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Synthetic procedures are described that allow access to #@&(QJCR)L3](CIO4) (R = various groups; L=
pyridine (py), 4-picoline (pic) or 3,5-lutidine (lut)) family of complexes. Treatment of ¥THF); with NaG,-
CR (R= Me, Et) in RCQH/py, pic/MeCN, or CHCI, solution followed by addition of NBuCIO, leads to
isolation of [V O(O,CR)L3](ClO,) salts in 4795% vyields. A similar procedure for R CgHs, CsHs-p-OMe,
CeHs-m-Me,, and GH4-p-Cl but omitting addition of Na@CR provides the corresponding benzoate or substituted-
benzoate derivatives in 266% yields. The X-ray structure of PO(O,CEt)s(pic)s](ClO4) (4) shows the anion
to consist of a [MO]"* triangular fragment with @s-02~ ion in the \; plane; each triangular edge is bridged by
two EtCQ,~ groups in their familiarsyn,synmodes, and there is a terminal pic group on eaé¢hdémpleting
distorted octahedral geometries at the metal atoms. The cation has inposgdmetry (isosceles Mriangle),
the C, axis passing through one V atom and the centgaD atom, but ha®s, virtual symmetry (equilateral ¥/
triangle). Complex4 crystallizes in monoclinic space gro@®/c with the following unit cell dimensions at
—171°C: a=13.935(2) A,b = 18.323(2) A,c = 17.470(2) A, = 95.55(1), V = 4439.7 B, Z = 4. The
structure was solved using 2657 unique reflections Witk 30(F) and refined orF to conventionalR (Ry)

values of 0.058 (0.066). Variable-temperature, solid-state magnetic susceptibility measurements were made on

complex1 in the 5.01-280 K region h a 1 kGmagnetic field. The effective magnetic momemt:{) per Vs unit
decreases gradually from 4.64 at 280 K to 1.76ug at 5.01 K. The data were fit to the theoretical expression
for an isosceles Y3 complex, and the fitting parameters welre= —18.0(7) cnt?, J = —10.4(4) cn7?, andg

= 1.985, with TIP held constant at 66010-¢ cm?® mol~1; J' refers to the unique exchange interaction within the
isosceles triangle. The ground state of comfdekus hasS = 0.

reveals a family of complexes involving N, S, and/or O ligation.
During crude oil upgrading, these impurities are converted to

We have for several years been interested in the structural,insojuple vanadium sulfides (primarily,8; and \sSs) by the
physical, and spectroscopic properties of vanadium complexesgyfige-rich and reducing conditions of the hydro-treating
of various nuclearities and at a variety of oxidation levelis processe&® Although V sulfides are autocatalytic and there-
interest derives from the occurrence of often large amounts of fore advantageous for hydrodemetalation (HDNig., removal
vanadium impurities in crude oifs.These impurities are of two o more V/ from the crude, the formation of V sulfides in V-rich
types, the vanadyl (V&) porphyring and the so-called vanadyl  crydes represents a serious problem for hydrodesulfurization
non-porphyrins: study of the latter type by EPR spectroscopy  (Hps) and hydrodenitrification (HDN) processes because these

sulfides deposit on the heterogeneous HDS/HDN catalyst
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incorporated carboxylate groups because (i) this is an organicprocedure for compleg, except that 4-picoline was replaced with 3,5-
functionality identified in crude oif$:1* and (ii) the O-based  lutidine (20 mL). The green microcrystalline solid was impure, as
ligands suggested by EPR data on the vanadyl non-porphyrinsindicated by!H NMR spectroscopy, and two recrystallizations from
most likely include carboxylatéd. Thus, we have sought to ~ MECN/EO were performed. The overall yield was 0.55 g (54%),
prepare oxide-bridged W carboxylate species of various 2nd the solid analyzed @&?/lut. Anal. Calcd (found) for & sHs:-
nuclearities to model an initial fate of vanadyl species in crude NagOrClVs: C, 44.55 (44.45); H, 5.06 (5.08); N, 5.06 (5.04).

. . . . : [V 10(0:CE)5(pic)s)(ClO.) (4). VCI{THF); (0.747 g, 2.00 mmol)
oils from reduction/partial deoxygenation/aggregation steps. In < gissoived with stirring in a mixture of EtGB (10 mL), 4-picoline

this report, we concentrate on trinuclear' Vcarboxylate (5 mL), and CHCI, (20 mL). The next day the solution was filtered.
complexes. Preliminary results at the tetranuclear level have NBu,CIO, (0.25 g, 0.73 mmol) was added to the green filtrate, and
been communicated elsewhéfe. EtO was added slowly with stirring to give a white precipitate
Vanadium(lll) carboxylates have attracted some prior interest, (identified as picHCI~ by *H NMR and IR spectroscopies and by a
primarily by Cotton and co-workers, who prepared the trinuclear Ag* test for Cl). When no more white crystals were being precipitated,
species [MO(O:CMe)s(MeCOsH)o(THF)][VCl 4(MeCO;H)], 132 addition of_E§O was discontinued, the solution filtered, and the filtrate
[V 30(0:CCH,Cl)6(H20)3](CFsS0s),23 and [VsO(O.CMe)s- stored undisturbed for 24 h, during w.hich.green, X-ray-quality crystals
(THF))[V 202C|5];13bthis group also prepared”VZV”',13aand formed. These were collected by filtration, washed withCEtand

