ anions did not give pure product(s), and
AgNO; was instead added to the reaction mixture to precipitate
Cl~ as AgCl. For the tcareaction, the isolated product was
(NEty)2[V 405(NOs)(tca)] (7) instead of3; we were unable to
obtain pure products with PhGQ and our studies to-date have
thus been concentrated on the ta@omplex7. Clearly, the
identity of the product has altereds-a-vis 3—6, both in metal
nuclearity and oxidation leveF.is VIV,3VV. These differences
probably result from a combination of factors, including the
absence of Cl and the presence of potentially-oxidizing Ag
and delineation of the relative importance of these and other
factors is being addressed in more detail in further studies,
including the use of T reagents. However, it is important to
note that the absence of halide ions has not resulted in the
corresponding absence of a-ion bridging the \{ square;
instead, a N@ ion has taken up this roleifle infra). Complex
7 is much more air-sensitive th&-6 and in solution must be
handled under an inert atmosphere.

The formation of complexe8—7 by partial hydrolysis of
[VOX 42" /NaG,CR mixtures parallels the preparative procedures
to a number of other V/O/RC{romplexes in organic solvents.
For example, dinuclear MD(O,CR)]?"-, triangular [VsOJ**-,
and cubic [MO4]*"-containing complexes may be obtained from
non-oxide V' or V! reagentd324 The source of the oxide
ligands in [KV4Og(0O,CCH;BUY)4)(O.CCH,BW) is also HO (or
0,).16 The H-acceptor property of RCO groups is probably
important to some extent in all of these transformations in
organic solvents.

Description of Structures. ORTEP plots of the anions of
4a, 6b, and7 are given in Figures-14; space-filling diagrams
viewed approximately along th&, axes are presented in Figure
5. Selected fractional coordinates and pertinent interatomic
distances and angles are listed in Tableg2

(24) Koppen, M.; Fresen, G.; Wieghardt, K.; Llusar, R. M.; Nuber, B.;
Weiss, JInorg. Chem.1988 27, 721.
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Figure 1. ORTEP representation at the 50% probability level of the
[V s04CI(O.,CPh)]?~ anion of 4a, showing only one C atom of each
Ph ring: (top) side view, and (bottom) top view approximately along
the virtual C, axis.

Figure 2. ORTEP representation and stereopair at the 50% probability
level of the [VsOoBr(O,CPh)]?~ anion of6b, showing only one C atom

of each Ph ring. Primed and unprimed atoms are related byCthe
axis.

The anion ofda consists of a ¥ square pyramid with each
vertical face bridged by as-O%" ion and the basal plane bridged
by aus-Cl~ ion. Each basal edge is additionally bridged by a
carboxylate group in the familissyn,symrmode, and there is a
terminal, multiply-bonded oxygen on each V centerH0 =
1.590(6)-1.603(6) A). The apical V atom, V(5), which is
assigned as the Wcenter, is five-coordinate and square-
pyramidal, whereas the four basalVVatoms are distorted
octahedral. The WV separations are of two types, with
adjacent basal-basal separations (3.476(3)-3.510(3) A) signifi-
cantly longer than basal-apical separations (2.890(3)-2.910(3)
A). The anion has idealize@,, symmetry, none of whose
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Figure 3. ORTEP representation and stereopair at the 30% probability
level of the [V4Og(NOs)(tcay]?~ anion of7, showing only one C atom

of the thiophene ring.

Figure 5. Space-filling representations, viewed approximately along

Karet et al.

the C, rotation axes, of the anions dfa (top), 6b (middle), and7

(bottom).

Table 2. Selected Fractional Coordinates ¥0*) and Equivalent

Isotropic Thermal Parametéréd? x 10) for
(NBzE)2[V s0sCI(O-,CPh)]-MeCN (4a-MeCN)

atom X y z Bq
V(1) 1756(1) 5850.8(4) 8712(1) 16
V(2) 562(1) 6110.8(4) 11002(1) 17
V(3) —1692(1) 5975.4(4) 9803(1) 18
V(4) —461(1) 5784.3(4) 7456(1) 18
V(5) 14(1) 5496.7(4) 9539(1) 17
cl(6) 148(2) 6416(1) 8922(2) 20
o(7) 1155(4) 5725(2) 10057(4) 16
0(8) —569(4) 5797(2) 10604(4) 18
Figure 4.I Tc;p vier\:v of tk;[a: [\AOB_(N03)(_tca)?1]2* _aniohn of 7 ap- 88)2)) _1%93:;((1)) 552%3((?) 8872?32((1)) 11%

proximately along the virtuaC, rotation axis showing the orientation

2 0(11) 2601(4) 5537(2) 8601(5) 23
of the NG~ group. 0(12) 841(4) 5947(2) 12133(4) 20
. . _ 0(13) —2587(4) 5740(2) 10279(5) 24
symmetry elements are crystallographically imposed; the pseudo- o(14) —783(4) 5448(2) 6650(4) 23
C, axis passes through V(5) and CI(6), and a view approximately — O(15) —21(4) 5042(2) 9835(4) 23
along this axis is presented in Figure 1 (bottom). (A stereoview O(16) 2478(4) 6307(2) 9353(4) 20
is not shown but that for isostructuri is presented in Figure C(17) 2349(6) 6522(3) 10153(7) 21
2 (bottom).) The \*Cl linkages are all remarkably long (2.910- 8898)) égggggg gggg% 18;22%‘% %;
(3)-3.165(3) A_), and this feature can r_easpnably be attributed 0(25) —269(4) 6571(2) 11441(4) 21
to a combination of the high CI coordination number and the  c(26) —1117(6) 6667(2) 11201(7) 20
transinfluence of the multiply-bonded [VGt unit. Complex 0(27) —1699(4) 6484(2) 10612(5) 22
4 provides a very rare example of a tetragonal pyramidal CI ~ C(28) —1525(6) 7047(3) 11652(7) 22
ion, i.e. bridging a planar Munit; other examples are the 88;')) :%ggiggg gggggg ?gig% %‘7"
[H94CI(C2B1oH10)a] ™, [(V8O16}{ V40s(H20)12} (PPQ)Clol*", 0(36) —1435(4) 6211(2) 7161(5) 22
MneOCIS(O,CPN(H )], and [AGCHLAI™ (La = a tet- C(37) —2604(6) 6715(3) 7224(7) 21
radentate ligand) specié%.2’ 0(43) 445(4) 6085(2) 6501(4) 21
The anion of complexb is extremely similar to that ofa, C(44) 1335(6) 6178(3) 6543(6) 20
except that the Clion has been replaced by Br The anion 0(45) 1886(4) 6129(2) 7320(4) 21
C(46) 1739(6) 6373(3) 5612(7) 21

now lies on a crystallographi€, axis. A comparison of the
2Beq = /322 Bjaig.
metric parameters of the two anions reveals that the halide
identity has an insignificant influence on the structure, except
for (i) the longer \-Br distances (average 3.117 A) compared
with V-CI distances (average 3.001 A), consistent with the
differences in ionic radii (0.15 A for six coordination), and (ii)
the resulting more acute-vVBr—V angles (-68.6°) compared

