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Metalation of the monomethoxycalix[4]arene [p-But-calix[4]-(OMe)(OH)3], 1, using [VMes3‚THF] led to the
coordinatively unsaturated VIII -d2 fragment [p-But-calix[4]-(OMe)(O)3V] collapsing to the dimer [{µ-p-But-calix-
[4]-(OMe)(O)3}V]2, 2, where each calix[4]arene shares a bridging oxygen donor atom. The dimeric complexity
remains intact in the reaction with ButNC and PhCN, which bond to the metal inside the cavity of the calix[4]-
arene leading to [{µ-p-But-calix[4]-(OMe)(O)3}(V-L)]2 [L ) ButNC, 3; L ) PhCN,4]. In contrast, the reaction
of 2 with pyridine and 4,4′-dipyridyl cleaves the dimeric form into a monomeric complex [{µ-p-But-calix[4]-
(OMe)(O)3}V(Py)], 5, or to a different dimer containing a bridging 4,4′-dipyridyl, [{p-But-calix[4]-(OMe)(O)3}2V2-
(µ-4,4′-dipyridyl)], 6. Complex2 undergoes one electron oxidation by I2 to the corresponding vanadium(IV)
dimer [{µ-p-But-calix[4]-(O)4}2V2], 7, and byp-benzoquinone to [{p-But-calix[4]-(OMe)(O)3}V]2(µ-C6H4O2), 8.
A two-electron oxidation of the VIII -d2 to vanadium(V) derivatives has been achieved using styrene epoxide and
diphenyldiazomethane. In the former case the oxovanadium(V) derivative was obtained [p-But-calix[4]-(OMe)-
(O)3VdO], 9, and in the latter case a metallahydrazone complex [p-But-calix[4]-(OMe)(O)3VtNsNdCPh2],
10. The dimeric d2 and d1 derivatives display significant antiferromagnetic couplings between the two metal
centers, namely as follows:2, J ) -74.6 cm-1; 3, J ) -17 cm-1; 4, J ) -33.4 cm-1; 7, J ) -131.7 cm-1. The
extended Hu¨ckel calculations gave an appropriate picture of the two-electron reduction of the diphenyldiazomethane
substrate. The proposed structures have been supported by X-ray analyses on3, 7, 9, and10.

Introduction

The generation of electron-rich metals over a quasiplanar
binding surface made up exclusively of oxygen donor atoms
would allow us to mimic rather closely the topology and the
activity of heterogeneous metal oxide surfaces.1,2 Our recent
molecular approach in this field used a preorganized O4 set of
donor atoms derived from the deprotonated form of calix[4]-
arene3 and its alkylated derivatives.4 A parallel and quite
significant molecular approach for mimicking an oxo surface

has been made by Feher, who used silsesquioxanes as ancillary
ligands to better understand the nature of the active silica-
supported metal and, in particular, vanadium species.5 The two
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general synthetic procedures for the generation of electron-rich
metals bonded to the calix[4]arene skeleton are (i) the metalation
followed by the reduction of high valent metals and (ii) the
direct metalation using organometallic precursors, such as
homoleptic alkyl or aryl compounds. The latter methodology,
avoiding the presence of halide anions derived from metathesis
reaction, is also more appropriate for the generation of coor-
dinatively unsaturated metals. The purpose of the work presented
in this paper is to generate a VIII -d2 on top of an O4 set of oxygen
donor atoms derived from a calix[4]arene skeleton. In this regard
we found recently that d2 and d3 metallacalix[4]arene fragments
are particularly suitable for assisting hydrocarbon rearrangements4h

and dinitrogen reduction4g and for managing the chemistry of
MsC, MdC, and MtC functionalities.4a-k We have recently
reported the chemistry of the vanadium-carbon bond function-
alities over an oxo surface defined by the calix[4]arene skeleton,
in particular the dimethoxycalix[4]arene dianion.6 We report
here the generation of a d2-vanadium(III) coordinatively unsat-
urated species bonded to the monomethoxycalix[4]arene trianion
(A) (Chart 1) and its oxidations to vanadium(IV) and vanadium-
(V). The chemical studies have been completed by a detailed
magnetic analysis of the vanadium(III) and vanadium(IV) dimers
and by an extended Hu¨ckel analysis.

