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Structure and Magnetism of Dibridged Vanadium(IV) Hydrotris(pyrazolyl)borate Dimers
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Receied June 27, 1996

The synthesis and characterization of four dinuclear V(IV) complexes are desclipgd/O(u-(PhLPO,)LVO];

2, [LVO(u-(Ph)HPQ),LVO]; 3, [LVO(u-OH),LVO]; and 4, [LVO(u-OH)(u-OAc)LVO] (where L= hydrotris-
(pyrazolyl)borate). X-ray crystal structural analysislef4 gave the following parameters, CagHaeB2N140sP2V >,
P1,a=12.249(2) Ab = 13.951(3) A,c = 16.391(3) Ao = 93.95(3), B = 100.53(3), y = 110.01(3), Z =

2; 2, CaHagBoN1g00PsV 3, P1, a = 9.927(2) A,b = 12.307(2) A,c = 24.878(3) A, = 98.12(1}, B = 100.79-

(1)°, y = 91.05(1), Z = 2; 3, CpoH2eB2N1404V>, Pbca a = 10.698(1) Ab = 15.414(3) Ac = 17.865(3) A,z

= 4; 4, CgH24B,N1,05V,, C2/lc, a = 34.252(4) Ab = 14.623(2) A,c = 15.387(2) A8 = 102.32(1}, Z= 8.
Magnetic measurements indicate that all the compounds eAcaet moderately antiferromagnetically coupled.

A rationalization for the magnetic behavior of these and other complexes of this type based on a direct overlap
model modulated by the conformation of the eight-membered®XO),V ring is proposed.

Introduction A number of other systems have also been examined, but there
remains controversy concerning which of the potential interac-

Mion pathways dominat® 15> Three pathways need to be
considered: simple dipolar interaction, direct through spage d

Over the last several years there has been much interest i
magnetic exchange interactions in bridged di-, tri-, and poly-

nuclear metal complexé<. Much of this interest has been dhy overlap, and superexchange through bridging ligands. The

fmuz:gendet?cy dgiggﬁ”&:&ggiggp:&ﬁ) Ecr)?:]j;lgie?%lep(;ur{ﬁ:rulz?alefirst is avery s_maII ef_fec_t gnd_cgn gener_all_y be' ignored for bulk
have been extenéively studied, and correlations between struc-magnetIC studies while itis difficult to cﬁstmgwsh betwegn the
ture, energies, and type of mag}netic exchange were experimen-latter two. Ind_eed both have been |nvoked_ at one_t|me or

’ ! . . - . another. In this report we extend our earlier stuthesn
tally tested and theoretically explained with suitable mofels.

Although copper(ll) and vanadium(IV) systems resemble one dibridged V(1V) dimers and attempt to provide some rudimen-

anothe% in r?gving only a single unpai)r/ed electron in their tary magnetostructural correlations for this class of compound.
magnetic orbitals, corresponding magnetostructural reIationshipsExperimenta| Section

have not yet been well developed for the latter metal perhaps _ _

due to a dearth of structurally well characterized complexes of Al synthetic procedures were carried out under an atmosphere of
the appropriate type. This is particularly unfortunate since a Pure dry argon or nitrogen by utilizing standard Schlenk techniques.
number of these materials, for example, the phosphate-bridgedSUbsequem workup was carried out in air unless otherwise noted.
vanadium(IV) solid state s’pecies are of’ general interest due toSolvents were distilled under nitrogen from the appropriate drying

. - ; . agents (Caklor Na/benzophenone). DMF was Burdick and Jackson
the host-guest interactions and catalytic and ion exchange “distilled in glass” grade; all other materials were reagent grade and

properties exhibited by these materiai8. used as received. Potassium hydrotris(pyrazolyl)borate was synthesized
Much of the work reported on exchange coupling in vana- according to the reported meth&tgs were [HB(pz]VCl.-DMF, [HB-

dium(IV) dimers has concerned the classical vanadyl tartfaites.  (pz)s]VO(acac)!” [HB(pz)s]V(u-O)u-OAc)V HB(pz)s],8 and [HB-

(3,5 CH;kaVO(ﬂ-(CsHsO)gPOz)]2.15

* Corresponding author. [HB(pz)3sVO(u-(CeHs)2PO2)]2 (1). [HB(pz)s]VO(acac) (0.76 g, 2.0