(25) (a) Yang, X.; Knobler, C. B.; Hawthorne, M. BAngew. Chem., Int.
Ed. Engl.1991 30, 1507. (b) Yang, X.; Knobler, C. B.; Zheng, Z;
Hawthorne, M. FJ. Am. Chem. S0d.994 116 7142.

(26) (a) Chen, Q.; Zubieta, J. Chem. Soc., Chem. Comm®894 1635.
(b) Xu, W.; Vittal, J. J.; Puddephatt, R. J. Am. Chem. Sod.995
117, 8362.

(27) Wang, S.; Huffman, J. C.; Folting, K.; Streib, W. E.; Lobkovsky, E.
B.; Christou, G.Angew. Chem., Int. Ed. Engl991, 30, 1672.
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Table 3. Selected Fractional Coordinates §0*)? and Equivalent Table 5. Selected Distances (A) and Angles (deg) for

Isotropic Thermal Parameters {A 10Y for [NBzEt] [V s04CI(O,CPh)] (4a)

(PPh)2[VsOsBr(0.CPh)] (6b) VL)V(©2) 3.476(3) V(2-0(8) 1.964(6)
atom X y z Bq vgzg--vgsg 3.50923; VEZ;OEZE) 2.021((6))

V(3)--V(4 3.510(3 V(3)-0(8 1.959(6

V(1) 10000* —81(1) 7500 11 V(4)--V(1) 3.476(3) V(3)-0(9) 1.958(5)
V() 9553.9(4) 919.0(5)  6256.0(4) 11 V-VE) 5899(3) V(3-0(13) 1597(8)
v(3) 8749.2(4) 901.0(5)  7098.2(4) 11 V2 VE) 2.004(3) V(3-0@7) 2.015(6)
0(4) 9594(2) 334(2) 9725(2) 11 V(3)-V(5) 2.890(3) V(3)-0(34) 1.996(6)
0(5) 9151(2) 348(2) 6676(2) 11 V(4)-V(5) 2.910(3) V(4)-0(9) 1.960(6)
0(6) 10000 —1137(3) 7500 15 V(1)—Cl(6) 2.956(3) V(4)-0(10) 1.969(5)
o(7) 9321(2) 335(2) 5594(2) 15 V(2)—Cl(6) 2.910(3) V(4)-0(14) 1.603(6)
0(8) 8075(2) 305(2) 6858(2) 16 V(3)—Cl(6) 3.165(3) V(4)-0(36) 2.018(6)
Br(9) 10000 2146.6(4) 7500 11 V(4)—Cl(6) 2.972(3) V(4)-0(43) 2.028(6)
0(10) 10169(2) 1817(2) 6238(2) 14 V()-O(7) 1.956(6) Visr-O() 1.884(6)
c(11) 10795(2) 2100(3) 6680(2) 13 V(1)—0(10) 1.951(6) V(5y0(8) 1.883(6)
0(12) 11252(2) 1824(2) 7293(2) 14 V(1)-0(11) 1'500(6) Vr-0(9) 1877(6)
cm mn ommn  owmg 4 WSl g dool o
e S4230) 310000 So70) 12 V(2)-0(7) 1.963(6) V(5%-0(15) 1.594(6)
0(21) 8290(2) 1830(2) 6362(2) 14 CI(6)-V(1)—O(7)  74.98(17) CI(6YV(1)—O(16)  80.63(19)
C(22) 8106(2) 3093(3) 5715(2) 13 CI(6)—V(1)—O(10)  76.06(19) CI(6}V(1)—O(45) 80.96(18)

CI(6)-V(1)-O(11) 178.41(22) O(AV(1)—O(10)  79.91(23)

2 Parameters marked with an asterisk were fixed by symmeBy, O(7-V(1)-O(11) 104.21(28) O(IBV(2)-0(25) 99.1(3)

— 4 L.

DRI L O(7)-V(1)-0(16)  91.29(24) O(18)V(2)-O(25) 88.01(25)
Table 4. Selected Fractional Coordinates{0%) and Equivalent O(7)-V(1)-0(45)  155.80(23) Cl(6)V(3)—~O(8) 72.08(22)
Isotropic Thermal ParametéréA? x 10) for O(10)-V(1)—O(11) 102.48(28) Cl(63V(3)—0O(9) 72.62(19)
(NEL),[V 40s(NO3)(tca)]-H;0 (7-H,0) O(10)-V(1)-0O(16) 156.50(24) CI(6}V(3)—0(13) 177.33(22)

O(10)-V(1)-0O(45) 91.93(23) CI(6}V(3)—0(27)  77.28(19)
atom X y z Bq O(11)-V(1)—-0O(16) 100.79(28) CI(6}V(3)—0O(34)  78.61(20)