Experimental Section

General Procedure. All reactions were carried out under an
atmosphere of purified nitrogen. Solvents were dried and distilled before
use by standard methods. Infrared spectra were recorded with a Perkin-
Elmer FT 1600 spectrophotometer, and NMR spectra on AC-200E and
DPX-400 Bruker instruments. Magnetic susceptibility measurements
were made on an MPMS5 SQUID susceptometer (Quantum Design
Inc.), operating at a magnetic field strength of 1 kOe. Corrections were
applied for diamagnetism calculated from Pascal constants.7 Effective
magnetic moments were calculated asµeff ) 2.828(øV T)1/2, whereøV

is the magnetic susceptibility per vanadium. Fitting of the magnetic
data to the theoretical expression was performed by minimizing the
agreement factor, defined as

by a Levenberg-Marquardt routine. The syntheses of14i and [VMes3‚
THF]8 were carried out as reported elsewhere.

Synthesis of 2. 1(6.9 g, 10.4 mmol) was added to a blue THF (200
mL) solution of [VMes3‚THF]8 (5.25 g, 10.50 mmol) at-20 °C. The
solution was stirred for 2 h at room temperature and gave a green
microcrystalline precipitate which was collected (6.4 g, 72%). Anal.
Calcd for2‚4THF, C106H142O12V2: C, 74.43; H, 8.38. Found: C, 74.27;
H, 8.51.

Synthesis of 3.ButNC (0.146 g, 1.75 mmol) was added to a green
THF (200 mL) suspension of2‚4THF (1.5 g, 0.875 mmol). The
suspension was stirred for 12 h at room temperature. A light-brown
microcrystalline solid was obtained, which was filtered out and collected
(1.22 g, 78%). Anal. Calcd for3‚4THF, C116H160N2O12V2: C, 74.24;
H, 8.61; N, 1.49. Found: C, 74.35; H, 8.54; N, 1.29. IR (Nujol,νmax/
cm-1): 2197. Crystals suitable for X-ray analysis were grown from a
toluene solution and contain toluene of crystallization.

Synthesis of 4.PhCN (0.18 g, 1.75 mmol) was added to a green
THF (200 mL) suspension of2‚4THF (1.5 g, 0.875 mmol). After a
few hours a microcrystalline gray solid was obtained, which was
filtered out and collected (1.21 g, 71%). Anal. Calcd for4‚4THF,
C120H152N2O12V2: C, 75.19; H, 8.01; N, 1.46. Found: C, 75.42; H,
7.98; N, 1.5. IR (Nujol,νmax/cm-1): 1596 (m), 2274 (m-s).

Synthesis of 5.Pyridine (20 mL) was added to a green THF (120
mL) suspension of2‚4THF (1.1 g, 0.64 mmol). After 1 h, the green
suspension turned orange and a yellow-orange solid was collected (0.5
g, 81%). Anal. Calcd for5‚2THF‚0.5Py, C60.5H77.5N1.5O6V: C, 74.72;
H, 7.97; N, 2.16. Found: C, 74.61; H, 7.87; N, 2.04.µeff ) 3.35µB at
298 K.

Synthesis of 6.4,4′-Dipyridyl (0.29 g, 1.84 mmol) was added to a
THF (200 mL) suspension of2‚4THF (1.58 g, 0.92 mmol). The
suspension immediately turned red. After 12 h, a red microcrystalline
solid was collected (1.10 g, 64%). Anal. Calcd for6‚4THF,
C116H150N2O12V2: C, 74.63; H, 8.12; N, 1.50. Found: C, 74.38; H,
7.86; N, 1.49.µeff ) 3.15 µB at 298 K per vanadium.

Synthesis of 7.A THF solution (20 mL) of I2 (0.19 g, 0.75 mmol)
was added dropwise to a green THF suspension (200 mL) of2‚4THF
(1.28 g, 0.75 mmol) at room temperature. After 12 h of stirring, the
solvent was removed in vacuo, and the red residue was extracted with
n-hexane (150 mL). Deep-red crystals of the complex were obtained
from then-hexane solution (0.80 g, 70%). Anal. Calcd for7‚3C6H14,
C106H146O8V2, C, 76.92; H, 8.95. Found: C, 77.18; H, 8.85. A sample
of the crude of the reaction was analyzed by CG-MS: CH3I was
identified.