. _driedin vacua (Occasionally, small amounts of white crystals were
IV 14 )
3V analogues (as well as the octanuclear heterometallic observed contaminating the green crystals; these could be removed by

Species ZW“O“(OZCR)H_(THF)“IS )- The_ 3V Species all . washing with HO (10 mL) and EfO (50 mL), in which the product is
contain a triangular, oxlde-centered unit. Using these prior insoluble.) The yield was 0.31 g (47%). A higher yield was
observations as a starting point and seeking (i) to incorporate supsequently obtained using the same reagent amounts but in a solvent
terminal py groups as atd NMR handle and (i) to avoid the  mixture comprising EtC@H (2 mL), 4-picoline (1 mL), and acetone
presence of paramagnetic anions that would complicate mag-(10 mL). The yields were typically 0.45 g (68%). Anal. Calcd (found)
netochemical studies, we have sought the preparation offor CsHsiNsO1/CIVs: C, 43.85 (44.25); H, 5.21 (5.20); N, 4.26 (4.07).
trinuclear V' carboxylates in high yield and purity, with readily [V30(02CCeH4-p-OMe)e(pic)s](ClO 4) (5). The above procedure
variable carboxylate groups and with diamagnetic anions. We for complex4 was followed, employing VG(THF); (0.747 g, 2.00
herein report the successful development of a general synthetic"™ol) and anisic acid (1.52 g, 10.0 mmol) in 4-picoline (1 mL) and
route to [VsO(O.,CRXL3)(CIOs) complexes, together with acetone or MeCN (10 mL). The yield was 0.56 g (56%). The dried

; T
structural, physical, and spectroscopic characterization of rep- écl)\“/j agalgsz 82(1 f(gg é;[;ch ':‘167" ( 4C§2|§_dl\§fo3ugg)(gogse‘fHﬁg\ebg?%u

resentative examples. CRsS0; or NBUYPFs in place of NBi,ClO, allowed isolation of the
corresponding salts of the cation Bf both in~30% vyield.

The complexes [VO(O,CPh}(pic)s](ClOy) (6), [V3O(O.CCsHa-p-

Syntheses. All manipulations were carried out under a dinitrogen  Me)s(pic)s](ClOs) (7), and [VO(OCCsH4-p-Cl)e(pic)s](CIOs) (8) were
atmosphere using standard Schlenk and glovebox techniques. Solvent®repared according to the procedure for compexemploying the
were distilled before use from CaHMeCN) or Na/benzophenone  corresponding carboxylic acid and MeC8) pr CH;Cl (7 and8); the
(Et,O, THF). VCL(THF)s!¢ was prepared as described elsewhere: py Yields of 6—8 were 33, 24, and 25%, respectively. The purity of the
= pyridine; pic= 4-picoline= 4-methylpyridine; lut= 3,5-lutidine= complexes was confirmed By NMR spectroscopy.
3,5-dimethylpyridine. X-ray Crystallography and Structure Solution. Data were

[V30(0,CMe)s(py)s]l(ClO4) (1). VCI3(THF); (4.86 g, 13.0 mmol) collected on compleR using a Picker four-circle diffractometer; details
and anhydrous Na@Me (3.2 g, 39 mmol) were slowly dissolved with  of the diffractometry, low-temperature facilities, and computational
stirring over 24 h in a solvent mixture of MeCN (40 mL), Meg®O procedures employed by the Molecular Structure Center are available
(20 mL), and pyridine (40 mL). The resultant deep green solution was €lsewheré’ The structure was solved by direct methods (MULTAN78)
filtered to remove NaCl, and NByCIO, (1.5 g, 4.4 mmol) was added and standard Fourier techniques and refinedrdoy full-matrix least-

Experimental Section

to the filtrate. The volume of the solution was decreasedacuo squares cycles.

until a green powder began to appear, angDE{75 mL) was added, A suitable crystal was located, affixed to a glass fiber with silicone
resulting in precipitation of a large quantity of green microcrystalline grease, and transferred to a goniostat where it was cooled 74 °C
solid. This was collected by filtration, washed copiously witbE(3 for characterization and data collection. A systematic search of a

x 100 mL) to remove traces of acetic acid and pyridine, and dried  limited hemisphere of reciprocal space reveal@iaentered monoclinic
vacua The yield of complext was 3.53 g (95%). Anal. Calcd (found)  cell. Following complete intensity data collectiofiif,+k,+l; 6° <
for Co7H3aN3017/CIVs: C, 37.78 (37.85); H, 3.88 (3.98); N, 4.90 (4.67). 20 =< 45°), the additional conditioh = 2n for hOL limited the space

Electronic spectrum in MeCNimay, NM (em, L mol™* cm™): 204 group toCc or C2/c. The choice ofC2/c was later proven correct by

(16 254), 246 (11 405), 322 (1512), 430 (670), 584 (443). the successful solution of the structure. After correction for absorption
[V 30(02CMe)g(pic)s](ClO4) (2). The procedure for complekwas (program AGNOST), data processing produced a unique set of 2916

followed, employing VC{(THF); (1.12 g, 3.00 mmol) and NaGCMe intensities and gave a residual of 0.018 for the averaging of 1589