V(1) 1451(1) 8721(1) 2929(3) 69 O(11)-V(1)—0O(45) 99.77(28) O(8yV(3)—0(9) 80.19(23)
V(2) 439(2) 9864(1) 2905(3) 69 O(16)-V(1)—0O(45) 87.31(24) O(8yV(3)—0(13) 105.29(28)
V(3) —313(2) 9470(1) 685(3) 64 CI(6)-V(2)—-O(7)  76.04(18) O(8yV(3)—0O(27)  90.14(25)
V(4) 573(2) 8276(1) 843(3) 67 CI(6)-V(2)—-0(8)  78.46(17) O(8yV(3)—0O(34) 150.66(24)
o(5) 1287(6) 9462(5) 2775(9) 70 Cl(6)-V(2)—0O(12) 177.32(21) O(9V(3)—-0O(13)  106.7(3)
0(6) 266(6) 9884(4) 1521(8) 62 Cl(6)-V(2)—O(18)  78.53(17) O(9V(3)—0O(27)  149.89(24)
o(7) 358(7) 8954(5) 273(8) 68 CI(6)-V(2)—0O(25)  82.24(18) O(9)V(3)-0O(34)  90.32(25)
0(8) 1329(6) 8516(5) 1572(9) 67 O(7)-V(2)—0(8) 79.18(24) O(13)V(3)—0O(27) 103.39(28)
0(9) 2283(6) 8666(5) 3112(10) 76 O(7)-V(2)—0(12) 102.8(3)  O(13yV(3)—0O(34) 104.0(3)
0(10) 703(7) 10487(5) 3184(10) 80 O(7)-V(2)—0(18)  92.11(24) O(2AV(3)—-0O(34) 84.31(26)
0(11) —409(7) 9852(5) —301(8) 72 O(7)-V(2)—0(25)  157.79(24) CI(6)V(4)—0O(9) 77.47(18)
0(12) 946(7) 7940(5) —89(10) 84 O(8)-V(2)—0(12) 103.75(26) CI(65V(4)—0O(10)  75.42(19)
0(13) 1103(7) 8797(5) 4425(10) 73 O(8)-V(2)—0O(18) 156.75(23) CI(6yV(4)—0O(14) 179.10(22)
C(14) 602(11) 9091(8) 4835(18) 80 O(8)-V(2)—0(25)  92.12(24) CI(6yV(4)—0O(36)  77.74(19)
0(15) 344(8) 9520(6) 4398(9) 82 O(12)-V(2)—0O(18)  99.17(27) CI(6yV(4)—0O(43)  80.67(19)
C(16) 414(14) 8994(8) 5939(14) 87 O(9)-V(4)—0O(10)  78.95(23) O(16)V(5)—O(15) 109.17(28)
0(21) —637(7) 9938(6) 3130(10) 84 O(9)-V(4)—0O(14) 103.42(27) V(LCI(6)-V(2)  72.69(7)
C(22)  —1124(12) 9851(8) 2496(20) 85 O(9)-V(4)—0O(36)  93.14(23) V(1yCl(6)-V(4)  71.79(9)
0(23)  —1137(7) 9725(6) 1547(11) 80 0(9)-V(4)—0(43) 157.69(24) V(2¥Cl(6)—V(4)  111.95(11)
C(24)  —1902(10) 9972(8) 2963(17) 78 O(10)-V(4)—0O(14) 104.93)  V(1)yCl(6)-V(3)  109.42(10)
0(29)  —1058(8) 8903(6) 397(12) 93 O(10)-V(4)—0O(36) 153.07(24) V(2)CI(6)-V(3)  70.44(7)
C(30)  —1002(9) 8375(13) 397(18) 102 O(10)-V(4)—0O(43) 91.34(24) V(3}CI(6)-V(4)  69.70(9)
0(31) —483(7) 8048(5) 574(11) 80 O(14)-V(4)—0(36) 102.0(3)  V(1}¥O(7)-V(2)  125.0(3)
C(32)  —1573(18) 8078(12)  —64(22) 131(8) O(14)-V(4)—0(43)  98.45(28) V(1}O(7)-V(5) 98.03(25)
0(37) 466(7) 7642(4) 1941(10) 76 0O(36)-V(4)—0(43)  86.49(25) V(2}O(7)-V(5) 98.02(25)
C(38) 725(11) 7603(7) 2867(16) 68 0O(7)-V(5)—0(8) 83.27(25) V(2)Y0(8)-V(3)  126.9(3)
0(39) 1135(7) 7941(4) 3303(10) 78 O(7)-V(5)—0(9)  140.46(25) V(2}O(8)-V(5) 98.02(25)
C(40) 486(13) 7098(8) 3448(15) 85 O(7)-V(5)—0(10)  83.36(25) V(3}0O(8)-V(5) 97.53(25)
0(45) 5(7) 8817(5) 2380(10) 78 O(7-V(5)-0(15) 110.0(3)  V(3}O(9)-V(4)  127.3(3)
N(46) —472(8) 8556(8) 2995(17) 97 0(8)-V(5)—0(9) 84.26(24) V(3X0(9)-V(5) 97.78(24)
0(47) —321(9) 8323(6) 3764(12) 107 0O(8)-V(5)—0(10)  140.82(26) V(4rO(9)-V(5) 98.62(25)
0(48)  —1051(12) 8578(7) 2667(13) 129 0(8)-V(5)—0(15) 110.0(3)  V(1}O(10-V(4) 124.9(3)

2B = 4.5SB aa 0(9-V(5)—0(10)  83.07(25) V(1}O(10)-V(5)  98.01(25)

eq = /32 2 Byad. 0(9)-V(5)—-0(15) 109.5(3)  V(4}O(10)-V(5)  97.91(25)

with V—CI—V angles (~72°). The anion o6b provides a rare
example of a tetragonal pyramidal-Br~ ion, although this

. 6b with the apical [VO] unit removed; this converts the V
coordination geometry does appear more common than for Cl o ~
with several previous examples, including &y NCHs- square pyramid into a ¥/square (V-V = 3.267(5)-3.292(5)

Bl A) and the foupiz-0% ions intou-02~ ions. In addition, charge
PP Hg4Br(CzB1cH NE Brg).25:28.29 3 N , charg
(PPR)2}2], [Hg4Br(CoBioHuo)a] -, and (NERs(CueBr considerations now indicate d*/3VV oxidation state descrip-

tion, and the structural parameters in Table 7 indicate four
equivalent metal centers, suggesting delocalization of the one
(28) Schubert, U.- Neugebauer, D.: Aly, A. A. 1. Anorg. Allg. Chem. d electron between the f(_)ur me_tals to give an average o_xidaFion

1980 464 217. T state of +4.75; supporting evidence for this conclusion is
(29) Andersson, S.; Jagner, Scta Chem. Scand.989 43, 39. presented below.

relationships. The anion af can be thought of as that d&/

The anion of compleX is distinctly different from those in
4a and 6b, although there are nevertheless some structural
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Table 6. Selected Distances (A) and Angles (deg) ér

