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Abstract: A series of compounds (cat)[VeOs(OCHs)s(calix)(CH3sOH)] was obtained under anaerobic
conditions and solvothermal reaction of VOSO, with p-tert-butylcalix[4]arene (calix) in methanol using
different types of bases (EtaNOH, NH,OH, pyridine, EtsN). All compounds contain the same polyoxo(alkoxo)-
hexavanadate anion [VsOs(OCHa)s(calix)(CH3OH)]~ (1) exhibiting a mixed valence {V""V'VsO;4} core with
the so-called Lindqvist structure coordinated to a calix[4]arene macrocycle and cocrystallizing with the
conjugated acid of the base (cat = Et4N*, NH4*, pyridinium, EtsNH") involved in the synthesis process.
The structures have been fully established from X-ray diffraction on single crystals and the mixed valence
state has been confirmed by bond valence sum calculations. The magnetic behavior of all compounds are
the same because of the polyalkoxohexavanadate anion [VsOs(OCH?3)s(calix)(CHs;OH)]~ (1) and have been
interpreted by DFT calculations. Thus the V(Ill)---V(IV) interactions are found to be weakly ferromagnetic
(<5.5 cm™t) while the V(IV)---V(IV) are antiferromagnetic (—17.6; —67.6 cm™1). The set of the coupling
exchange parameters allows a good agreement with the magnetic experimental data.

Introduction ions for example. Another interest is that they are available with
ifferent ring size and modifications which may be useful for
shaping the cluster si¥&1° or for further functionalizatioR%2
With this in mind and as part of our interest in magnetism of
polynuclear metal complex@s23we investigated the coordina-

In the frame of the emerging nanosciences there is a generaloI
concern for preparing nanoscale polymetallic spécidith a
narrow size distributioA.In that regard, coordination chemistry
offers a smart approach as it can produce tailored and func-F X X ) §
tionalized one-sized nanoscale polynuclear complexes of hightlon chemistry of calixareré and thiacalixarene macrocy-

,26
nuclearity. The synthetic approach generally uses multidentate€!eS”>*° Because of the low solubility of most calixarenes in

and bulky ligands that favor the metal aggregation then keep proper solvents for complexation and crystallization in standard
conditions we adopted the solvothermal method which has

the resulting clusters aside from each other by lying at their X o
periphery34 Among the wide number of multidentate ligands, proved with the hydrothermal method to be efficient for the
synthesis of numerous metal clustérs? and polyoxometa-

calixarenes macrocycles look particularly attractive. Indeed they 3336 1 )
are bulky while the phenol oxygen platform is available for latess This method has already allowed us to synthesize

coordination of 3,7 4d2° 5d10.11 4f 1213 and 5416 metal (7) Castellano, B.; Solari, E.; Floriani, C.; Scopelliti, Rorg. Chem.1999
38, 3406-3413.
 UniversiteClaude Bernard Lyon. 8) 5Azc£1€oré]23,g Ren, T.; Yun, J. W.; Lippard, S. lhorg. Chem.1995 34,
+ ) ) . .
5 Kazan State Techp(_)logmal University. (9) Liu, L.; Zakharov, L. N.; Rheingold, A. L.; Watson, W. H.; Hanna, T. A.
Ecole Normale Supeure de Lyon. Inorg. Chem 2006 45, 4247-4260.
" Universidad de Valencia. _ (10) Buccella, D.; Parkin, GJ. Am. Chem. So2006 128 16358-16364.
U FundacioGeneral Universitat de Valencia (FGUV). (11) Mongrain, P.; Douville, J.; Gagnon, J.; Drouin, M.; Decken, A.; Fortin,
(1) Schmid, G.Nanoparticles - From theory to applicatipiWiley-VCH: D.; Harvey, P. D.Can. J. Chem2004 82, 1452-1461.
Weinheim, Germany, 2004. (12) Binzli, J. C.; Ihringer, F.; Dumy, P.; Sager, C.; Rogers, RJDChem.
(2) Cushing, B. L.; Kolesnichenko, V. L.; O’'Connor, C.Ghem. Re. 2004 Soc., Dalton Trans1998 497-503.
104, 3893-3946. (13) Furphy, B. M.; Harrowfield, J.; Kepert, D. L.; Skelton, B. W.; White, A.
(3) Hagen, K. SAngew. Chem., Int. Ed. Engl992 31, 1010-1012. H.; Wilner, F. R.Inorg. Chem 1987, 26, 4231-4236
(4) Winpenny, R. E. PJ. Chem. Soc., Dalton Tran2002 1—10. (14) Harrowfield, J. M.; Ogden, M. I.; H., W. ADalton Trans.1991, 2625~
(5) Bott, S. G.; Coleman, A. W.; Atwood, J. I. Chem. Soc., Chem. Commun. 2 .
1986 610-611. (15) Salmon, L.; Thiey, P.; Ephritikhine, M.Chem. Commun2006 856—
(6) Olmstead, M. M.; Sigel, G.; Hope, H.; Xu, X.; Power, PJPAm. Chem. 858.
Soc.1985 107, 8087~—-8091. (16) Salmon, L.; Thiey, P.; Ephritikhine, M Dalton Trans.2006 3629-3637.
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successfully a series of Mn(ll) and Fe(ll) polynuclear complexes
with thiacalixarene macrocyclé&2We also recently reported
on a dinuclear cobalt(ll) complex with calix[8]arenes exhibiting
strong magnetic anisotropy of the cobalt(ll) ic¥isn this paper

we present a part of the extension of this investigation to
vanadium.