T Southwest Texas State University. mmol) was dissolved in 4650 mL of CHCN. Diphenylphosphonic

* Present address: Department of Chemistry, Southeast Missouri Stategcid (0.44 g, 2.0 mmol) was then added along witt2ImL of H,O,

University, Cape Girardeau, MO 63701. ;
S University of New Orleans. and the solution was heated. The color gradually changed from pale
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Found: C, 48.14; H, 3.85; N, 15.64. IR (cf): 2487(m), 1503, 1404, Table 1. Crystallographic Data and Data Collection Parameters for
1309, 1203, 1138, 1050, 962, 727, 551. 1-4

[HB(pz)sVO(u-(CsHs)HPO2)], (2). Synthesis of2 proceeds as
described forl except substituting monophenylphosphinic for the
diphenylphosphonic acid. Yield: 0.44 g, 52%. Anal. Calcd Zor formula CieHaeB2- CarHagBs- CoHagBz-  CaaH24Bo-

parameter 1 2 3 4

C, 42.79; H, 3.83; N, 19.96. Found: C, 42.47; H, 3.92; N, 20.00. IR _N1OeP2Va _NigOoPsVs  N1OVz - NiZOsV,
(cmY): 2477(m), 2343(m), 1502, 1405, 1309, 1215, 1186, 1137, 1115, fg;;elgm“p 2%8 P2198 Pfﬁcg %gcs
1053, 9_66, 76_4, 716, 62_0, 568. EP_R and electrochemical data for A 12.249(2) 9.927(2) 10.698(1)  34.252(4)
are available in Supporting Information. b, A 13.951(3) 12.307(2) 15.414(3) 14.623(2)
[HB(pz)sVO(p-OH)l2 (3). [HB(pz)s]VClDMF (1.18 9, 2.0 mmol) ¢ 4 16.391(3)  24.878(3)  17.865(3) 15.387(2)
was dissolved in acetonitrile and allowed to react with excess 1,8 ¢, deg 93.95(3) 98.12(1)
diazabicyclo[5.4.0Jundec-7-ene (1.5 mL). The color gradually darkened g, deg 100.53(3) 100.79(1) 102.32(1)
and violet crystals o8 formed overnight. An alternative synthetic route  y, deg 110.01(3) 91.05(1)
involves the reaction of [HB(pg)VOCI-DMF (0.388 g, 1.0 mmol) with v, A3 2561.3(8) 2952.8(8) 2946.0(7) 7531.2(11)
NaOH (0.040 g, 1.0 mmol) in 90/10 MeCN/&. Yield: 0.203 g 34%.  pcac g CNT3 1.396 1.463 1.524 1.207
Anal. Calcd for3-4MeCN: C, 41.25; H, 4.53; N, 29.6. Found: C, Z 2 2 4 8
40.8; H, 4.21; N, 30.16. IR (cm): 3119(m), 2484(m), 1501, 1407, fw 1076.4 1301.2 676.1 684.1
1308, 1214, 1120, 1049, 967, 761, 720, 620, 549. /é:a%;n’l g-gg g-ég g-gl g-gg
[HB(pz)sVO(u-OH)(u-OAC)VOHB(pz)3] (4). [HB(p2)sV(1-O)(u- R 406 648 e 16 853 an

OACc)VHB(pz)3] (0.66 g, 1.0 mmol) was dissolved in 75 mL of toluene.
The solution was stirred in air for 3 days, during which time the color 2 Quantity minimizedow(Fo — Fc)?, R= S|F, — FllwFo. Ry =
changed from intense green to a pale violet. A purple crystalline (wW(Fo — Fo)¥S (WFo)?)Y2

material was obtained by adding 75 mL of hexane and allowing the

solution to stand at OC overnight. Crystals of, suitable for X-ray Table 2. Selected Bond Lengths fdr, 2(a), and2(b)

diffraction, were obtained by allowing the initial toluene reaction 1 2(a) 2(b)
mixture to stand undisturbed at room temperature for 3 days. Yield:

0.315 g, 50%. Anal. Calcd fo#1.25GHs C, 45.96; H, 4.53; N, vy oty S 579(10) ® 506(9)
22.38. Found: C, 45.44; H, 4.46; N, 22.08. IR (@n 3119(m), V_0O | 1.985(4) 1.995(8) 1.990(7)
2484(m), 1542, 1501, 1408, 1308, 1214, 1114, 1055, 967, 761, 720, \_N__ 2.113(2) 2.113(9) 2.110(8)
620, 550. V—Nirans 2.299(4) 2.318(8) 2.302(11)