Br(9)—-V(2) 3.110(1) V(2)-0O(5) 1.960(3)
Br(9)—-V(3) 3.125(1) V(2)-0(7) 1.596(3)
V(1)—-V(2) 2.915(1) V(2)-0(10) 2.013(3)
V(1)—-V(3) 2.899(1) V(2)-0(19) 2.034(3)
V(2)—V(3) 3.519(1) V(3>-0(4) 1.957(3)
V(2)—-V(3) 3.513(1) V(3)-0O(5) 1.952(3)
V(1)—0(4) 1.885(3) V(3)-0(8) 1.602(3)
V(1)—0O(5) 1.875(3) V(3)-0(12) 2.029(3)
V(1)—0O(6) 1.607(4) V(3)>0(21) 1.989(3)
V(2)—0O(4y 1.969(3)
V(2)—Br(9)—-V(2) 106.20(4) O(5)V(1)—0(6) 110.34(9)
V(2)—Br(9)—V(3) 68.715(22) Br(9rV(2)—0O(4y 76.85(9)
V(2)—Br(9)—-V(3)  68.583(23) Br(9-V(2)—0(5) 76.07(9)
V(3)—Br(9-V(3) 105.34(4) Br(9-V(2)-0(7) 176.88(12)
O(4)—-V(1)—O(4y 140.92(18) Br(9yV(2)—0(10) 77.72(9)
O(4)-V(1)—0(5) 83.45(13) Br(9)V(2)—0(19)  74.62(9)
O(4)y—-V(1)—0(5) 83.19(13) O(4)-V(2)—0O(5) 78.91(12)
O(4)-V(1)—0O(6) 109.54(9) O(4yV(2)—O(7) 105.25(14)
O(5)-V(1)—O(5) 139.31(18) O(4)-V(2)—0O(10)  90.95(13)
O(4y—V(2)—0(19) 151.43(13) O(4HV(3)—0O(12y  91.31(13)
O(5)-V(2)—0O(7) 106.51(14) O(4yV(3)—0O(21) 151.65(13)
O(5)—-V(2)—0(10) 153.42(13) O(53V(3)—0(8) 105.07(14)
O(5)-V(2)—0(19) 92.73(12) O(5)V(3)—0O(12) 152.58(13)
O(7)-V(2)—0(10)  99.83(15) O(5yV(3)—0(21) 91.11(13)
O(7)-V(2)—0(19) 103.32(14) O(8)V(3)—0O(12) 102.32(14)
O(10-V(2)—0(19) 84.51(12) O(8)V(3)—0O(21) 101.46(15)
Br(9)—V(3)—0(4) 76.61(9) 0O(12)-V(3)—0(21) 84.73(13)
Br(9)—V(3)—0(5) 75.78(9)  V(1)yO(4)-Vv(2) 98.26(13)
Br(9)—V(3)—0(8) 176.56(12) V(1}O(4)-V(3) 97.93(14)
Br(9)-V(3)—0(12) 76.96(9) V(2)-0O(4)-V(3) 126.95(15)
Br(9)-V(3)—0(21) 75.14(9) V(1}O(5)-V(2) 98.93(13)
O(4)—-V(3)—0(5) 79.61(13) V(13 O(5)—-V(3) 98.45(14)
0O(4)-V(3)—0(8) 106.80(14) V(2rO(5)—-V(3) 128.15(15)
Table 7. Selected Distances (A) and Angles (deg) for
[NEtq] o[V 405(NO3)(tca)] (7)
V(1)—0(5) 1.783(12) V(4)-0(8) 1.780(12)
V(1)—0(8) 1.808(11) V(4-0(12) 1.586(12)
V(1)—0(9) 1.572(12) V(4)r0(31) 2.068(13)
V(1)—0(13) 2.020(13) V(4y0(37) 2.055(12)
V(1)—0(39) 1.988(11) O(45)N(46) 1.335(20)
V(2)—-0(5) 1.851(12) O(4BN(46) 1.157(20)
V(2)—0(6) 1.792(11) O(48)yN(46) 1.158(21)
V(2)—0(10) 1.590(12) V(1) 0O(45) 2.79(1)
V(2)—0(15) 2.073(13) V(2)0O(45) 2.67(1)
V(2)—0(21) 2.034(14) V(3)0(45) 2.71(1)
V(3)—0(6) 1.803(11) V(4)-0(45) 2.56(1)
V(3)—0(7) 1.821(13) V(1)V(2) 3.287(5)
V(3)—0(11) 1.555(11) V(1)yV(4) 3.292(5)
V(3)—0(23) 1.981(14) V(2yV(3) 3.287(5)
V(3)—0(29) 1.961(14) V(3)V(4) 3.267(5)
V(4)—0(7) 1.799(12)
O(45)-N(46)—0(47) 123.5(17) V(1)>O(45)-V(2) 73.8(3)
O(45)-N(46)—0(48) 112.9(21) O(4AHN(46)—0(48) 123.6(23)
V(1)-V(2)—V(3) 91.2(1) V(Q)-V(@Q)-V(4) 88.1(1)
V(2)—-V(3)—V(4) 88.5(1) V(1)-0O(45)-V(4) 75.7(4)
V(2)—0O(45)-V(3) 75.1(3) V(3-0(45)-V(4) 76.4(3)

The final main difference between the aniong@nd4a/6b

is the presence of as-NOs~ ion rather than a halide. The
former bridges the four V ions using only one of its oxygen

atoms, O(45). Thisu,nt mode is extremely rare for NO;

complex?7 was the first example, and the one-electron oxidized
version, [V40g(NO3)(O.CR)]™, has since been reported by

others?® The V—0O(45) distances are all long (2.56{43.79-

(1) A). The anion has no crystallographic symmetry, but

approximatesCy,, or Cy, if the orientation of the N@ group
is taken into account, as emphasized in the top view along the These data foAb and6a are plotted in Figures 6 and 7.
pseudoE, (Cy) axis in Figure 4.