Synthesis of 8.p-Benzoquinone (0.082 g, 0.76 mmol) was added
to a green THF (200 mL) suspension of2‚4THF (1.3 g, 0.76 mmol).
The suspension immediately became a dark solution. Volatiles were
removed in vacuo.n-Hexane (50 mL) was added to the dark red residue
that was then collected as a brick red powder (0.9 g, 76%). Anal. Calcd
for 8, C96H120O12V2: C, 75.06; H, 7.09. Found: C, 75.13; H, 7.25.µeff

) 1.75 µB at 298 K per vanadium.
Synthesis of 9.Styrene oxide (0.162 g, 1.35 mmol) was added to a

green THF suspension of2‚4THF (1.54 g, 0.675 mmol). The green
suspension was refluxed for 12 h, and a dark solution was obtained.
Volatiles were removed in vacuo. The brown solid was washed with
n-hexane (60 mL) and collected as a brown powder (0.8 g, 82%). Anal.
Calcd for9, C45H55O5V: C, 74.38; H, 7.57. Found: C, 74.61; H, 7.92.
1H NMR (C6D6, 298 K, ppm): 7.18 (d, 2H,J ) 2.44 Hz, CHarom);
7.15 (d, 2H,J ) 2.44 Hz, CHarom); 6.86 (s, 2H, CHarom); 6.85 (s, 2H,
CHarom); 4.73 (d, 2H,J ) 12.68 Hz, CH2-calix); 4.27 (d, 2H,J ) 12.68
Hz, CH2-calix); 3.87 (s, 3H, OCH3); 3.16 (d, 2H,J ) 12.68 Hz, CH2-
calix); 3.12 (d, 2H,J ) 12.68 Hz, CH2-calix); 1.37 (s, 18H, But); 0.98
(s, 9H, But); 0.72 (s, 9H, But). ν(VdO, Nujol): 1026 cm-1. Crystals
were grown in a saturated solution of THF/Et2O and contain THF and
Et2O of crystallization.

Synthesis of 10.Ph2CN2 (0.40 g, 2.08 mmol) was added to a THF
(120 mL) green suspension of2‚4THF (1.78 g, 1.04 mmol). After a
few hours a dark solution was obtained. Volatiles were removed in
vacuo. The dark residue was washed with pentane (60 mL) and collected
as a black microcrystalline solid (1.3 g, 69%). Anal. Calcd for10,
C58H65N2O4V: C, 76.95; H, 7.25; N, 3.09. Found: C, 77.38; H, 7.74;
N, 2.87.1H NMR (C6D6, 298 K, ppm): 8.07 (bs, 2H, arom); 7.62 (bs,
2H, arom); 7.23 (s, 4H, arom); 7.14 (m, 6H, arom); 6.94 (s, 2H, arom);
6.90 (s, 2H, arom); 4.79 (d, 2H,J ) 12.2 Hz, CH2-calix); 4.50 (d, 2H,
J ) 12.2 Hz, CH2-calix); 4.25 (s, 3H, OCH3); 3.27 (d, 2H,J ) 12.2
Hz, CH2-calix); 3.26 (d, 2H,J ) 12.2 Hz, CH2-calix); 1.41 (s, 18H,
But-calix); 0.84 (s, 9H,; But-calix); 0.75 (s, 9H, But-calix). Crystals
suitable for X-ray analysis were obtained from a diluted pentane solution
and contain pentane of crystallization.