Physical Measurements. Routine infrared spectra were obtained

on a Perkin-Elmer 1600 FT-IR as KBr pellets. YVis spectra were : -

. phosphorus atoms of the monophenylphosphinate groups in both
recorded on an HP 8520 d'Ode. array spectrophotometer. EPR Measurenplecules were disordered, the disorder was easily modeled by two
ments were made on a Micro-Now 8320 X-band spectrometer.

Electrochemical and i tibilit A depositions with refined occupancy factors. Selected bond lengths and
ectrochemical and magzyone ic susceptibility measurements were ma angles are again provided in Tables 2 and 3.
as previously described:

- [HB(pz)3VO(OH)] 2 (3). Compound3 also contained an acetonitrile
| CrystaIIpTlgriaphy. C(i:rystals chjl' 2,3, gr_ld4 Wereps;ec\jl_(?fd n LlndemanU .. of crystallization; however, in this case the solvent is held in the lattice
glass capillaries and mounted on a Siemens iffractometer.  Unit by a strong hydrogen bond with one of the bridging hydroxo groups.
cell constants were determined by least-squares refinement of the

. - . In addition we were able to obtain the data at low temperature, which
angular settings of £230 well-centered high-angle reflections. Struc- P

) : . . resulted in a better overall structure. Hence, structure solution and
ture solution and refinement were achieved using the SHELXTL-PLUS refinement proceeded normally and anisotropic thermal parameters were
crystallography software from Siemetis Pertinent parameters regard-

. ; . : refined for all non-hydrogen atoms. Hydrogen atoms were treated as
ing crystal data, data collection, and structure solution and refinement described fotl with fixed isotropic thermal parameters except that the
are summarized in Table 1. Details of individual structural refinements

are given below. hydrogen on the bridging hydroxide was located on the difference map

and fixed to ride on the oxygen through the remaining cycles of least
[LVO(#-(CeHs)2PO2)]2 (1). Due to the presence of aweakly bound g ares. Pertinent bond lengths and angles are given in Tables 4 and
acetonitrile solvent in the lattice, data crystals bfcontinually 5, respectively
deteriorated during data collection despite mounting the crystals in the ~’ {[HB(pz)3]2V'O(OH)(OAc)} (4). Structure solution was again
presence of solvent. Thus, it became necessary to combine Se\_’era!achieved by direct methods, and all of the non-hydrogen atoms of the
partial data sets (3) and scale them to each other in order to acquire a,

: . re structure appeared on tkemap. The major remaining peaks
complete set, which accounts for the relatively poor agreement factors found on the difference map were interpreted as an ill-defined toluene
observed.

N hel truct luti hieved via di hod of crystallization. This toluene was refined as a rigid body with the
evertheless, a structure solution was achieved via direct metho S’C—CH3 bond length fixed at 1.51 A and the internal ring-C bonds

o subsequent St reflement proceeded ol ANSOUONC: 135 A however, s reinement resulted i very arge terma
of the hpdro en atoms were calculated to i)\//e a?] idealized eometr parame_ters, suggesting only partial oceupancy. Dl-le to the high
di é’t gd thei tive bound ? tf thg it Y correlation between the parameters, a refinement allowing both thermal
3Pthlexf] dcr)on e?]ok?our?clir trgst?gr(;lr:/ewr?izﬂ vx?agr?: g;gﬁpcazre |§cg‘t)esé'%?1 parameters and site occupancy factors to “float” was also unsuccessful.
yarog ' In the end we first fixed the thermal parameters at a reasonable value

the c:iﬁir?ncz '.“atp a’?d tfri]xed tk;rough thte reggin/ig/g cyclgs ofdrefine- and refined the occupancy factor (0.57). The occupancy factor was
ment. ixed isotropic thermal parameter (0.08) Avas assigned to then fixed and group thermal parameters for the toluene allowed to

each hydrogen. Selected bond lengths and angles are given in Tableggfine  Hydrogen atoms were not included on the toluene but were

2 and 3, respectively. placed in idealized positions and fixed to ride on all other appropriate

9 [LVO("G’(gGHs)HPﬁZ)]Z_(I_? Structure solutio_n and refinement_:‘or ¢ bound atoms with set thermal parameters. Relevant bond lengths and
proceeded normally. e structure contains an acetonitrile o angles can be found in Tables 4 and 5.

solvation and two independent molecules of the dimer per unit cell.