(0.74 g, 9.0 mmol) in a mixture of MeCN (20 mL), MeGi&@ (10 mL), reflections that had been measured more than once. Four standards

and 4-picoline (22 mL), followed by addition of NBCIO, (0.34 g, measured every 300 data showed no significant trends. The positions

1.0 mmol) to the green filtrate and precipitation of the product with of 22 of the 35 non-hydrogen atoms in the asymmetric unit were
Et,0 (100 mL). The yield of green crystalline solid was 0.82 g (91%), obtained from an initiaE-map. The positions of the remaining non-

and it analyzed ag-Y3Et,0. Anal. Calcd (found) for & sHaz hydrogen atoms were obtained from subsequent iterations of least-
N3O173LCIVs: C, 40.61 (40.70); H, 4.60 (4.60); N, 4.54 (4.56). squares refinement followed by a difference Fourier map calculation.
[V 30(0,CMe)q(Iut) 5] (CIO 4) (3). The procedure for complekwas Hydrogen atoms were included in fixed calculated positions with

followed, employing the reagents and amounts indicated in the thermal parameters fixed at 1 plus the isotropic thermal parameter of

the carbon atom to which each was bonded. In the final cycles of

(12) Castro, S. L.; Sun, Z.; Bollinger, J. C.; Hendrickson, D. N.; Christou, 'efinement, the non-hydrogen atoms were varied with anisotropic
G. J. Chem. Soc., Chem. Commu®95 2517. thermal parameters to give a fin®(F) = 0.058 for the 297 total
(13) (a) Cotton, F. A.; Lewis, G. E.; Mott, G. Nnorg. Chem.1982 21, variables using all of the unique data. Data havihg 3o(F) were

3316. (b) Cotton, F. A.; Extine, M. W.; Falvello, L. R.; Lewis, D. B, given zero weight. The final difference Fourier map was essentially

Lewis, G. E.; Murillo, C. A.; Schwotzer, W.; Tomas, M.; Troup, J. ;
M. Inorg. Chem 1986 25, 3505, featureless, the largest peak being 0.46 and the deepestBdé e/

(14) Cotton, F. A,; Lewis, G. E.; Mott, G. Nnorg. Chem1982 21, 3127.
(15) Cotton, F. A.; Duraj, S. A.; Roth, W. lhorg. Chem1984 23, 4042. (17) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Kirkpatrick, C. org.
(16) Manzer, L. Elnorg. Synth.1982 21, 138. Chem.1984 23, 1021.
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Table 1. Crystallographic Data for [YO(O.CEt)(pic)s](ClOs) (4)

empirical formula  GgHsiN3O17/CIV;  space group C2/c

a A 13.935(2) T,°C —171°C
b, A 18.323(2) A 0.710 69
c A 17.470(2) Pealcas g CNT3 1.475

B, deg 95.55(1) w(Mo Ko, et 7.279

v, A3 4439.7 R(F)2 0.058

z 4 Ru(F)° 0.066
fw 986.09

AR = J||Fo| — IFcll/Z|Fol. ® Ry = [IW(IFol — |Fcl)/3w|Fol?]¥2
wherew = 1/0%(|F|).

A3, The cation lies on a crystallographi axis through atoms C(23),
C(22), N(19), V(1), and O(3). The CIO anion is disordered in two
positions about th€; axis, each with half-occupancy. Final values of
R andRy are listed in Table 1.

Physical Studies. Infrared and electronic spectra were recorded on

Castro et al.

Nicolet 510P and Hewlett Packard 8452A spectrophotometers, respec-Figure 1. ORTEP representation of the cation of compkeat the

tively. 'H NMR spectra were obtained on a Varian XL300 instrument.
Electrochemical measurements were performed isgGL#0.1 M NBU'y-

ClO, at room temperature using a BAS CV50W voltammetric analyzer,
a glassy carbon working electrode, a Pt wire auxiliary electrode, and
an SCE reference electrode. Potentials are quosetie ferrocene/
ferrocenium couple€0.52 Vus SCE). Variable-temperature magnetic
susceptibility measurements were obtained at Michigan State University
with a Quantum Design MPMS SQUID susceptometer operating with
a 10 kG (1 T) applied magnetic field. The experimental magnetic
susceptibilities were corrected for the diamagnetic response using
Pascal’s constants.

Results

Syntheses. The simplest procedure that seemed a possible
route to high yields of [WO(O.CR)(py)s] ™ complexes was to
treat a convenient NV source with an excess of a carboxylate/
carboxylic acid and pyridine in a suitable organic solvent, hoping
that the high oxophilicity of V' would result in incorporation
of an & derived from adventitious D (or other potential
oxide sources). This approach proved successful. Thus,
treatment of VGJ(THF); with NaO,CMe in MeCQH/py/MeCN
slowly gave deep green solutions from which was isolated
[V 30(O.CMek(py)s](ClO4) (1) in ~95% yield after addition
of ClO4~ ions. The preparation is summarized in eq 1, assuming

3VCl; + 9NaO,CMe + 3py + H,0 —
[V,0(0,CMe)y(py)s "~ + 9NaCl+ 2MeCOH +
MeCO,” (1)

H,0 to be the oxide source. The presence of an excess of acetic

acid was important for high yields. Essentially the same
procedure was employed to prepare the 4-picolide 8,5-
lutidine (3), and propionate4) versions ofl, and no doubt it
could be extended to other derivatives. For the benzdte (
and substituted-benzoat§, (7, 8) versions, we employed a
slightly modified procedure that omitted the addition of NaO

50% probability ellipsoid level. Primed and unprimed atoms are related
by the 2-fold rotation axis through O(3), V(1), and N(19).