Our interest for vanadium holds in its well-known ability to
form many oxo-clustef$—4% among which are a great number
of hexavanada#é3841.4%lusters but also some larger clustérg
up to [V34].5 Some of these systems exhibit interesting magnetic
propertie2-54 et us note that some calixarene-based oxova-

(17) Floriani, C.; Floriani-Moro, RAdv. Organomet. Chen2004 47, 167—
233

(18) Harrowfield, J.; Koutsantonis, G. alixarenes in the Nanoworjd/icens,
J., Harrowfield, J., Baklouti, L., Eds.; Springer: Netherlands, 2006.

(19) Morohashi, N.; Narumi, F.; Iki, N.; Hattori, T.; Miyano, €hem. Re.
2006 106, 5291-5316.

(20) Gutsche, C. D. Ii€Calixarenes Stoddart, J. F., Ed.; The Royal Society of
Chemistry: Cambridge, U.K., 1989.

(21) Vicens, J.; Bbmer, V.; Kluwer Academic Publishers: 1991.

(22) Aronica, C.; Chastanet, G.; Pilet, G.; Le, Guennic, B.; Robert, V.;
Wernsdorfer, W.; Luneau, Onorg. Chem.2007, 46, 6108-6119.

(23) Aronica, C.; Pilet, G.; Chastanet, G.; Wernsdorfer, W.; Jacquot, J.-F.;
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2007, 4582-4588.

(25) Desroches, C.; Pilet, G.; Borshch, S. A.; Parola, S.; LuneanoBy. Chem.
2005 44, 9112-9120. 3
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Bousseksou, A.; Parola, S.; Luneau,Bur. J. Inorg. Chem2006 357—
365.
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Int. Ed. 1999 38, 1088-1090.

(28) Gutschke, S. O. H.; Price, D. J.; Powell, A. K.; Wood, Plnbrg. Chem.
200Q 39, 3705-3707.

(29) Mclnnes, E. J. L.; Anson, C.; Powell, A. K.; Thompson, A. J.; Poussereau,
S.; Sessoli, RChem. Commur2001, 89—-90.

(30) Molinier, M.; Price, D. J.; Wood, P. T.; Powell, A. K. Chem. Soc., Dalton
Trans.1997 4061-4068.

(31) Price, D. J.; Powell, A. K.; Wood, P. T. Chem. Soc., Dalton Tran200Q
3566—-3569.

(32) Price, D. J.; Tripp, S.; Powell, A. K.; Wood, P. Chem—Eur. J.2001, 7,
200-208.

(33) Khan, M. I.; Chen, Q.; Goshorn, D. P.;'pi®, H.; Parkin, S.; Zubieta, J.
Am. Chem. Sod992 114, 3341-3346.

(34) Tidmarsh, I. S.; Laye, R. H.; Brealey, P. R.; Shanmugam, M.; Sanudo, E.
C.; Sorace, L.; Caneschi, A.; Mclnnes, E. J.@hem. Commun2006
2560-2562.

(35) Tidmarsh, I. S.; Laye, R. H.; Brealey, P. R.; Shanmugam, M.; Sanudo, E.
C.; Sorace, L.; Caneschi, A.; Mclnnes, E. J.Chem. Eur. J2007, 13,
6329-6338.
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2003.
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nadium are known as catalytic systems but are mainly mono-
and binuclear complexés.

We report hereafter a series of compounds (caOy
(OCHg)g(calix)(CHsOH)] which were obtained under anaerobic
conditions and a solvothermal method when reacting VQSO
with p-tert-butylcalix[4]arene (calix) in methanol with differ-
ent bases (ENOH, NH,OH, pyridine, EtN). All com-
pounds contain the same polyoxo(alkoxo)hexavanadate anion
[V 60s(OCHg)g(calix)(CHsOH)]~ (1), exhibiting a mixed valence
{V"VIV50,0} hexavanadate core with the so-called Lindqvist
structure, coordinated to a calix[4]arene macrocycle. The
different compounds that come frahtocrystallize with cations
(cat= EyN™, NHs", PyH", EGNH™T) that are the conjugated
acids of the base involved in the synthesis process. Whereas
V(l1l, IV) mixed valences are known in three-dimensional open-
framework®-58 such polynuclear species are very rare and of
quite recent discovery. Indeed, the first polynuclear system with
V(Il1, IV) mixed valence states was reported in the early 1990s
by Mikuriya et al.>° but it is only in the last 2 years that novel
examples have been reported by Mcinnes ét-aF50 How-
ever, to the best of our knowledge, the compounds reported
here are the first examples showing a hexavanadate with the
Lindqvist type structure and V(lll, IV) mixed valence states.
Owing to their common polyoxo(alkoxo)hexavanadate anion
[V 606(OCH)g(calix)(CHsOH)]~ (1), all compounds of the series
show the same magnetic behavior which has been interpreted
by DFT calculations. Whereas the previous examples of mixed
valence V(lll, IV) systems reported antiferromagnetic exchange
couplings, we evidenced the presence of ferromagnetic interac-
tion between V(lll) and V(IV).