Hydrogen atoms were treated as described abové. fégklthough the Results

(19) Bonadies, J. A.; Carrano, C.J.Am. Chem. Sod 98§ 108, 4088. Descriptions of Structures. Both compound4 and2 adopt

(20) O'Connor, C. JProg. Inorg. Chem1982, 29, 203. _ the same basic [LV@{R:PO,)], dinuclear structure seen with

(21) Sheldrick, G. MSHELXTL-PGCVersion 4.1; Siemens X-Ray Analyti-  the pis(diphenylphosphate)-bridged complexes which we have
cal Instruments, Inc.: Madison, WI, 1989. Scattering factors from the . . . .
following: International Tables for X-Ray Crystallographyers, J., previously reported (Figures 1 and 2). The vanadium atoms in

Hamilton, W., Eds.; Kynoch: Birmingham, U.K., 1974; Vol. IV. both structures have distorted octahedral coordination geometry
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Table 3. Bond Angles (deg) fod, 2(a), and2(b)

1

O(1)-V(1)-0(2)  100.7(4)  O(LFV(1)—O(3) 97.6(5)  O(4)V(2)—0(6) 101.1(4)  O(5)YV(2)—O(6) 100.9(4)
0(2)-V(1)-0(3) 92.1(3)  O(1FV(1)-N(1)  174.7(4)  O(4¥V(2)-N(8) 84.1(3)  O(5)V(2)—N(8) 85.8(4)
0(2)-V(1)—N(1) 84.4(4)  O(3)}V(1)-N(1) 83.7(4)  O(6)V(2)-N(8) 171.4(5)  O(4¥V(2)-N(9) 164.1(3)
O(1)-V(1)—N(3) 98.4(5)  O(2)}V(1)-N(3) 88.3(4)  O(5)-V(2)-N(9) 91.0(4)  O(6)-V(2)—N(9) 94.2(4)
O(3)-V(1)-N(3)  163.7(5)  N(1}V(1)—N(3) 80.2(5)  N(8)-V(2)—N(9) 80.2(3)  O(4)1V(2)—N(11) 89.4(4)

O(1)-V(1)—N(5) 94.1(5) O(2FV(1)-N(5)  164.3(6) OBGYV(2)-N(11)  163.8(3)  O(6YV(2)—N(11) 95.0(5)
0(3)-V(1)-N(5) 91.2(4)  N(1}V(1)-N(5) 80.7(5)  N(8)-V(2)—N(11) 78.0(4)  N(9-V(2)-N(11) 84.8(5)
N(3)—V(1)—N(5) 843(5)  O(4)yV(2)-0(5) 90.4(4)

2(a)

O(7)-V(2)—0(6) 90.2(3) O(73rV(2)—N(11) 164.3(3) O(5rV(1)—N(1) 89.4(3) N(5)-V(1)—N(1) 79.7(4)
O(6)-V(2)-N(11)  94.5(3)  O(73V(2)—0(2) 101.1(4)  O(5yV(1)—0(4) 88.4(3)  N(5-V(1)—-0(4) 82.1(3)
0O(6)-V(2)—0(2) 99.8(3) N(11)}V(2)—0(2) 92.9(4) N(1)}-V(1)—0(4) 161.7(4) O(5rV(1)—0(1) 101.3(4)
O(7)-V(2)—N(9) 85.5(3)  O(6)V(2)—N(9) 163.2(3)  N(5-V(1)-O(1)  172.8(4)  N(1}V(1)-0(1) 97.3(4)
N(11)-V(2)—N(9) 85.7(3) O(2)-V(2)—N(9) 97.0(4) O(4)-V(1)—0(1) 100.9(4) O(5rV(1)—N(3) 164.4(3)
O(7)-V(2)—N(7) 86.5(3)  O(6)V(2)—N(7) 82.1(3)  N(5-V(1)—N(3) 79.2(4)  N(LFV(1)-N(3) 87.1(4)
N(11)-V(2)—N(7) 79.3(3) O(2)-V(2)—N(7) 172.1(4) O(4yV(1)—N(3) 90.1(4) O(1)-V(1)—N(3) 94.2(4)
N(9)—V(2)—N(7) 81.4(33)  O(5rV(1)—N(5) 85.3(3)