Table 2. Selected Fractional CoordinatesX0%) and Equivalent
Isotropic Thermal ParametérgA2, x10) for Complex4

atom X y z By
V(1) 10000* 671(1) 7500* 11
V(2) 10989(1) —908(1) 7033(1) 12
0O(3) 10000* —383(3) 7500* 12
O(4) 11405(3) 736(2) 7922(2) 17
C(5) 12094(4) 293(3) 7912(3) 16
O(6) 12044(3) —316(2) 7570(2) 16
C(7) 13063(5) 515(4) 8292(4) 26
C(8) 13621(6) 949(5) 7748(6) 45
0(9) 9618(3) 795(2) 8565(2) 17
C(10) 9225(4) 395(3) 9041(3) 13
0O(11) 9025(3) —266(2) 8914(2) 17
C(12) 9040(4) 724(3) 9790(3) 16
C(13) 8436(5) 282(4) 10293(4) 27
0O(14) 11194(3) —1646(2) 7882(2) 18
C(15) 10737(4) —1842(3) 8427(3) 16
O(16) 9926(3) —1585(2) 8565(2) 16
C(17) 11151(5) —2432(3) 8961(3) 19
C(18) 12202(5) —2579(5) 8925(4) 36
N(19) 10000* 1875(4) 7500* 13
C(20) 9316(4) 2254(3) 7812(3) 16
C(21) 9302(5) 3006(4) 7812(4) 23
C(22) 10000* 3398(5) 7500* 22
C(23) 10000* 4218(5) 7500* 34
N(24) 12115(3) —1487(3) 6511(3) 14
C(25) 12791(4) —1133(3) 6165(4) 19
C(26) 13482(4) —1482(4) 5780(4) 22
C(27) 13511(5) —2244(4) 5772(3) 21
C(28) 12833(5) —2607(3) 6149(4) 22
C(29) 12155(5) —2223(3) 6496(4) 20
C(30) 14258(5) —2644(4) 5380(4) 32

2Beq = (4/3)y 5 Bjaiay. ° Parameters marked with an asterisk were
fixed by symmetry.

accompanying CI@ anion lies in a general position and is
therefore necessarily disordered about @ieaxis with 50%

CR; this avoided the need to synthesize the latter salts. Theoccupancy at each position. The cation consists of a rigorously
substituted-benzoate complexes prepared were those that werplanar (by symmetry) [WO]’* triangular unit containing V

most needed for thiH NMR studies, but others are undoubtedly
also accessible by this route.

Description of Structure. Complex4 crystallizes in mono-
clinic space groug2/c. An ORTEP representation of the cation
is shown in Figure 1, fractional coordinates and isotropic thermal

atoms with distorted octahedral geometry. ThetNangle is
crystallographically isosceles but virtually equilateral, with the
V-V distances (3.336(2), 3.340(2) A) and-D(3)-V angles
(119.98(14), 120.04(28) insignificantly different. Peripheral
ligation is provided by six bridging EtCO and three terminal

parameters are listed in Table 2, and selected bond lengths angbicoline groups to yield a cation witlC; crystallographic

angles are listed in Table 3. The cation 4flies on a
crystallographic 2-fold rotation axis containing atoms V(1),
0(3), N(19), C(22), and C(23), the last two being € and
p-Me atoms of the picoline group containing N(19). The
crystallographic symmetry of the cation is th&@. The

symmetry butDgy, virtual symmetry. The cation of is a new
member of the venerable class of complexes with the “basic
metal carboxylate” structure observed previously for many
metals!®1°including V"; the metric parameters fdrare similar
to those for other [WVO(O,CR)s] ™-containing specie¥4 It is
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Table 3. Selected Bond Distances (&) and Angles (deg) for
Complex4

(a) Bonds

V(1)—0(3) 1.931(5) V(1)V(2) 3.340(2)

V(1)—0(4) 2.028(4) V(2)-V(2') 3.336(2)

V(1)—0(9) 1.996(4) V(2> 0(11) 2.029(4)

V(1)—N(19) 2.205(7) V(2)-0(14) 2.007(4)

V(2)—0(3) 1.926(3) V(2)-0(16) 1.999(4)

V(2)—0(6) 1.987(4) V(2)-N(24) 2.167(5)

(b) Angles

O(3)-V(1)—0(4) 93.37(12) O(3yV(2)—N(24) 179.25(18)
O(3)—-V(1)—0(9) 96.50(12) O(6)yV(2)—O(11) 90.97(17)
O(3)-V(1)—N(19) 180 O(6)-V(2)—0(14) 88.50(17)
O(4)-V(1)—0O(4) 173.26(24) O(6yV(2)—0O(16) 171.99(17)
O(4)—-V(1)—0(9) 89.85(17) O(6YV(2)—N(24) 86.17(17)
O(4)—-V(1)—0(9) 89.39(17) O(11—V(2)—0(14) 169.37(17)
O(4)-V(1)—N(19) 86.63(12) O(11—-V(2)—0O(16) 88.72(17)
0(9)-V(1)—0(9) 167.00(24) O(12—V(2)—N(24) 83.74(17)
0O(9)-V(1)—N(19) 83.50(12) O(14yV(2)—0O(16) 90.32(17)
O(3)—-V(2)—0O(6) 93.12(15) O(14yV(2)—N(24)  85.63(17)
O(3)—-V(2)—0O(11) 96.03(16) O(18—V(2)—N(24) 85.84(17)
O(3)-V(2)—0(14) 94.61(16) V(1)yO(3)-V(2) 119.98(14)
O(3)-V(2)—0(16) 94.87(15) V(2-0(3)-V(2') 120.04(28)