Experimental Section

SynthesesAll chemicals and solvents were used as receipert
Butylcalix[4]arene was synthesized as previously repditedll
solvothermal preparations of the complexes were performed under
anaerobic conditions.

Preparation of (cat)[V" V'Vs0s(OCH3)g(calix)(CH3OH)] (1.cat)
(cat = EtsN, NH,, PyH, EtsNH). Green single crystals were obtained
from the reaction mixture op-tert-butylcalix[4]arene (calix, 0.1 g,
0.15mmol), VOSQ@(0.21 g, 0.9mmol), tetraethyl ammonium hydroxide
(0.3 mL, aqueous solution 40%}.Et4N), or triethylamine (1.5 mL)
(1.EtNH) or pyridine (1 mL) (.PyH) or ammonia (1 mL)1(NH,)
and methanol (23 mL) in a 43 mL Teflon-lined autoclave under
anaerobic conditions at 17C for 3 days: vyield, 0.13 g, 58%. The
crystals were isolated upon filtration then washed with methanol and
dichloromethane. The compounds were kept in adimosphere.
(1.Et4N) Yield: 65%. Anal. Calcd for GH10dN1019Ve: C, 50.3; H,
6.92; N, 0.96; V, 21.0. Found: C, 49.7; H, 6.87; N, 0.98; V, 21.2. IR
(cmY): 3460 (w), 2954 (w), 2915 (vw), 2812 (w), 1463 (m), 1204
(w), 1057 (vw), 966 (vw), 793 (vw), 577 (W)1(EtNH) Yield: 61%.
Anal. Calcd for GgHgeeN1O19Ve: C, 49.6; H, 6.77; N, 0.98; V, 21.4.
Found: C, 49.8; H, 6.89; N, 0.97; V, 20.9. IR (cht 3460 (w), 2954

(54) Muller, A.; Peters, F.; Pope, M. T.; Gatteschi, Dhem. Re. 1998 98,

239-271.

(55) Limberg, C.Eur. J. Inorg. Chem2007, 3303-3314.

(56) Leclaire, A.; Chardon, J.; Borel, M. M.; Raveau, BSalid State Chem.
1994 108 291-298.

(57) Calin, N.; Serre, C.; Sevov, S. @. Mater. Chem2003 13, 531-534.

(58) Soghomonian, V.; Chen, Q.; Haushalter, R. C.; Zubietangew. Chem.,

Int. Ed. 1993 32, 610-612.

(59) Mikuriya, M.; Kotera, T.; Adachi, F.; Bandow, €hem. Lett1993 945-

948.

(60) Laye, R. H.; Wei, Q.; Mason, P. V.; Shanmugam, M.; Teat, S. J.; Brechin,
E. K.; Collison, D.; McInnes, E. J. L1. Am. Chem. So€006 128 9020-
9021.

(61) Gutsche, C. D.; Igbal, MOrg. Synth.1993 CV 8 75.
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Table 1. Crystal Data and Structure Refinement Parameters for Compounds 1.cat

1.EuN 1.NHy4 1.EtsNH 1.pyH
formula Gs1H10dNO19Ve Cs3HgsNO19Ve Cs9HosNO19Ve CsgHgsNO19Ve
fw (g-mol-%) 1457.09 1345.89 1429.04 1406.95
cryst syst monoclinic monoclinic monoclinic monoclinic
space group C2/m(No. 12) C2/m(No. 12) C2/m(No. 12) P2;/c (No. 14)
a(A) 28.815 (5) 28.885 (5) 28.805 (5) 15.798 (5)

b (A) 15.726 (5) 15.613 (5) 15.638 (5) 15.555 (5)
c(A) 15.904 (5) 15.789 (5) 15.833 (5) 28.662 (5)
a (deg) 90 90 90 90

f (deg) 104.809 (5) 104.356 (5) 104.546 (5) 104.676 (5)
y (deg) 90 90 90 90

V (A3) 6967 (3) 6898 (3) 6903 (3) 6814 (3)

z 4 4 4 4

T (K) 293 293 293 293

(Mo Ka) (A) 0.71069 0.71069 0.71069 0.71069

D (g-cmd) 1.387 1.280 1.372 1.370

w (mm1) 0.84 0.84 0.84 0.86

R(F?)?, 1 > 20F,) 0.0518 0.0738 0.050 0.058
Ru(FAP, 1 > 20(Fy) 0.0602 0.0803 0.059 0.066

S 1.16 1.10 1.11 1.14

AR(F)=Y [IFol — IFl/Y [Fol. P Ru(F) = Y[W((Fo? — FAZy wR|Y2.