2(b)
N(17)-V(3)—0(3) 93.9(4) N(173V(3)—N(15) 85.8(3) N(15)-V(3)—0(9) 89.9(3) O(8)V(3)—0(9) 91.7(3)
0O(3)-V(3)—N(15) 95.1(4) N(173-V(3)—0(8) 88.5(3) N(173-V(3)—N(13) 80.7(4) O(3)V(3)—N(13) 172.2(4)
0O(3)-V(3)—0(8) 101.5(4) N(15)V(3)—0(8) 162.7(4) N(15)V(3)—N(13) 79.0(4) O(8)V(3)—N(13) 84.0(4)
N(17)-V(3)—0(9) 165.7(4) O(3)V(3)—0(9) 100.1(4) 0O(9)V(3)—N(13) 85.1(3)
Table 4. Selected Bond Lengths (A) f@® and4
3
V(1)—0(1) 1.602 (4) V(1)>N(1) 2.101 (5)
V(1)—0(2) 2.016 (6) V(1)XN(@3) 2.127 (5)
V(1)—0(2) 2.004 (4) V(1)>N(5) 2.388 (5)
V(1)—0(2A) 1.979 (4) V(1)}V(1A) 3.122 (5)
4
V(1)—0(4) 1.599 (5) V(1)>-N(8) 2.119 (6)
V(2)—0(3) 1.574 (6) V(2>-N(4) 2.129 (7)
V(1)—0O(5) 1.995 (4) V(2>-N(5) 2.118 (7)
V(2)—0(1) 2.008 (5) V(2)-N(6) 2.321 (6)
V(2)—0(5) 1.974 (5) V(1)>-N(10) 2.294 (6)
V(1)—N(7) 2.094 (6) V(1)-V(2) 3.620 (7)
Table 5. Selected Bond Angles (deg) f8rand4
3
O(1)-V(1)—0(2) 101.7(2) N(1yV(1)—N(5) 78.7(2)
O(1)-V(1)—N(1) 94.9(2) N(3»V(1)—N(5) 75.9(2)
0O(2)-V(1)—N(1) 91.8(2) O(1yV(1)—0(2A) 101.7(2)
O(1)-V(1)—N(3) 91.3(2) O(2»V(1)—0(2A) 76.8(2) ] ] - o ]
0O(2)-V(1)—N(3) 166.8(2) N(1)}-V(1)—O(2A) 161.4(2) Figure 1. ORTEP diagram (30% probability ellipsoids) with atom
N(1)—V(1)—N(3) 89.3(2) N(3>-V(1)—O(2A) 98.6(2) labeling scheme for one of the two independent moleculek of

O(1)-V(1)-N(5) 165.7(2) NGEYV(1)-O(A)  86.9(2)

0(2)-V(1)-N(5) 91.3(2) V(1}O(@2)-V(A) 103.2(2) tures contain two independent molecules in the unit cell. For

1 both molecules have inversion site symmetry so that only one

O2)-V(1)-0() 08 5(2)4 011 V(2)-0(5) 011(2) half of each dimer is unique; however, their overall structures
0@)-V(1)—0(5) 9052 O@BYV(2)-0(B) 100.9(3) are vglryds!mll_lgr,b:wer;ce |0eg meﬁ]n vazﬁes Lor t()jond Iengftr;rs] are
0(4)-V(1)-0(5) 102.2(2)  O(1}V(2)-N(4) 86.6(3) compiled in Table 2. In2, on the other hand, one of the
0(2)-V(1)—N(7) 164.8(2) O(3yV(2)-N(4) 95.5(3) molecules has inversion site symmetry with only one half of
O(4)-V(1)—N(7) 96.0(3) O(5-V(2)—N(4) 163.6(2) the dimer unique while the second molecule is a complete dimer
O(5)—V(1)—N(7) 90.7(2) O(1yV(2)-N(5) 164.2(3) with no crystallographically imposed symmetry. In addition,
O(2)-V(1)—N(8) 88.5(2)  O(3yV(2)-N(5)  95.1(3) since the %onopﬁen@lphosﬁhinzte is anyunsymﬁ"letrical bridging
8&‘3:%3:“% 122‘%% ﬁgi;x%:mg gi'gg; ligand, two possible isomeric structures are possible, one with
N(7)—V(1)—N(8) 86.3(2)  O(1)}V(2)-N(6) 86.4(2) the phenyl groups syn to each other in the dimer and one with
0O(2)-V(1)—N(10) 84.1(2) O(3FV(2)-N(6) 172.9(3) them anti. Only the anti geometry is found in both molecules
O(@)-V(1)—N(10) 171.4(2) O(5rV(2)—N(6) 83.7(2) of 2, the difference between them being only in the conformation
O(5)-V(1)—N(10) 85.9(2)  N(4rV(2)—N(6) 79.9(3) of the V(OPO)V ring (vide infra).