interesting to note that the py rings are all coplanar with the
[V30] plane; they are expected to be either coplanar or
perpendicular to this plane to minimize steric repulsions with
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Figure 2. Plot of the molar magnetic susceptibility.{) vstemperature
for complex1. The solid line is a fit to the theoreticah vs Texpression
for a [V'"3] isosceles triangle; see text for the fitting parameters.

300

Sr =1, 2, and 3 excited states at energieg2¥, |6J|, and
|12]], respectively, above the ground state. The degeneracies
of the Sy states are 1, 3, 2 and 1 for tie = 0, 1, 2, 3 states,
respectively. Use of the abo®&, E(Sr), and degeneracy values

the carboxylate O atoms, and the coplanar disposition seen isand the Van Vleck equation allows the derivation of a theoretical

probably just due to packing effects.
Magnetic Susceptibility Studies. Variable-temperature,

ym vs T expression for a V3 equilateral triangle, which was
used to fit the experimentgh vs Tdata. However, we could

solid-state magnetic susceptibility studies were performed on not obtain an acceptable fit of the experimental data to the

powdered samples of complé&in the temperature range 501
280 K in a 1000 G (0.1 T) applied magnetic field (Figure 2).
The effective magnetic momentds) per Vs unit decreases
gradually from 4.64ug at 280 K to 1.76ug at 5.01 K.

theoretical expression for an equilateral triangle. Severe devia-
tions between theoretical and experimental data were observed,
particularly at lower temperatures where the predicted behavior
indicated a maximum fogy at approximately 25 K, followed

Comparison of the high-temperature values with the spin-only by a decrease at lower temperatures. The failurgpffor

value expected for a'¥; species containing noninteracting metal
centers et = 4.90ug) suggests the presence of antiferromag-
netic exchange interactions within the anionlof

On the basis of the crystal structure 4fthe V5 triangular
unit within the [VsO(O,CR)L3]™ cation could be approximated

systems with & = 0 ground state to decrease to low values
is often due to the presence of a paramagnetic impurity whose
susceptibility increases rapidly at low temperatures (Curie law),
and a paramagnetic impurity term was therefore introduced into
the theoreticaym vs T expression; allowing the molar ratio of

as equilateral, and the three pairwise magnetic exchangeparamagnetic impurity to be one of the fitting parameters gave

interactions taken to be equal, i.8 = Ji2 = Jo» = J, where

improved fits but only when the impurity ratio was30%!

the subscripts refer to the metal atom labeling scheme in FigureGiven the analytical and spectroscopic datd aihis was clearly

1. The Heisenberg spin Hamiltonian for an equilateral triangle
of three spins is given by eq 2, wheeis the spin of metaV/;.

H=-2155+55+55) )

The energie€(Sy) of the resultant spin stat& for the entire
V3 unit (defined assr = S, + S + &) are given in eq 3, where

E(S) = —JS(Sr + 1) — 35S+ 1)] ®3)

S=5=%=% = 1. For an antiferromagnetically-coupled
system § < 0), this model predicts & = 0 ground state with

(18) For reviews of trinuclear carboxylate-bridged complexes, see: (a)
Mehrotra, R. C.; Bohra, RMetal Carboxylates Academic Press:
London, 1983; Chapter 3.2.3. (b) Cannon, R. D.; White, RPi@g.
Inorg. Chem.1988 36, 195.

(19) (a) Ohto, A.; Sasaki, Y.; Ito, Tinorg. Chem.1994 33, 1245. (b)
Cannon, R. D.; Jayasooriya, U. A; Montri, L.; Saad, A. K.; Karu, E.;
Bollen, S. K.; Sanderson, W. R.; Powell, A. K.; Blake, A.BChem.
Soc., Dalton Trans1993 2005. (c) Almog, O.; Bino, A.; Garfinkel-
Shweky, D.Inorg. Chim. Actal993 213 99. (d) Jang, H. G.; Geib,
S. J.; Kaneko, Y.; Nakano, M.; Sorai, M.; Rheingold, A. L.; Montez,
B.; Hendrickson, D. NJ. Am. Chem. S0d989 111, 173. (e) Anson,

C. E.; Chai-Sard, N.; Bourke, J. P.; Cannon, R. D.; Jayasooriya, U.
A.; Powell, A. K. Inorg. Chem.1993 32, 1502. (f) Glass, M. M;
Belmore, K.; Vincent, J. BPolyhedron1993 12, 133. (g) Vincent, J.
B.; Chang, H.-R.; Folting, K.; Huffman, J. C.; Christou, G.; Hen-
drickson, D. N.J. Am. Chem. S0d.987 109, 5703.

an unreasonable and unrealistic fit.