It is interesting to note that the f@sX(02CR)]% (X = NOs3;
z= —1 or—2) structure ir7 and [V4O0g(NO3)(O,CMe)] ~ exists
with X = KT andz= +1 in [KV 405(0,CCH,BUY)4] " (i.e. 4W);
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Figure 6. Plot of effective magnetic momengkdy) per Vs anionvs
temperature for comple4b. The solid line is a fit of the data to the
appropriate theoretical expression; see the text for the fitting parameters.
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Figure 7. Plot of effective magnetic momengkdy) per Vs anionvs
temperature for complea. The solid line is a fit of the data to the
appropriate theoretical expression; see the text for the fitting parameters.

the K* ion is very approximately in the position occupied by
O(45) in Figure 3, where it is held by interactions with the
carboxylate oxygen atoms (average ® = 3.15(1) A; average
K-V = 2.825(5) A)16 It is thus of interest to realize that this
cavity between the carboxylate groups on the square face of
[V 408X(0O2CR))? or the basal face of [yOX(O2CR)]%~ can
accommodate either anionic or cationic X groups and is
currently known with X= CI~, Br~, NO;~, and K. A space-
filling representation of the anions in this cavity fdg, 6b,
and7 is shown in Figure 4.

Magnetochemical Studies.Variable-temperature magnetic
susceptibility data were collected on powdered samples of
complexegtb , 6a-MeCN-H,O and7 in the range 2.06320 K
in a 10 kG applied field. For completb, the effective magnetic
moment ues Per Vs, slowly increases from 3.5 at 320 K to
a maximum of 4.4%g at 11.0 K and then decreases slightly to
4.15ug at 2.00 K. These correspond T values of 1.59,
2.50, and 2.15 c&K mol~1, respectively. For complega,
the sameuess vs T profile is observed with corresponding values
of 3.73, 4.56, and 4.21g at 320, 11.0 and 2.00K, respectively.

From a magnetochemical viewpoidt and6aare effectively
tetranuclear because only the foul \¢enters possess unpaired
electrons. For such a “tetranuclear” complex comprising four
non-interacting V¥ (S= 1/,) centers, the spin-onlg(= 2.00)
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terr andym T values (per V) would be 3.4645 and 1.50 criK 4 T T
mol~1, respectively. The experimentads andywT values are
thus indicative of the presence of exchange interactions that
are ferromagnetic in nature; indeed, the values at 11.0 K may
be compared with the spin-only values of 4:80and 3.00 cri

K mol~ expected for a S= 2 state. Theuert vs T profile in
Figure 6 is also similar to those seen for ferromagnetically-
coupled S = Y,/S = 1, dinuclear species, for example

Effective Moment |4z /mol | ———>

o0 o [ ] ' ) [ ] L]
[CuVO(fsayen}MeOH (fsa= a polydentate Schiff base ligarid). — oot
In order to fit the experimental data, a model was derived
based on the essentialls, symmetry seen in the structures of Lk i
4a and6b, i.e. a square Yunit. This model is shown here
J
vl\ /V4 0 1 1
™ ,3’, 0 100 200 300
J /’}4:\\ J . . 71K J _____ . |
/ AN Figure 8. Plot of effective magnetic moment pers\anion vs
szw temperature for compleX.

loving th | . h £ Fi .__excited states in order of increasing energy are (0,0,0), (1,0,1),
employing the metal numbering scheme of Figure 1 and requwes(lylyo)’ (1,1,1), and (0,1,1) at energies above the ground state

two exchange parametedsandJ, to gauge all possible paiwise 35 /19 9, 57.2/92.9, 57.2/92.9, 158.9/185.8, and 238.3/278.7
exchange interactionsl = Jss, the interaction between adjacent .1 respe’ctively forA:b/Ga_ ’ ’

VIV centers bridged by boths-O?>~ and us-X~ (X = Cl, Br _ . .
ions, andJ = Jtris theyinteurzaction acrcﬁgs the(diagonal 012 the _For both fits, there is a divergence between the calculated
V. square, which is mediated by only tha-X~ ion (the be_hawors (solid lines in Figures 6 and 7) and the exper_lmgntal
coupling via the apical, diamagnefic Wbeing assumed to be points at low temperatures: fdhb, the calculated behawo_r is
zero). The Heisenberg spin Hamiltonian for this system is given a plateau between 11.0 and 2.00 K, whereas the experimental
by eq 1: this can be converted into an equivalent form (eq 2) “ef values decrease below 11.0 K. Such low temperature
decreases i values are due in general to a number of
& 2 a e & & a e reasons, primarily zero field splitting (ZFS) ofSa> 1 ground
TASS TS ST ST SS, o A state, andntermolecular exchange interactions that are weakly
2J(SS+S5) (1) antiferromagnetic in nature. FdBb, the low temperature
divergence is more marked, becoming evident<d.0 K.
by using the Kambe vector coupling method and the definitions Further discussion of this matter requires a better assessment
of the magnitude of ZFS in these complexes, which is addressed
A= _J(ng _ §A2 _ QBZ) _ below (ide infra).
a2 A2 A2 A2 a2 A For complex 7, uett per Vi is essentially temperature-
IS+ -5 -5 -5 -5) independent at temperatureg0 K, decreasing only slightly
R L o . . from 1.92up at 278 K to 1.81ug at 70 K, and then decreases
S=S+5,F=S+ S, andS = Sy + S, whereSy is the slightly more rapidly to 1.5%g at 2.2 K. These data are shown
total spin for the complete Munit. The eigenvalues of the spin  in Figure 8. Theuer value and its near temperature-
Hamiltonian in eq 2 are given by eq 3, whéi¢Sy) is the energy  independence are consistent wits & 1/, cluster, as expected
for the VV,3VV oxidation state description deduced from the
ES)=-JS(S+1)—S(S+1)—S(&S+1)] - crystal structure, and provide independent support for this earlier
JS(S + D+ (S +1)] (39 conclusion.
Magnetization »s Magnetic Field Studies. In order to
of stateSr; theS(S + 1) (| = 1, 2, 3, 4) terms contribute equally further prope the natqre of the gro'und statesAbfand 6a,.
to all S states and have been ignored. There are a total of six Magnetization iI) us field (H) studies were performed in
S; states (twoSr = 0, threeSy = 1, and oneSy = 2). TheSy temperaturg and field ranges of 2:080.0 K' anql 0.50650.0
and corresponding(Sr) terms were incorporated into the Van KG. respectively. The results are shown in Figures 9 and 10,
Vleck equation to provide a theoretigah »s Texpression, and ~ Plotted as reduced magnetizatid/Nug) vs HT, whereN is
this was employed to least-squares-fit the experimeniads Avogadro’s number andug is the Bohr magneton. For
T data for4b and6a. The solid lines in Figures 6 and 7 show complexes withSr = 2 ground states that exhibit no ZFS, the
the results of these fits: the fitting parameters in the format M/Nus vs HT plots should saturate &fl/Nug values ofgS
4bl6a areJ = +39.7446.4 cl, I = —11.1/-18.2 el (i.e. 4 forg = 2.0 andSy = 2), and the various isofield lines
andg = 1.83/1.90, with temperature independent paramagnetismShould be superimposed. As can be seen in Figures 9 and 10,
(TIP) held constant at 500« 1076 cm?® moll, and no at the highesH/T value accessibleT(= 2.00 K H= 50 kG),
paramagnetic impurity correction being included. These fits th€M/Nug values are 3.41 and 3.54, respectively, with the plots
indicate tha#b and6a have aSr = 2 ground state arising from .not.qum.e having reached saturation. I.n addition, the various
Sy =1andSs =1, ie. (2,1,1) in the formatS,Ss,Ss). The isofield lines are superimposed, suggesting small ZFS. The data
were fit to a model that assumes that only the ground state is
(30) (a) Kahn, O.; Galy, J.; Tola, P.; Coudanne, HAm. Chem. Soc. populat_ed and Whif:h indUdeS. aXi.al ZFA3%7) and the deman
1978 100, 3931. (b) Kahn, O.; Galy, J.; Journaux, Y.; Saud, J.; interaction; a matrix diagonalization procedure described else-
Morganstern-Badarau, 8. Am. Chem. S0d.982 104, 2165. where was employe#. The fits are shown as solid lines in