N(7)—V(1)—N(10 80.9(2 N(5)7-V(2)—N(6 79.2(2 ; T . . .
NES%—VElg—Nglog 78.68 V((l)): O((5))—V((2; 15 6&3; Despite the similarities within this family of structures there

0(1)-V(2)-0(3) 98.8(3) are also some notablg differences. Most_obvious of th_ese is
the range of V---V distances observed in the four dimers

with three of the four available terminal sites occupied by a structurally characterized so far. The diphenylphosphonate
tris(pyrazolyl)borate group. The remaining terminal ligand is dimer has V---V distances which are very similar between the
the ubiquitous oxo group which in all cases adopts an anti two independent molecules and average 5.27(2) A. The
configuration in the dimer. The remaining two sites on each geometries of the two independent molecules in the monophen-
vanadium are filled by oxygen atoms of the bridging diphen- ylphosphinate structure differ considerably, with one having a
ylphosphonate or monophenylphosphinate groups. Both struc-V---V distance of 5.27 A, a value similar to that seerijwhile
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Figure 3. ORTEP diagram (30% probability ellipsoids) with atom
labeling scheme foB.

Figure 4. ORTEP diagram (30% probability ellipsoids) with atom
labeling scheme fo4.

) 3 _ _ complex with those trans to the bridging hydroxide found at an
Figure 2. ORTEP plot (30% probability spheres) with atom labeling average distance of 2.114 A, while the nitrogen trans to the
scheme for both molecules af : : o oimmifi

terminal oxo ligand is significantly longer at 2.388(5) A. The

the other has the vanadiums more than 0.1 A closer at 5.14 A.angles within the YO, bridging unit are 103.2(2)(V-0-V)
Since neither the PO nor V—0 bonds are significantly different ~ and 76.8(2) (O—V—0), with the resulting vanadiurvanadium
in the four structures, the differences in the V---V distances Separation, 3.122 A. The structural parametei3 are similar,
can be attributed to differing geometries of the eight-membered but not identical, to those of a closely related system containing
V(OPO)YV rings. The geometry of the ring varies from the the tridentate triazacyclononane ligand instead of the tris-
nearly chair configuration seen with the diphenylphosphate- (Pyrazolylboratef? In the TACN complex for instance the
bridged complex previously reported, where the dihedral angle V—O(H) distances are 1.96 A and the resulting metagtal
between the V@and PQ planes is 1284(120 ideal), to nearly separation is shorter at 3.033 A. These differences are likely
planar in one of the molecules @fwhere the angle is 171°9  due to the Coulombic repulsion generated by the negative charge
(180 ideal). The (3,5-dimethylpyrazolyl)borate analog of the ©f the tris(pyrazolylborate) ligands, as compared to the neutral
diphenylphosphate-bridged dimer and both moleculdshatve TACN, as well as to the strong hydrogen bonding of the
intermediate values of the dihedral angle (184and 167, acetonitriles of crystallization to the bridging hydroxides3in
respectively) but lie closer to the planar than the chair The structure of4 is similar to that of3, except that a
conformation. For reasons that are not entirely clear, the eight- bidentate acetate bridge substitutes for one of the hydroxo
membered ring in the second molecule2ois quite distorted bridges in the latter (Figure 4). The molecule no longer
but is closer to the chair conformation. possesses inversion symmetry but contains instead a noncrys-
Figure 3 shows the structure ffiB(C3N2H3)3} 2V 202(OH)y, tallographicC, axis passing through the two acetate carbons
which contains two vanadium(lV) centers in a distorted and the hydroxo oxygen. In order to accommodate the increased
octahedral environment composed of a facially coordinating tris- bite of the acetate ligand the-M\OH—V angle has opened up
(pyrazolylborate) ligand, a terminal oxo group, and two bridging from 103 to 132 with a resulting increase in the V---V distance
hydroxide ligands. Also notable are the acetonitriles of crystal- from 3.12 to 3.62 A. In order to minimize the distortion of the
lization, which are strongly hydrogen bonded to the bridging V—OH—V unit, the acetate bridge is not coplanar with the
hydroxides (N:+H, 2.065 A; N+--H—O angle, 173.9. This hydroxide but rather is twisted by some 22.6This in turn
interaction has the effect of pulling the hydroxide hydrogen out results in a twisting of the %O vectors, which, although still
of the V—=0-V plane and pyramidalizing the oxygen (sum of primarily anti, are now twisted with respect to each other by
the angles around O2 337 rather than 369. The complex some 27.
itself has a crystallographically imposed inversion center  Magnetic Measurements. The magnetic data fat—3 and
resulting in an anti configuration for the two vanadyl oxygen for [HB(3,5CHspz)VO(CeHsO)PO,]> over the temperature
atoms. The ¥=O bond length is 1.602(4) A, while the-VOH