In the literature, there are several reports o§O,CR )L 3]?
and related triangular metal complexes with trigonal symmetry
whose magnetic behavior does not fit that expected for an
equilateral triangle, i.e., a “on&-model, but instead fits that
expected for an isosceles triangfe?* i.e., a “twoJ” model,
and the data for compleg were therefore analyzed as an
isosceles system. The spin Hamiltonian for an isosceles triangle
is given in eq 4, using for convenience the labeling scheme of

H=-2)5'5+5-S) - 27(55) (4)

the C,-symmetric cation oft in Figure 1, wherel = J1o = Ji»
andJ = J,2. This equation can be expressed in an equivalent
form (eq 5) by use of the Kambe vector coupling meti#&ds

(20) Jayasooriya, U. A.; Cannon, R. D.; White, R. P.; Stride, J. A.; Grinter,
R.; Kearley, G. JJ. Chem. Phys1993 98, 9303.

(21) Cannon, R. D.; Jayasooriya, U. A.; Wu, R.; arapKoske, S. K.; Stride,
J. A;; Neilson, O. F.; White, R. P.; Kearley, G. J.; Summerfield)D.
Am. Chem. Sod994 116, 11869.

(22) Duncan, J. F.; Kanekar, C. R.; Moh, K.F.Chem. Soc. A969 480.

(23) Long, G. J.; Robinson, W. T.; Tappmeyer, W. P.; Bridges, DJ.L.
Chem. Soc., Dalton Tran§973 573.

(24) Caneschi, A.; Cornia, A.; Fabretti, A. C.; Gatteschi, D.; Malavasi, W.
Inorg. Chem.1995 34, 4660.

(25) Kambe, K.J. Phys. Soc., Jpri95Q 48, 15.
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H=-J5-87-81-J5°-8"-53 ©) L A
and the coupling schenf = $ + S andS; = S + Si. This 10 (3,2)
leads to the energy expression of eq 6 for the ene(i85S.) 2z 8
w
E(S..S) = ES’ 6 (2,2)
—J[S(S: + 1) = Sy(Sy + 1)] — J[Sy(S, + 1)] (6) g, (1,2)
()
2 (2,1)
of the Sy states, where the constant terms involviigS,, and 3 2
Sy and contributing equally to all states have been ignored. Use & ((H)
of eq 6 and the Van Vleck equation allows the theoretjgal 0 : ! (1 ’O)
vs Texpression for a Vzisosceles triangle = S =S = 1; 2 H \ L L ) (1,0)
S\ =2, 1, 0) to be derived. We now obtained an excellent fit 00 05 10 15 20 25 30
of the experimentaym vs T data to this expression, shown as J'/)
a solid line in Figure 2, with fitting parameteds= —18.0(7) Figure 3. Plot showing the variation in the energies of the spin states
cm1, J = —10.4(4) cml, andg = 1.985, no paramagnetic  of a [\/”'_3] complex as a function of thé/J_ratio. The spin states are
impurity term, and a temperature-independent paramagnetism'abeled in the formatS, S.). The dashed lines &t/J = 0.58 andJ'/J
(TIP) term held constant at 60@ 106 cm® molL. These = 1.78 indicate the global and local minima, respectively, referred to

parameters indicate the ground state td&Sbe= 0 arising from in the text.

Sy = 1; in other words, (0,1) in the forma$,Sy). The excited  this has been shown elsewhere by K&t is also presented
states, in order of increasing energy, are (1,2), (1,1), (1,0), (2,2),in Figure 3 for convenience. The ground state is the (0,1) state
(2,1), and (3,2), with the (1,2) first excited state only 5.6€m  for /J values from 0.5 to 2.0, with the (1,2) and (1,0) states
and the (1,1) second excited state 36.0"tmbove the (0,1)  pecoming the ground states 3t values of<0.5 and>2.0,
ground_ state. _ respectively. The ratio af andJ for the global minimumJ/J
Previous fits of the magnetic data for a(O,CR)L3]* and = 0.58) gives the spin manifold indicated by the dashed line
other triangular complexes have occasionally located both a localgn the left of Figure 3, close to the crossover point at which
minimum and a global minimur#?;>*?%and to explore whether  the ground state changes. Interestingly, the local mininilih (
such a situation also applies in the present work, we have = 1 78) shown on the right of Figure 3 is close to the other
generated a plot of the relative error for the fitting of the data crgssover point.
as a function ofl, J, andg; this did indeed show two distinct The relative magnitude of the Competiﬂ@ndj’ exchange
minima, one corresponding to the (global) minimum given above jnteractions inl (J/J = 0.58) leads to the (0,1) ground state,
(J = —18.0(7) cm*, J = —10.4(4) cm*, g = 1.985) and @ which can be represented diagrammatically as

second minimum at values df= —11.7 cn1!, J = —20.8

cm™1, andg = 1.951. The second fit is of only slightly higher }
relative error, and it became of importance to assess the nature V(1)
of the spin state manifold for the second setJof), andg j j

values: in fact, the latter also indicate a (0,1) ground state but

the first excited state is now the (1,0) state at 5.2 tabove

the ground state. Both the global and local minima thus indicate

a Sy = 0 ground state for complek atoms V(2) and V(9 are, of course, equivalent by symmetry,
We are aware of only one previous magnetochemical study and this diagram is thus to be interpreted as showing that spins

of a triangular W3 complex; Allin and Thornto# fitted higher S, andSy align neither perfectly paralle§g = 2) nor antiparallel