A




6458 Inorganic Chemistry, Vol. 35, No. 22, 1996

5

MNGy —————>

1

10
H/T [ kG/K ]
Figure 9. Plot of reduced magnetizatioM(Nug) vs H'T for complex
4b at magnetic field ifl) values of 10 #), 20 (»), 30 (a), 40 (O), and

50 kG @). The solid lines are fits to the appropriate theoretical equation;
see the text for the fitting parameters.
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Figure 10. Plot of reduced magnetizatioM(Nug) vs H'T for complex

6aat magnetic field l) values of 10 ¢), 20 (»), 30 (a), 40 @), and

50 kG @). The solid lines are fits to the appropriate theoretical

equation; see the text for the fitting parameters.

Figures 9 and 10; the fitting parameters &e= 2 andD =
0.00 cnt! for both complexes, wher® is the axial ZFS
parameter, and = 1.80 and 1.90 fodb and6a, respectively.

The confirmation ofS; = 2 ground states and no ZFS allows
the low temperature divergence between calculated and experi
mentalues values in Figures 6 and 7 to be assigned as most
likely arising from weak, intermolecular antiferromagnetic
exchange interactions. Further, presence of solvent (MeCN,
H>0) in the formulation of comple®a suggests that the J@
may be hydrogen-bonding with and bridging between carbox-
ylate groups on two different anions, providing stronger
intermolecular interactions, and a greater resultant divergence
at low temperatures, than b, which analyzes as solvent-
free.

Origin of the St = 2 Ground State. Many monoatomically-
bridged dinuclear V¥ complexes are known for which magne-

Karet et al.

include: [VO(salpn)] (salpn = N,N'-propylenebis(salicyl-
aldiminate), which is a one-dimensional chain propagated by
intermolecular-+-V=0-:-V=0--+ interactions and has an ex-
change interaction between adjacerf Yenters of] = +4.1
cm! (rationalized as due to they,dnagnetic orbitals all being
perpendicular to the chain axis and thus orthogoffand
[VO(Hsabhea) and a related complex @dabhea= N-sali-
cylidene-2-(bis(2-hydroxyethyl)amino)ethylamine) which con-
tain alkoxide-bridged bis(vanadyl) units and hal/ealues of
+3.1 and+10.6 cnt134 It is of importance, therefore, to
rationalize the unusual and relatively strong ferromagnajic (
interactions between adjacent\tenters indb and6a, which
dominate the weaker antiferromagnetlq {nteractions and yield
the St = 2 ground state. The relatively large magnitudelof
(~40 cnt?) is not itself unusual for V¥ in heteranetallic
complexes: in several [@WO] (n = 1,2) systems, strong
ferromagnetic interactions have been found betweéeh &l
VIV by both Kahr?3%and Gatteschi® for example,J is +59
cm~1 for [CuVO(fsapen}MeOH 3035 Ferromagnetic coupling
in this and related systems is linked to strict orthogonality
between the Clde_2 and VO dy magnetic orbitals, which
are of 0 and s symmetry, respectivelyyis-a-vis the ligand
bonding framework.

The case of a polynuclear V system such aOBX(O,CR)]>~
(X = CI, Br) is more complicated owing to the homometallic
character of the system and the essentially symmetry-equivalent
nature of the four paramagneticWcenters. Taking the VO
multiple bond as the axis and the VO (carboxylate) bonds
as thex andy axes, then the local symmetry at eacM & Cy,
and the magnetic orbital is.g the four magnetic orbitals are
thus part of ther network. Because of the orientation of the
four dy, orbitals, the exchange interaction between adjacéht V
centers may arise from direct overlap ofy dorbitals, a
superexchange mechanism involving bridging ligand filled
orbitals, or both. The direct overlap mechanism is unlikely to
be a major contributor in this case: the largeV-w'V
separations~+3.5 A) and relative disposition ofggmagnetic
orbitals appear to allow, at best, only very small overlap between
the latter. In any case, direct overlap of magnetic orbitals
normally results in antiferromagnetic exchange interactféns,
except in the case of accidental orthogonality due to certain
angles between the magnetic orbitals involved; while commonly
found in CU'; systems, such a situation is unlikely to arise in
the present complexé&s. It does not therefore appear that direct
overlap can provide an explanation for the ferromagnetic
interactions irdb and 6a.

In contrast to the above, considerations of superexchange
pathways provide a rationalization of the observed behavior.