bond distances are significantly longer at 2.004(4) A-. TWO (22) Wieghardt, K.; Bossek, U.; Volckmar, K.; Swiridoff, W.; Weiss, J.
distinct vanadium-nitrogen bond distances are present in the Inorg. Chem 1984 23, 1387.
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Table 6. Fitted Parameters to Heisenbetgan Vleck—Dirac Isotropic Exchange Model

unsubstitutedl 3,5-dimethyl
1 2 3 phosphate phosphate
J,K —11.75(8) —40.65(1) —38.8(1) +2.2(3) —27.2(3)
g 1.982(1) 1.869(1) 1.768(1) 1.918(5) 2.116(4)
% impurity 1.6(4) 1.1(2) 1.8(2) rfa 5.4(1.2)
norm 0.0325 0.01791 0.01745 na 0.09899

aFrom ref 15. P Not available.
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Figure 5. Plot ofy T vsT for 1 (open circles) with the fit to the equation 7‘
described in the text (solid line). J(em™)

Figure 6. Plot of the dihedral angle between the ¥&nhd PQ planes
range 2-300 K are all qualitatively similar witle decreasing ~ of the V(OPO)V ring and the magnitude of.
gradually from about 1.78g at room temperature to near O at
2 K. Such behavior is consistent with moderate antiferromag- particularly valuable. We have attempted to correlate the degree
netic coupling between the two! dvanadium centers in the  of magnetic coupling with various structural parameters, and
dimer. All the data could be satisfactorily fitted to Heisenberg  the best correlation found is with the conformation of the eight-
Van Vleck—Dirac, HVD, isotropic spin exchange Hamiltonian, membered V(OPQY ring. As measured by the dihedral angle
H = —2J5-S, with S, = S = ¥, and a monomeric para- between V@and PQ planes, an ideal chair conformation would
magnetic impurity correction term. An example of the quality have a dihedral angle of 12@hile the planar conformation is
of the fit is given in Figure 5, and the fits are summarized in characterized by an angle of 180The quasi-linear correlation
Table 6. The data for compouddid not resemble that of the ~ between this angle and the magnitudeld$ shown in Figure
other compounds in this series; insteady dropped almost 6.
monotonically from a room temperature value which suggested The canting of the two vanadyl basal planes with respect to
ferromagnetic coupling between the vanadium centers, until it each other has been proposed to correlate with the sign and
reached a plateau value near 1uig®V (the uncoupled limit) at magnitude of the magnetic coupling constant in certain inter-
ca. 20 K. As of yet we are unable to satisfactorily account for calated solid state V(IV) phosphat&s.However, there is no
this behavior although we have reproduced it from several such correlation here as, for example,and both the 3,5-
samples, and microscopic evaluation suggests no heterogeneitgimethyl-substituted and unsubstituted tris(pyrazolyl)borate
in them. Further work is in progress. phosphate-bridged dimers all have their vanadyl basal planes
Discussion exactly parallel by symmetry, and yet the three vary widely in