temperature (98293 K) data to a ond-model and estimated  (Sa = 0) but in an intermediate manner to give a resul@&nt

t Vo——Ve)—

Jto be—15 cnt! for a compound suspected to bes{MOAc)- = 1, which aligns antiparallel t&, to give the observe&r =
(HOAC)]«, an AcO-bridged polymer. This value is very close 0 ground state of.
to the average<15.5 cnt?) obtained in the present work. In a IH NMR Spectroscopy. The solution properties of the

general manner, the exchange interactions withirg &risingular [V3O(O.CR)L3]™ complexes were investigated B NMR
system comprising thre@= 1 spin centers have been addressed spectroscopy in CECN or CD,Cl,, depending on solubility.
by Kahr?®in his consideration of competing exchange interac- The data for complexe$—8 are collected in Table 4, and a
tions and spin frustration effects within such complexes. Of representative spectrum of complgxs shown in Figure 4. It
relevance here is the variation of spin state energies in anis important to comment first on the small signals noticeable at

isosceles triangled(= J) as a function of thel'/J ratio, i.e., the base of the main peaks and the presence of free py (marked
the relative magnitude of the two exchange interactions: for a x); our first thought was that our sample was impure, but
triangular array of thre&€ = 1 spins in which botl andJ' are recrystallized material gave the same spectrum. Further, these

antiferromagnetic (i.e., negative), it is not possible for the three small signals (and those for free py) slowly grow with time
spins to all be aligned antiparallel to each other, and the preciseand after several hours have intensities not much smaller than
spin alignments (and the resultant ground state) thus becomethe (initial) main peak. We interpret this behavior as indicating
sensitive to the relative magnitude of the two “competing” slow substitution of the terminal py groups: this behavior is
exchange interactions, i.e., tt3§J ratio. A plot of the spin also observed fo2—4 in CDsCN and for5—8 in CD,Cl,, but
state energies as a function #fJ can be derived using eq 6; the small signals are less apparent for the latter, consistent with
the better donor strengths of the methyl-substituted pyridines.
(26) McCusker, J. K.; Jang, H. G.; Wang, S.; Christou, G.; Hendrickson, In CD3;CN, the py groups are presumably being replaced by

D. N. Inorg. Chem.1992 31, 1874. . .
(27) Allin. B. 3. Thornton élnorg. Nucl. Chem. Lett1973 9, 449. solvent and/or water groups, whereas in,CR it is presumably
(28) Kahn, O.Molecular MagnetismVVCH Publishers, Inc.: New York, water only. Addition of an excess of pyridinis-to an aged

1993; Chapter 10. solution of 1 in CD3sCN causes a dramatic decrease in the




Trinuclear Vanadium(lll) Carboxylates

Table 4. 'H NMR Data at~23 °C for [Vs0(O,CR)L3](CIO)

Complexesl—8
R L O(R), ppnt? o(L), pprrr?
12 Me py 46.4 —16.4 0), 11.4 (),
—2.9 )
2 Me pic 46.0 -15.7 0), 11.2 ),
(12.7) )
3F Me lut 46.1 —16.2 ©), (—1.6) (M),
—2.0)
4 Et pic 55.8 (CH), —-17.7 0), 11.6 (1),
0.8 (Me) (15.4) @)
55 CgHs-p-OMe pic 0.4 6),8.1 M —18.1 0), 12.0 (n),
_ (5.1) ) (16.2) )
6° Ph pic 0.5¢),9.1 (M —16.6 0), 11.6 (n),
-0.4 () (14.9) @)

7° CeHg-m-Meg p

—-0.9 ()
8b C5H4-p-C|

aln CD3CN. P In CD.Cl,. ¢ £0.1 ppm,ss TMS; numbers in paren-
theses refer to a Me group at that positi®i&hemical shifts upfield of

¢ 0.20),(-0.5) (m),

pic 0.2©0),9.2 (M)

~16.2 ), 11.5 ),

~16.6 ©), 11.6 1),

(15.2) @)
(14.1) )

0 = 0.00 are negativeo = ortho; m = meta;p = para.
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Figure 4. 'H NMR spectrum of complex in CDsCN at ~23 °C:

solvent impurity (S) and free pyx() are indicated.

Inorganic Chemistry, Vol. 35, No. 15, 1998467

distance to the paramagnetic centers), and the spectra of
complexes2—8, possessing other carboxylate groups and
substituted py ringsi{de infra). The MeCQ~ resonance of
is paramagnetically shifted far downfield at= 46.4 ppm,
whereas the py resonances are shifted both upfieldafd
p-hydrogen resonances) and downfigigtfydrogen resonance).
A single set of MeC®@™ and py resonances is consistent with
effective D3, symmetry for the cation in solution and thus the
retention of its trinuclear structure on dissolution in MeCN.