(W), 2915 (vw), 2812 (w), 1467 (m), 1200 (w), 1057 (vw), 962 (vw), I-aé)tlfNZa. Selected Interatomic Distances (A) and Angles (deg) for

798 (vw), 573 (w). L.PyH) Yield: 57%. Anal. Calcd for

CseHasN1010Ves: C, 49.5; H, 6.16; N, 1.00; V, 21.7. Found: C, 49.0; ~ V1-O1 2.032(4) v2-02 1.608(5)
H 612N 0.9 V. 212 IR (ermh: V1-03 2.186(5) V3-04 1.598(5)

,6.12; N, 0.99; V, 21.2. IR (cr): 3429 (w), 3058 (W), 2954 (vw), V1-07 Loaa() VA0S 1800(3)
2920 (vw), 2807 (w), 1627 (w), 1467 (m), 1182 (w), 1053 (vw), 970 V1-08 1.953(4) V5(V5i-06 1.605(4)
(vw), 793 (vw), 642 (m), 582 (w).1(NH,) Yield: 65%. Anal. Calcd V1-09 1.955(3)
for CsgHgsNO19Ve: C, 49.2; H, 6.01; N, 1.01; V, 22.0. Found: C, 49.0; V1---V2 4.426(1) V2--V4 _ 3.294(1)
H, 5.92; N, 0.99; V, 21.8. IR (cm}): 3429 (w), 3058 (w), 2954 (vw), V1--V3 3.182(1) V2:-V5(V5i) 3.294(1)

V1--V4 3.162(1) V3--V4 4.715(1)
2920 (vw), 2807 (w), 1627 (w), 1467 (m), 1182 (w), 1053 (vw), 970 _ .
V1--V5(V5i) 3.172(1) V3--V5(V5i) 3.335(1)

(vw), 793 (vw), 642 (m), 582 (w). _ V23 3.299(1) VA4-V/5(V5i) 3.332(1)

X-ray Crystallography. Data Collection. Processing of the data V1-07-V3 105.4(2) V2-01-V3 87.6(1)
was performed by the KappaCCD analysis softwéteBhe lattice V1-08-V4 103.7(2) V2-01-V4 88.1(1)
constants were refined by least-square refinement using 3883 reflections V1-09-V5 104.2(1) V2-01-V5 87.8(1)
(0° < 6 < 27.9), 4100 reflections (0 < 6 < 27.F) and 4938 Xi’Sﬂi 51;;92-32(2) \\;4}_814?32 ﬂgg(g)
reflections (0 < 6 < 25.7) for compounds (cat)[¥V'"VsOs- V1:01:V5 92'28 V3—01—:/4 175'78
(OCHg)g(calix)(CHsOH)] (1.cat), respectively, with cat EtyNT, NH,4, V1-01-V4 92:2(2) V3-01-V5 89.6(1)
PyH?", EtNH™. No absorption correction was applied to the data sets.  v2—-010-Vv3 111.9(2) V4-01-V5 90.2(1)

Structure Solution and Refinement.(cat) [V"'V/!Vs0s(OCHg)g(calix)- V2-012-V4 110.6(2) V5-01—V5i 175.5(2)
(CHsOH)] (cat= EuN*, NH4*, EtNH) crystallize in the monoclinic V2—-011-V5 110.7(2)

system and according to the observed systematic extinctions, the
structures have been solved in B2/m space group (No. 12). (PyH)-
[V'"V/V506(OCHg)g(calix)(CHsOH)] (1.PyH) crystallizes also in the
monoclinic system with close crystal cell parameters but according to
the observed systematic extinction, the structure was solved i2iie
space group (No. 14). All structures were solved by direct methods
using the SIR97 prografhcombined to Fourier difference syntheses
and refined againsE using reflections with Ifo(l) > 3] with the
CRYSTALS progranf? All atomic displacements parameters for non-
hydrogen atoms havg been refined with anlsot_roplc terms. The hyqro"qendeterminant calculations were performed by means of the Gaussian 03
atoms were theoretically located on the basis of the conformation of e . - . . .

: ) . packagé® within the spin-unrestricted formalism using the tight SCF
the supporting atom. Table 1 summarizes the crystallographic data and L .

. . _ . T N convergence criteria to ensure sufficiently well converged values for

refinement details forl.cat (cat= EUN®, NHg*, PyH', EGNH"). the high spin (HS) and broken symmetry (BS) state energies. The hybrid
Selected bond lengths and angles are given in Table 2.EiN and gnsp 4 Y gies. y

in Supporting Information Tables $52 for 1.Et,NH, 1.NH,4, and (65) Noodleman, LJ. Chem. Phys1981 74, 5737-5743.
1.PyH. (66) Noodleman, L.; Case, D. Adv. Inorg. Chem.1992 38, 423-470.
: : ; ; (67) Noodleman, L.; Dawdson E. Rhem. Phys. Lett1986 109 131.
Magnetic Measurements.The magnetic studies were carried out Noodleman. L.: Norman, J. G., Jd..Chem. Physl979 70, 4903-4906.
using a Quantum Design SQUID magnetometer on freshly made (69) Caballol, R.: Castell, O.: llias, F.; Moreira, P. R.; Malrieu, JJPPhys.