(32) For example, see: (a) Wieghardt, K.; Bossek, U.; Volckmar, K.;
Swiridoff, W.; Weiss, JInorg. Chem.1984 23, 1387. (b) Toftlund,
H.; Larsen, S.; Murray, K. Slnorg. Chem.1991 30, 3964. (c)
Collison, D.; Eardley, D. R.; Mabbs, F. E.; Powell, A. K.; Turner, S.
S.Inorg. Chem1993 32, 664. (d) Neves, A.; Wieghardt, K.; Nuber,
B.; Weiss, Jlnorg. Chim. Actal988 150 183. (e) Das, R.; Nanda,
K. K.; Mukherjee, A. K.; Mukherjee, M.; Helliwell, M.; Nag, KJ.
Chem. Soc., Dalton Trang993 2241. (f) Carrano, C. J.; Nunn, C.
M.; Quan, R.; Bonadies, J. A.; Pecoraro, V.Iborg. Chem.1990

29, 944. (g) Kitagawa, S.; Munakata, M.; Ueda, M.; Yonezawa, T.
Inorg. Chim. Actal99Q 175 3. (h) Priebsch, W.; Weidemann, C.;
Rehder, D.; Kopf, JZ. Naturforsch.1986 41h 834.

tochemical studies have been performed, and the exchang€33) Drake, R. F.; Crawford, V. H.; Hatfield, W. E.; Simpson, G. D.;

interactions are almost always antiferromagnetic in natdre (
negative) leading tdSr = 0 ground state$%32 Exceptions

(31) Hendrickson, D. N.; Christou, G.; Schmitt, E. A.; Libby, E.; Bashkin,
J. S.;Wang, S.; Tsai, H.-L.; Vincent, J. B.; Boyd, P. D. W.; Huffman,
J. C.; Folting, K.; Li, Q.; Streib, W. EJ. Am. Chem. S0d.992 114,
2455.

Carlisle, G. O.J. Inorg. Nucl. Chem1975 37, 291.

(34) Plass, WAngew. Chem., Int. Ed. Endl996 35, 627.

(35) (a) DeLoth, P.; Karafiloglou, P.; Daudey, J. P.; KahnJOAm. Chem.
So0c.1988 110 5676. (b) Julve, M.; Verdaguer, M.; Charlot, M. F.;
Kahn, O.; Claude, Rinorg. Chim. Actal984 82, 5.

(36) Bencini, A.; Benelli, C.; Dei, A.; Gatteschi, Dnorg. Chem.1985
24, 695.

(37) Kahn, O.Molecular MagnetismVCH: Weinheim, Germany, 1993.



Vanadium Carboxylate Complexes

Consider first a W, unit bridged by a«,-O?~ ion, such as the
V(1)—O(7)-V(2) fragment in Figure 1.

Ox (073 Vxy

ferromagnetic

Vxy Vxy Vxy

antiferromagnetic

Overlap of the vanadiumygmagnetic orbitals with the Op
orbitals would be expected to give an overall antiferromagnetic
interaction: nonzero net overlap betweey @nd oxygen p
orbitals would provide a strong antiferromagnetic contribution
to J which would dominate the ferromagnetic contribution
arising from the orthogonality (zero net overlap) gf @nd
oxygen p orbitals. Dinuclear ¥, complexes with a single,
bent G~-bridge are not known, but the same kind of overlap
in a V'V, complex with a linear & bridge gives a strongly

antiferromagnetically coupled system, diamagnetic even at room

temperaturé?v

If a [V'V4(u-0)4] square is now considered, the same overlap
considerations predict a strongly antiferromagnetically-coupled
system. So why ardb and 6a ferromagnetic? The answer,
we believe, is that they contain a/\¢apping the \ square by
attachment to the four bridging?Oions; this strongly stabilizes

dxy orbitals and effectively shutting down this exchange pathway.
This leaves the pathway involving the oxygeropbital as the
major contributor to the overall, which is thus ferromagnetic.

In essence, the single lone pair on theO?~ ions available to
mediate magnetic exchange betweeh senters is orthogonal

to the magnetic orbitals, arlds therefore ferromagnetic. Note
that overlap of the V g orbitals with the RC@™ 7 system
would be non-zero but undoubtedly relatively weak, providing
an antiferromagnetic contribution foof probably only zero to
—3 cnmrl. The above analysis predicts that the hypothetical
complex [V4OgX(0O2CR)]*", structurally analogous té but at

the 4V oxidation level, should hav&negative and thus &

= 0 ground state. Such a molecule is not available to test this
prediction.

The antiferromagnetid (=Jyang interaction is less easily
rationalized, although the large internuclear separation would
appear to totally rule out any possibility of direct overlap of V
dyy orbitals. A superexchange pathway involving theX~ (X
= Cl, Br) ion would appear the most likely possibility, and the
following is suggested, involving the X @r p, orbital:

e

@

Xy  Vxy

antiferromagnetic

Vxy

It is perhaps pertinent to note that Br-for-Cl substitution (i.e.,
6a vs 4b) causes only a 17% changeJdrbut a 64% change in
J, suggestingy is the more sensitive to the identity of X,
consistent with the proposed pathway in which the larger Br
orbitals would provide better overlap. More data are required,
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Figure 11. X-band EPR spectrum at25 °C of a toluene-MeCN
(2:2) solution of (NE£)2[V 40s(NOs)(tca)] (7).

EPR Spectroscopy. The conclusion from the crystal struc-
ture and magnetic studies @rthat this complex has a'V,3vV
oxidation state$ = /,) suggested that it should be EPR-active
and that this technique might shed light on the degree of
delocalization of the single unpaired electron. Thus, the EPR
spectrum of7 was recorded in a toluerdleCN (1:2) solution
at room temperature~25 °C) and is shown in Figure 11. The
spectrum shows a signal gt~ 2, exhibiting an isotropic 29-
line hyperfine pattern with the two weakest, outermost lines

rrbarely discernible above background noise. This 29-line signal

can be readily assigned to hyperfine interactions between the
unpaired electron and four equivalent V nucleiH /2, ~100%
natural abundance). This supports the conclusion from the
crystal structure data that the four V atoms are equivalent,
indicating delocalization of the unpaired electron over the four
V centers to give each a formal oxidation state 64.75.
Analysis of the EPR signal and its hyperfine structure, and
correcting for second-order effects, gaye= 1.97 andA =
28.6 G. Note also that (i) the 29-line EPR signal supports
retention of the tetranuclear nature7odn dissolution in MeCN,
and (i) the solid-state structure dfapproximates t&,, because

of the orientation of the N¢ group, but it is reasonable that
in solution this group is fluxionalia rotation about the O(45)
N(46) bond to give effectiv€,, solution symmetry, consistent
with the EPR spectrum.