The essentiallyCq, local symmetry at each 'V center and
the short \-O(3) distances to the centrafOion likely result
in a x(xy)! e(xzy2)! electronic configuration at eachVion
(taking the N-V—0(3) axis as the axis, and the equatorial
V—0 bonds as the, y axes). Thus, all unpaired spin density
is in d, orbitals, and contact shift contributions to the hydrogen
paramagnetic shifts should be primarily spin-delocalization
mechanism8? This is consistent with the observed shifts in
Figure 4: m-symmetry overlap of the Jxy) orbital with the
carboxylater system will result in direct delocalization of
positive (parallel) spin density from the metal into th€O, &
system and then onto the Me grouip thesz-symmetry orbitals
of the Me fragment; parallel spin density at the Me hydrogen
atoms leads to a downfield contact shift. Similartysymmetry
overlap between the x£y2) orbitals and the pyr system leads
to direct delocalization of parallel spin density from the V onto
the o- andp-positions of the py ring; this results in antiparallel
(negative) spin density at the- and p-H nuclei from spin
polarization effects and gives upfield paramagnetic shifts of
these NMR resonances. Similar spin polarization effects gives
parallel (positive) spin density at the-H nuclei and resulting
downfield shifts. Thus, the observed alternating upfield
downfield—upfield shifts of the py hydrogen resonanceslin
are indicative of a dominant—spin-delocalization mechanism
for the contact shifts. This is also supported by the spectra of
2—8. In particular, the substitution of Me for H at the- or
p-positions of the py ringJ or 2, respectively) changes the
sign (direction) of the paramagnetic shifts of the hydrogen
resonances for these positions; this is as expected if the contact
shifts are dominated by a-spin-delocalization mechanisth.

The same alternation in sign is seen around the Ph group of
the benzoate comple, supportingz-spin delocalization and
the previous interpretation for the acetate grouf.oMe/OMe-
for-H substitution atm andp-positions again changes the signs
of the shifts. Note that all shifts for the benzoate group (and
its substituted derivatives) are smaller than for the py-based
rings, probably due to free rotation of the Ph ring which
decreases the influence of thespin-delocalization mechanism.
In addition, there are likely also contributions to the hydrogen
paramagnetic shifts from dipolar (pseudocontact) contributions,
but it is difficult to assess their relative importance with the
present data except to say that they appear to be minor
contributions relative to the-contact shifts.

Electrochemical Studies. The electrochemical properties of

intensities of the side signals, the latter becoming comparableSelected complexes have been investigated inQIithe pic
with those in Figure 4 for a freshly-prepared solution. Thus, complexe, 4, 5, 6, and8 were chosen to minimize problems
the loss of py is reversible, and the substitution is summarized With terminal ligand exchange. The complexes were investi-

in eq 7, assuming for convenience that onlyCHis involved.

[V 50(O,CR)(PY)sl " + xH, 0=

[V s0(O,CR)(PY)s(H,0)] " + xpy (7)

The spectrum for complext in Figure 4 shows four
resonances assignable to the@(O.CMe)(py)s] ™ cation: the

gated by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV), and the results are collected in Table 5.
The complexes all exhibit a reversible one-electron reduction,
a second, irreversible reduction, and an oxidation that appears
reversible only at higher scan rates, suggesting a slow subse-
quent transformation. The first reduction occurs at a quite low
potential <—1.4 V vs ferrocene), consistent with generation

indicated assignments are based on the relative integration ratiog9) NMR of Paramagnetic MoleculgsaMar, G. N., Horrocks, W. DeW.,

(9:6:6:3), the peak broadnessesé(dependence, wherss the

Jr., Holm, R. H., Eds.; Academic Press: New York, 1973.
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Table 5. Electrochemical Dafe for [V 30(O,CR)s(pic)s](CIO.) magnetic susceptibilitys temperature behavior may be modeled
Complexes using an isosceles (twd)- coupling scheme.
R redn £ redn 2 oxidn The ready formation and stability of these trinuclear species
Me (2) —1.48 -1.7 0.58 suggest their formation on reduction and partial deoxygenation
Et (4 —-l6l -19 0.47 of vanadyl carboxylates during crude oil hydro-treating should
E‘r?(ge'Ph ©) :1:4518 :1:3 8:2675 be entertained. The reactions of thesP(O,CR)Lz]* species
p-Cl-Ph @) —1.3% n.0& 0.77 with S-containing reagents such asSHto model sulfiding

2V ysferrocene; values are DPV peak potentidl8.001 M in 0.1 processes to giye VIS complexes an_d uItima_t_ei&:,\&nd VaSs .
M NBUYCIOs in CH,Cl. ¢ Reversibled Irreversible.£n.o. = not now become of interest, and these will be facilitated by the high-
observed. yield routes to [MO(O,CR)L3]™ salts reported in this work.
Other reactions of these trinuclear complexes are also of interest;
of a strongly-reducing, ¥containing species, as summarized one such reaction between{®(O,CEt)L3]* generatedn situ
in eq 8. The complex [YO(O.CMe)(py)s] has been prepared  and 2,2-bipyridine (bpy) was recently shown to yield the new
complex [V4Ox(O,CEt)(bpy)](ClO4).12 This reaction suggests
[V ,0(O,CR)s(pic)s] " + & — [V 0(O,CR)(pic);] (8) that the [V\O(O,CR)L3]™ species may represent a rich new
av"™" v" 2v" source of W' complexes of various nuclearities, and studies
along these lines are in progress.
and structurally-characterized by oth&tsconfirming its W,
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procedure. The core structure is retained on dissolution in distances, and bond angles, and a completely labeled figure of the
MeCN or CHCl,, permitting NMR and electrochemical char- structure (13 pages). Ordering information is given on any current
acterization. The complexes exhibit antiferromagnetic exchange masthead page.
interactions between the paramagnetit! ‘enters, and the  1C9602153