68)
)
samples kept under ayMtmosphere in a PTFE capsule. The magnetic Chem. A1997, 101 7860-7866.
P P & P p 9 (70) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany, P.Comp. Chem1999 20,
)

aSymmetry code: (ix, —Y, z

susceptibilities were measured from 2 to 300 K in an applied field of

5 kOe. The magnetization was measured at @ &rK in the 6-55

kOe range. The data were corrected for diamagnetism of the sample

holder and of the constituent atoms using Pascal’s constants.
Computational Details. The exchange parameters were estimated

using the DFT-broken symmetry approach developed by Noodleman

et al% %8 as already described in the literatGfe’ All single-

1391-1400.
(62) Nonius Kappa CCD Program Package: COLLECT, DENZO, SCALEPACK, (71) Soda, T.; Kitagawa, Y.; Onishi, T.; Takano, Y.; Shigeta, Y.; Nagao, H.;
SORTAVY Nonius B. V.: Delft, The Netherlands. 1999. Yoshloka Y.; Yamaguchl KChem. Phys. LetQOOQ 319 223-230 and
(63) Cascarano, G.; Altomare, A.; Giacovazzo, C.; Guagliardi, A.; Moliterni, references therein.
A. G. G,; Siligi, D.; Burla, M. C.; Polidori, G.; Camalli, MActa Crystallogr. (72) Ruiz, E.; Rodriguez-Fortea, A.; Cano, J.; Alvarez, S.; Alemany, €omp.
1996 A52 C-79. Chem.2003 24, 982-989.
(64) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, PORISTAL (73) Bencini, A.; Totti, F.Int. J. Quantum Chen200Q 101, 819-825.
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B3LYP exchange-correlation functiori&’® was used, in conjunction

with the contracted all-electron Gaussian basis sets reported by Ahlrichs

et al’®®0n the vanadium and oxygen atoms, the triplealence basis
sets extended by one polarization function (p-function for V, d-function

for O) were used (TZVP). The carbon and hydrogen atoms were
described by slightly smaller polarized split-valence SVP basis sets

that are of doublé- quality in the valence region and contain one
polarization function (d-function for C, p-function for H). The X-ray

geometry was used throughout the calculations. The influence of the

nonorthogonality of the computed single determinants®nivalues
and on J values was estimated by using the following criteria: (i)
deviation of the compute® s and [$’(3s values from those derived
using the ClebschGordan algebra and (ii) compatibility of all possible
equations forJ values derived for the orthogonal set of single

determinants with the computed HS and BS state energies. Some details

about the origin of the nonorthogonality problem are given in ref 74.
Results and Discussion

Synthesis.The (cat) [V!'V!Vs0g(OMe)g(calix)(MeOH)] (cat
= EuN, NH4, EtsNH, pyH) compounds were synthesized by
solvothermal synthesis under anaerobic conditions gfsho-
sphere) in methanol by reacting VO$W®ith p-tert-butylcalix-
[4]arene (calix) in presence of a bases(EDH, NH,OH, E&N,

pyridine). Whatever the base used in the reaction, we obtained

the same [{]~ anionic complex
[V'"VIV50s(OMe)g(calix)(MeOH)I™ (1) is charge balanced

by a cation (cat) issued from the base (eaEuN, NH,, Ets-

NH, pyH). As reported elsewhere thé'\walence state obtained

Figure 1. Molecular structure of. For clarity, H atoms have been omitted,

here has to be ascribed to the solvothermal method that tendsand thermal ellipsoids (30% probability) are only drawn for the V and O

to stabilize the low valence stat@s3>81.82

Description of the Structure. All compounds are made of
[V 606(OCHg)g(calix)(CHsOH)]~ anion () plus cations (cat
EuN*, NH ™, ENHT, pyH™). The crystal structures established
from single-crystal X-ray diffraction show that tH8/O1q}
vanadium framework of the cluster exhibits the so-called
Lindqvist structure with a capping macrocycle (Figure 1).

The{Ve} octahedron comprises eight-oxygen ions from

the methoxo groups and four from the phenoxo groups of the

atoms.

Table 3. Bond Valence Sum (BVS) Calculations for 1.Et,N84-86

Vi 3.03
V2 3.89
V3 4.01
V4 4.03
V5 4.02

capping calix[4]arene. The six vanadium ions are linked together (BVS) calculation¥ 2 were performed. For five of the

by a centrajug-O?" ion (O1). In contrast with other hexavana-
dated%42there are only five vanadyl groups in a syn-coplanar
conformatios® (V2, V3, V4, V5, V5i), easily identified by the
characteristic short %O distances of-1.60 A as reported in
Table 2 and Table S1 (202, V3—-04, V4-05, V5-06,
V6—019). The{VVOg} octahedron are distorted because of
the short \=0 and the long ¥O1 bond lengths. Concerning
the sixth vanadium ion (V1) which is coordinated to the lower
rim of the calixarene macrocycle there is no vanadyl group.
Instead there is a coordinated methanol group-Q(H)Me)
with a longer bond length [VA03: 1.946(7)%-2.227(5) A]. It
follows that to balance the charge of the compouhddt) one
vanadium should be in thelll valence state. To further identify

vanadium ions, V2, V3, V4, V5, and V5i (or V6 fat.PyH)
the BVS calculations (Tables 3 and S3) agree withv/
oxidation states, whereas for the vanadium (V1) caped by the
calixarene macrocycle the BVS calculations (Tables 3 and S3)
indicate a+Ill oxidation state which is in good agreement with
the charge balance of the compouridsat. Some polynuclear
systems with V(I11)/V(IV) have been already report&d36.59.60
but to the best of our knowledge these compouridsaf) are
the first example of polyoxo(alkoxo)hexavanadate with the
Lindqgvist-type structure.