When the solution is cooled, the EPR signal progressively
broadens and the hyperfine structure is lost, preventing any
conclusions being drawn concerning the possibility of localiza-
tion of the electron on a single V atom. The complexes
[V2W16P2062]9_ and [V3W15P2062] 10- contain VV,VV and VV,-
2VV, respectively, and exhibit similar delocalization of a single
electron over their multiple V atoms at room temperature: the
solution EPR spectra of the former and latter show 15-line and
22-line hyperfine patterns, respectivéfy. Below 100 K,
however, the electron delocalization (hopping or detrapping) is
slow on the EPR time scale for both polyoxometallates, and
the spectra are characteristic of mononucle®r $pecies.

IH NMR Spectroscopy. The NMR spectra of complexes
4b, 5, and6ain CD3sCN have been recorded to probe the nature
of these [\4OgX] species in solution. Spectra were recorded
at a number of temperatures in thel0 to +50 °C range, and
selected data are presented in Table 8. The spectrufafar
~23°C is presented in Figure 12. In addition to NEtlattice

however, before any such relationship can be more securely(38) Harmalker, S. P.; Leparulo, M. A.; Pope, M. T.Am. Chem. Soc.

tested.

1983 105 4286.
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Table 8. H NMR Isotropic Shiftd at Selected Temperatures for downfield shifts®® In an absolute sense, the isotropic shifts of
Complexesb, 5, and6a the benzoate hydrogen resonances are small, consistent with
complex T, °CP o° ! p free rotation about the-©€C bond, which decreases the influence

4b 50 17 0.21 531 of the z-spin delocalization mechanism.
23 ~18 0.25 _2.59 The presence of ar-spin delocalization mechanism is
—42 ~—2.5 0.37 —3.76 supported by the spectrum bf substitution of a Me group at
5 50 -18 0.32 (2.76) the benzoatgara position causes thp-Me isotropic shift to
22 —21 0.39 (3.16) now be positive (i.e., downfield of its “diamagnetic” position)
—38 -3.0 0.53 (4.45) . . . . f
6a 50 17 0.24 538 and of comparable magnitude to the p-H isotropic shift. This
23 -1.9 0.30 —266 change in sign of the isotropic shift is characteristicte$pin
-41 -2.7 0.48 —3.93 delocalizatioR® and is caused by direct delocalization of parallel
2 ppm, CDCN solution; referenced to N®,CPh 6 = 7.59, mip spin from the aromatic ring into the-symmetry orbital of the
= 7.52 ppm) for4b and 6a and HQCCeHsp-Me (0 = 7.99, m = Me fragment. The temperature dependenc_es (_)f the resonances
7.20,p-Me = 2.40 ppm) for5. £1 °C.°+0.1 ppm.¢ £0.03 ppm; of the three complexes all show Curie behavior, i.e., the isotropic
numbers in parentheses are for Me groups at that position. shifts increase with decreasing temperature.
Summary and Conclusions. Brief exposure of MeCN
S solutions of [VOX]2~ (X = ClI, Br) and RCQ~ salts to air

provides a convenient synthetic route tosP4X(0O.CR)]%~
complexes; a related reaction in the presence of Agbi@es
a [V40g(NO3)(0O.CR)]%~ product. These complexes are all
mixed-valent W/VV and possess interesting structures and
properties. The discovery of ferromagnetic exchange interac-
tions between the ¥ ions of the pentanuclear complexes
provides rare examples of high spin values in the ground state
for VIV, species: it is noteworthy that if the proposed rational-
ization of the ferromagnetic interactions is correct, the diamag-
Et,0 netic VW ion is of great importance to the observed magnetic
properties of the complexes even though it itself is, of course,

H
c+ ©
m-H
H ) . . .
i B0 diamagnetic (8) and therefore ostensibly of no importance to
oH | 2 U the magnetochemistry. Indeed, the results obtained in this work
. suggest that other mixed-valent¥&/V polynuclear complexes
‘80 70 60 50 40 30 2

ct

PR with appropriate topologies may be a good source of additional
’ ferromagnetically-coupled systems with large ground state spin

8, ppm values.
Figure 12. 300 MHz'H NMR spectrum at~23 °C for (NEt)2[V sOe- The spectroscopic studies show that the pentanuclear com-
Br(O:CPh))] (6a). s = solvent protio signal, C= NEu". plexes retain their solid-state structures on dissolution in MeCN,

and indicate that the isotropic shifts observe®HINMR spectra
solvent, and HO impurity peaks, there are three paramagneti- are contact in originia ax spin delocalization mechanism, as
cally-shifted and broadened resonances indhe 5—8 ppm might be expected for spin density in \, drbitals. The EPR
region assignable to the benzoate hydrogen atoms of the aniongpectrum of [VOg(NOs)(tca)]?~ is particularly noteworthy,
individual assignments were made by considerations of relative yielding a remarkably well-resolved hyperfine structure consist-
integration ratios (approximately 2:2:1) and relative peak ing of 29 lines assignable to hyperfine interactions with four
linewidths, theo-hydrogen being the most broadened owing to equivalenlV nuclei and indicating electron delocalization or
its closest separation from the paramagnetic V center® ( de-trapping that is fast on the EPR time scale at room
dependence). When expressed as isotropic shift (displacementemperature.
from the resonance position in an analogous diamagnetic The present work represents the initial results of our efforts
complex or, more conveniently, the free ligand value), ®he  in V carboxylate chemistry at the’\/VV level and complements
andp-hydrogen isotropic shifts are negative (upfield) while that our recent report of a tetranucleal'\tarboxylate specie¢$.A
for the mhydrogen is positive (downfield). This alternating number of additional results and new species have since been
upfield—downfield—-upfield isotropic shift pattern for a phenyl  prepared and are currently under study, and these will be
ring is the usual signature of contact shifita a 7 spin reported in due course.
delocalization mechanism. The same spectral pattern and very
similar isotropic shifts are observed for the corresponding Cl
complex4b (Table 8). A single set of PhGO resonances is
consistent with effectiv€,, symmetry for the anions in solution
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