It is probably useful to separate the discussion of magneto- J. Such a correlation can be prlamed, rgther, using th? direct
overlap model we proposed in our previous w&rkin this

structural effects for the phosphate/phosphonate/phosphinate S o . .
bridge dimers from that of the hydroxo-bridged spe@emnd model a ferromagneth interaction is expected in thg chair
4. As alluded to earlier, there has been considerable interest inconformatlon through direct overlap of thg, dhagnetic orbital

establishing a correlation between structural geometry and on oné ”Feta' with the %0 7-system .Of th‘? other (the:¥O .
: : gr-orbltal is orthogonal to thegmagnetic orbital). As the chair

and some success has been achié¥ed. However, these geometry is bent back toward the planar archetype, §id=O
studies are based on solid state materials containing numerou{.z'oyelgap will d'n]:n'ST.]:'Vh'le the @?dx.y ?verletl_p will increase
structural elements, making it difficult to pin down which of yie a_” overall anti erromagpe IcIn grac on. )
these elements give rise to bulk magnetic properties. Hence, !f the direct overlap pathway is operative, then there is also

the simple dimers prepared in this and our previous study are @xPected to be a distance dependence to the magnitude of the
magnetic coupling. A comparison of thievalues forl and

(23) Beltran-Porter, D.; Amoros, P.; Ibanez, R.; Martinez, E.; Beltran-Porter, the 3,5-dimethyl phosphate-bridged derivative would seem to

A. Solid State lonic4989 32, 57. _ support this view. Both complexes adopt a near planar
(24) BeItran-Portelj, D.; Beltran-Porter, A.; Amoros, P.; Ibanez, R.; Martinez, configuration of the V(OPQY ring, but the AFC is much larger

E. Eur. J. Solid State Cheni 991, 28, 131. .
(25) Papoutsakis, D.; Jackson, J. E.; Nocera, DIr@rg. Chem 1996 for 1 due to the shorter V---V distance. One other complex

35, 800. with a V(OXO)V core geometry is known. In this case the
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bridging ligand is acetate and the eight-membered ring adoptsmagnetic properties determined are also knéw? Two new
a boat rather than chair or planar configuration due to the syn examples3 and4, are presented here. These complexes have
arrangement of the vanadyl unf.In this geometry direct obvious analogies with the Cu(ll) hydroxo-bridged dimers where
orbital overlap between theidorbitals is still possible, and  a well-defined magneto structural correlation is available. Here
hence an AFC can be expected and indeed is observed. The single-degree change in the bridge angle results in a variation
short (4.075 A) V---V distance in this complex leads directly of about 74 cm in the singlet-triplet separatiorf. Examination
to a strong coupling) = —114 cntl, of four such complexes including containing syn or anti-
Unlike the related Cu(ll) systems which havg ¢ as the orthogonal vanadyl units unfortunately fails to reveal any such
magnetic orbital, the magnetic orbital in most oxo V(IV) species simple correlation with bridging angle or internuclear separation.
is the dy. An excellent pathway for superexchange in Cu(ll) However, it is clear that the coupling Bis anomalously low
dimers exists because thg-d- orbital points directly toward (i.e., —40 vs ca.—150(20) cm!) compared to that seen in the
the bridging ligand groups. In contrast the orbital lobes on two related complexes. We attribute this to the hydrogen bonding
adjacent V(IV) ions are aligned and can in principle lead to between the acetonitrile and the bridging hydroxideavhich
direct overlap. Indeed the direct overlap mechanism has beenpends the hydroxyl hydrogen out of the-XD—V plane, leading
involved as the primary path for magnetic coupling in bis(  to a more splike hybridized oxygen. Such an oxygen is
hydroxo, alkoxo, phenolato, and carboxylato) V(IV) com- expected to have a reduced efficiency for superexchange-
plexes??2627 In addition, acetate and presumably phosphate mediated coupling. A recent report also shows that, by changing
as well have been reported to mediate only a very weak (a feWthe geometry of the vanadyl units to syn or anti coplanar or
cm™?) superexchange coupling. However, solid state NMR data twist, a reversal of sign from AFM to FM is possiti&.Such

has been presented to suggest that superexchange through twist may be important in explaining the anomalous magnetic
bridging phosphates may be important and that the degree ofpehavior of4.

shift in the3P NMR signal correlates with the magnitude of
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