Magnetic Studies.As may be expected all compounds of
the series1.cat) have the same magnetic behavior as exempli-
fied for L.EyN in Figure 2. At 300 K, the product of the

the valence states of each vanadium center, bond valence sunmagnetic susceptibility with temperaturgT] is 2.60 cni K

(75) Frisch, M. J.; et alGaussian 03revision C.02; Gaussian, Inc.: Wallingford,
CT, 2004.

(76) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(77) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(78) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(79) Schafer, A.; Huber, C.; Ahlrichs, R. Chem. Phys1994 100, 5829~
5835.

(80) Schafer, A.; Horn, H.; Ahlrichs, RI. Chem. Physl992 97, 2571-2577.

(81) Kumagai, H.; Kitigawa, SChem. Lett1996 471-472.

(82) Laye, R. H.; Mclnnes, E. J. [Eur. J. Inorg. Chem2004 2811-2818.

(83) Rodriguez-Fortea, A.; Alemany, P.; Alvarez, S.; Ruiz,Har. J. Inorg.
Chem.2004 143-153.
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mol~! which is lower than the value expected for five V(I\G (
= 1/,) plus one V(lIl) 6= 1) magnetically independent (2.875
cm? K mol™1). Upon coolingy T continuously decreases to reach
a minimum at 90 K (2.17 cAK mol™1) then increases to the
maximum value of 2.74 cK mol~! at 6 K and decreases
again. The field dependence of the magnetizatio? & (inset

(84) Brese, N. E.; O'Keeffe, MActa Cryst.1991 B47, 192-197.
(85) Brown, I. D.; Altermatt, DActa Cryst.1985 B41, 244—-247.
(86) Thorp, H. H.Inorg. Chem.1992 31, 1585-1588.
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Figure 2. Temperature dependence of #eproduct and field dependence

of the magnetizationt® K (inset) for1.Eu4N. The solid lines hold for the
fitting with values discussed in the text.

Scheme 1. Magnetic Exchange Pathways in 1

11
A%

VIV

of Figure 2) reaches the maximum value of 3 at 5 T
corresponding to a spin ground st&e= 3/, or S= 2.

According to the structural parameters a@fdat) (Figure 1)
we can consider that from the magnetic point of view there are
only three different vanadiunCy symmetry): (a) the terminal
V() (V1 with spin Sy), (b) the four equatorial V(IV) [V3,
V4, V5, V5i, (or V6) with spinSs, S, S5, and Ssi (or Sg),
respectively], and (c) the terminal V(IV) (V2 with). Con-
sidering the V--V distances (Table 2), this leads to five possible
magnetic exchange couplings (Schemed,)between the V(lII)
(V1) and the equatorial V(IV) (V3, V4, V5, V5i, or V6 mean
V-V distance= 3.17 A); J, between next neighbor of the
equatorial V(IV) (mean V--V distance= 3.3 A]; J; between
the terminal V(IV) and the equatorial V(IV) (mean-\W
distance= 3.29 A); J, between the V(lIl) (V1) and the terminal
vanadium V(IV) through the central oxygen-O1 (V1---V2
distance= 4.43 A); andJs between next next neighbor of the
equatorial V(IV) through the central oxyger-O1l (mean V
.-V distance= 4.71 A). The corresponding spin Hamiltonian
may thus be written as follow:

=255 +85+ 55+ 55) - 2,65+
S5, + 5,5 + SA5|SA3) - 2‘]3(5335 +S5, "‘: SAZSS "’: N
SS5) — 21,(S,S) — 2X(S5, + SS5)

Straightforward running of the MAGPACK fitting proceddré&®
to describe the magnetic data with this Hamiltonian led to

several mathematically satisfactory but contradicting sets of

constants we thus investigated the magnetic interactions through
DFT calculations.

DFT Calculations: DFT study of the exchange coupling was
carried out on clustefl with structural parameters found in
compoundl.Et4N. The goal was to assess the relative impor-
tance of the exchange pathways and to figure out the dominant
exchange interactions. To simplify calculations, teeg-butyl
groups of the calixarene macrocycle were replaced by hydrogen
atoms. As usual in the DFT-broken symmetry approach the
single-determinant states representing different spin configura-
tions were computed, namely the high-spin (HS) state with the
total spinS = 7/, and the broken-symmetry (BS) states. The
spin density distribution computed from the unrestricted HS
solution (see Figure S1 of Supporting Information) clearly
indicates that all seven d-electrons are completely trapped, in
agreement with the experimental observation. The spin density
is concentrated on the metal ions; the contributions from the
V(IV) centers are g in character, while the two magnetic
electrons on the V(Ill) center occupy its.énd g, orbitals&
Apparently, the formation of the relatively short bond between
V(IIl) site and central oxygen atom results in the destabilization
of the dy orbital on the corresponding metal ion. The unre-
stricted HS solution is a good representation of the octet state,
the computed®?[value (15.82) is close to the expectation value
for the pureS = 7/, state (15.75).

The HS and 31 BS single determinants computedlfare
reported in Table S4. The remaining 32 microstates are simply
spin-reversed counterparts of those listed in the table and we
do not consider them. From Table S4 one can see that the single-
determinantt$?Cvalues are not significantly affected by the
nonorthogonality problem inherent in the computational pro-
cedure, the computed values are close to the expected ones.
The diagonal matrix elements of the model spin Hamiltonian
associated with the computed single-determinant energies are
listed in Table S5. As one can see, the diagonal matrix elements
are given by the same expression for the states that are
equivalent under the symmetry imposed by the Hamiltonian.
From Table S5 one can obtain different equations expressing
the differences in energy between two single determinants as
functions ofJ values. Six different sets of five equations were
considered to test the consistency of these equations with the
computed HS and BS state energies. Since the crystal structure
of 1 was found to possess a lower symmetry, the average of
the computed BS state energies was used for the energy of the
single-determinant states that should be degenerate in the
idealized system having the square equatorial unit. The average
Jvalues and their standard deviations dre= 2.0(1) cn1?, J,
= —17.6(2) cm?, J3 = —67.6(2) cm?, J, = 5.5(3) cm'?, Js
= 0.5(6) cntl. Apparently, the influence of the single-
determinant nonorthogonality ok values can be considered
negligible for1l.

Let us consider in detail the calculated values of exchange
coupling constants. As expected, the exchange couplings are
weak in the diagonal pairs, where the metal centers are well
separated by 4.43 and 4.71 A fiyandJs exchange pathways,
respectively, and appeared to be of ferromagnetic nature. The

exchange parameters. To find a reasonable set of couplingimeric units comprising the-OMe bridges display a difference

(87) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, B.
S. Inorg. Chem.1999 38, 6081-6088.

(88) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat,
B. S.J. Comput. Chen001, 22, 985-991.

(89) A local coordinate frame with theandy axes pointing toward the bridging
oxygen atoms, and theaxis directed along the V202 (or V1-03) bond
is considered.
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Scheme 2. Magnetic Orbital Orientations for Different Vanadium

o attributed to the presence, in our case, of mixed oxo-alkoxo
alrs

bridges.

Interestingly, in contrast with all our previous attempts when
we input these computed exchange parameters in the MAG-
PACK packag®-2 we obtained a very good agreement with
the experimental magnetic susceptibility data without any fitting
procedure if we consideg = 2 and aymp = 0.74 102 emu
mol~1 (Figure 2). Ag = 2 may seem surprising considering
the anisotropic contribution generally accounted for from the
V(I11). 9298 However, such a value was also found for other
V(111,IV) mixed-valence polynuclear systemi%>The relatively
high y1ip value used in the simulations is in the range of those
encountered in mixed-valence V(lII,1V) open-framework struc-
tures £0.8 1072 emu mot?),%4 [V 14Ge04,S6] 2~ clusters (5.5
1072 emu mof™1),% in vanadium oxide YOs xerogels (0.3
in the strength and sign of exchange. In V(W(IV) units, 8.5 10 emu mol?),% and in TIVs-,Cr,Sg materials (0.3-
the metal centers are coupled antiferromagnetically; the coupling 10.5 10 emu mot™).97
is stronger in the case of smaller intermetal separation (3.33 A Thus, we can suppose that our DFT-based estimations of
for J, and 3.29 A forJs) in agreement with previous results on  exchange parameters, as well as the earlier predictions of the
syn-coplanar conformatio®.In V(lll) —V(IV) units, the cou- ferromagnetic coupling in the system with four magnetic
pling is ferromagnetic but weak despite the shortV distance electrons}® are reliable. Although, the description of the
(3.17 A). One can try to rationalize these results by considering magnetization data is less satisfactory (Figure 2), we must note
the mixed oxo- and alkoxo-bridged dimeric units within the that this dependence is very sensitive to the energy gap between
Kahn—Briat model?®°1 This model relates the antiferromagnetic the ground and first excited states, which is found with
contribution of the exchange coupling constant between two calculated parameters at just about 2 énand the presence of
paramagnetic centers (A and B) with the overlap between intermolecular interactions. In previously reported V(III,1V)
“magnetic orbitals”, that is, the orbitals of the two localized mixed-valence clusters, the V(I#)V(IV) couplings were found
A—X and X—B fragments (if a simple AX—B system is antiferromagnetic and generally stro#¢?%° For example in
considered) bearing the unpaired electrons. Scheme 2 showg(V'VO)sV" ;] all magnetic interactions were found antiferro-
the metal components of the two magnetic orbitals for both magnetic, with a V(IV)--V(lll) exchange constant 6f 39 cnr?!
V(1) =V(IV) and V(IV) —V(IV) dimeric units. In V(IIl)—=V(IV) [H = —2J)(5,8,)] related to a V(IV)--V(lIl) distance of 3.68 A
pairs, the bridging angle (YO1-V) is close to 90 (Table 2), and a V(IV)}-O-V(lll) angle of 128. In 1, this exchange is
and these orbitals are composed of pure 3d vanadium orbitals found ferromagnetic (2.0 and 5.5 ci) with a V(IV)-+-V(llI)
dA{dy) on V(IlI) and dyy on V(IV). One can see that the distance of 3.17 A and V(IBO—V(IV) angles of ~104
d-orbitals on the vanadium centers are orthogonal to each otherthrough the phenoxo-groups of the calixarene &8@° through
Thus, one can expect that the antiferromagnetic term in the the us-O1 central ion (Table 2). Therefore, the ferromagnetic
expression fo vanishes because of the orthogonality of the character of the V(I\V}-V(Ill) found in 1 may be due to the
“magnetic orbitals” imposed by the polyoxometalate architec- shortest distance between the vanadium ions and the smallest
ture. Apparently, the coupling is weak because the orbital V—O—V angle values with one almost orthogonal.
orientation is not optimal for the ferroexchange. In VAR (IV) _
units, the g orbitals on the vanadium centers are also orthogonal Conclusions

to each other. However the magnetic electrons were found to  \ye have reported in this paper a series of compounds (cat)-

be coupled antiferromagnetically. This has to be compared with [V 606(OCHy)g(calix)(CHsOH)] which were obtained under

V mi R _ - . . .
our rcfcent study of ¥/V¥ mixed-valence alkoxo-polyoxovana-  anaerobic conditions and a solvothermal method when reacting
dat€“ comprising the same type of hexanuclear vanadium core VOSOs with p-tertbutylcalix[4]arene (calix) in methanol.

but having only four unpaired electrons (four V(IV) and tWo  ¢jster1 may be obtained starting from other oxovanadium-

V(V)). In that case the coupling within the V(IAV(IV) (IV) salts and the final compoundLgat) always incorporate
dimeric units is ferromagnetic, whereas both systems were .,iions (cat) that are the conjugated acid of the base used in
studied applying exactly the same computational procedure. o reaction. Whereas some V(IIV(IV) compounds have

Then, it follows that the exchange coupling within a dimeric geaqy been reported, clusteris the first polyoxovanadate-
unit depends on the overall number of magnetic electrons of (I, 1IV) with a Lindquist-type structure. The study of the
the system. The dimeric fragments within a polynuclear

o1 o1

xz (y2)

RO

J2: VL, -V,

N VAV

framework cannot be treated as independent units. Our calcula-
tions show that the addition of the three extra electrons changes

even the sign of exchange within the same dimeric unit. It also

means that the magnetostructural correlations encountered in94) Laye

vanadium oxo-dimef8 cannot be directly applied to polynuclear

architectures. Of course, the differences can also be partly

(90) Kahn, O.; Briat, BJ. Chem. Soc. Trand976 72, 1441-1446.
(91) Kahn, O.; Briat, BJ. Chem. Soc. Trand976 72, 268-281.
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(92) Beaulac, R.; Tregenna-Piggott, P. L. W.; Barra, A.-L.; Weihe, H.; Luneau,
D.; Reber, CInorg. Chem.2006 45, 3399-3407.
(93) Treggena-Piggott, P. L. W.; Weihe, H.; Bendix, J.; Barra, A.-L:d&u
H. U. Inorg. Chem.1999 38, 5928-5929.
, R. H.; Murrie, M.; Ochsenbein, S.; Bell, A. R.; Teat, S. J.; Raftery,
.; Gudel, H.-U.; Mclnnes, E. J. LChem—Eur. J.2003 9, 6215-6220.
(95) Pitzschke, D.; Wang, J.; Hoffmann, R. D’it@en, R.; Bensch, WAngew.
Chem., Int. Ed2006 45, 1305-1308.
(96) Liu, Y.-J.; Cowen, J. A.; Kaplan, T. A.; DeGroot, D. C.; Schindler, J.;
Kannewurf, C. R.; Kanatzidis, M. GChem. Mater1995 7, 1616-1624.
(97) Bensch, W.; Wmer, E.; Tuczek, FMater. Res. Bull1995 30, 1065~
1074.
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magnetic behavior shows that the V(PV(Ill) magnetic 09385-C03). The Laboratoire des Multimaseix et Interfaces
interactions are ferromagnetic (2.0 and 5.5 ¢mMoreover it (UMR 5615) at UniversiteClaude Bernard Lyonl and the
is the only example of polyoxovanadate coordinated to a Laboratoire de Chimie (UMR 5182) at Ecole Normale Su-
calixarene macrocycle. Thus this novel family of polyoxovana- p&ieure de Lyon are members of the Institut de Chimie de Lyon.
dates is interesting both from the magnetic point of view but

also for other fields such as catalysis. The synthesis of similar . Support_mg _Informanon Available: C omplete-_ ref 75. Selected
clusters with larger calixarene macrocycles is under progress interatomic distances (A), selected interatomic angles (deg), and
9 y ‘BVS calculation for all compounds are given in Table S1, Table
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