(6) Castellano, B.; Solari, E.; Floriani, C.; Re, N.; Chiesi-Villa, A.; Rizzoli,
C. Organometallics1998, 17, 2328.
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(8) (a) Vivanco, M.; Ruiz, X.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C.
Organometallics1993, 12, 1794. (b) Vivanco, M.; Ruiz, X.; Floriani,
C.; Chiesi-Villa, A.; Rizzoli, C.Organometallics1993, 12, 1802. (c)
Ruiz, X.; Vivanco, M.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C.
Organometallics1993, 12, 1811.
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X-ray Crystallography for Complexes 3, 7, 9, and 10.Crystals
of 3, 7, 9, and10 were mounted in glass capillaries and sealed under
nitrogen. Crystal data and structure refinement details are listed in Table
1. Diffraction data for complex3 and 7 were collected at 143 K on
Rigaku AFC6S and AFC7S four-circle diffractometers, respectively,
and then processed with teXsan for Windows release 1.0.1 (Molecular
Structure Corp., a Rigaku Company, 3200 Research Forest Drive, The
Woodlands, TX 77381-4238, 1997). Data for complex9 were collected
on a KUMA CCD at 143 K and then reduced with the use of
KUMARED release 1.4.8 (Kuma Diffraction Instruments GmbH, PSE-
EPFL module 3.4, CH-1015, Lausanne, Switzerland, 1998). Data for
complex 10 were collected on a mar345 area detector and then
processed with marHKL release 1.9.1.9 No absorption correction was
applied to any data set. The structures were solved by direct methods
with the program SHELXS 97.10 The refinement was carried out by
full-matrix-block least squares onF2 with all non-H atoms (except the
carbon atoms belonging to the toluene molecule for3, half-hexane
molecule for7, and the solvent molecules which are present in10)
and refined anisotropically using the program SHELXL-97-2 PC
version.11 Hydrogen atoms (CH3 hydrogens and solvent hydrogens,
when present) were placed in calculated positions using the “riding
model”, with a common isotropic displacement parameter (Uiso ) 0.08
Å2), while aromatic and CH2 hydrogens were allowed to ride on the
parent carbon atom withUiso ) 1.2Ueq(C). In the last stage of refinement
the weighting scheme adopted [1/(σ2(Fo

2) + (aP)2 + bP, whereP )
(Fo

2+2Fc
2)/3] gave the following result fora and b, respectively:

0.1792, 0.0000,3; 0.0802, 20.0314,7; 0.1105, 25.8534,9; 0.1450,
0.0000,10. The most relevant difficulties in the refinement of all the
structures dealt with the presence of some solvent molecules that
appeared to be affected by some disorder. Therefore some restraints/
constrains were applied. In complex3, the toluene ring was fitted to a
regular hexagon and assumed to be isotropic; absorption correction was
not applied because the best result was achieved using the raw data. In
complex7, the half-hexane molecule that lies on an crystallographic
inversion center was assumed to be isotropic. In complex9, hydrogens
were not localized on the half-ether molecule lying on a 3-fold axis.
In complex10, the solvent was assumed to be isotropic and hydrogens
were not placed on it. The final difference maps showed some electron
density peaks, mostly close to the disordered solvent. Molecular
graphics were done by XP.12 Material for publication has been prepared

with XCIF included in the SHELXTL software package13 while
geometrical calculations have been performed with SHELXL-97-2 PC
version.11 Final atomic coordinates for all atoms, thermal parameters,
and bond distances and angles are listed in Tables S1-S20.14 Ordering
information is given on any current masthead page.

Results and Discussion

Chemical Studies.The bonding of a d2-vanadium(III) to a
calix[4]arene oxo surface was achieved reacting [VMes3‚thf]8

with 14i (Scheme 1). In the absence of any coordinating solvent,
the reaction led to a dimer, where vanadium(III) achieves
pentacoordination. The dimeric nature of2 is supported by its
magnetic behavior (see below), showing an antiferromagnetic
coupling. The atom connectivity should not be much different
from the solvated forms3 and4 obtained from2 upon reaction

(9) Otwinowski, Z.; Minor, W. InMethods in Enzymology, Volume 276:
Macromolecular Crystallography; Carter, C. W., Jr., Sweet, R. M.,
Eds.; Academic: New York, 1997; Part A, pp 307-326.

(10) Sheldrick, G. M.Acta Crystallogr., Sect. A: Cryst. Phys,. Diffr., Theor.
Gen. Crystallogr. 1990, A46, 467.

(11) Sheldrick, G. M.Program for the Refinement of Crystal Structures;
University of Göttingen: Göttingen, Germany, 1998.

(12) Interactive Molecular Graphics, release 5.1, Bruker AXS, Inc.,
Madison, WI 53719, 1998.

(13) Bruker AXS, Inc., Madison, WI 53719, 1997.
(14) See paragraph at the end of paper regarding Supporting Information.

Table 1. Crystal Data and Structure Refinement for3, 7, 9, and10

3 7 9 10

formula C100H128N2O8V2‚2C7H8 C88H104O8V2‚3C6H14 C45H55O5V‚2C4H8O‚1/6C4H10O C58H65N2O4V‚3/2C5H12

fw 1772.19 1650.11 883.39 1013.28
T, K 143 143 143 190
λ, Å 1.541 78 0.710 73 0.710 73 0.710 70
cryst system triclinic triclinic rhombohedral monoclinic
space group P1h P1h R3h P21/n
a, Å 14.061(3) 12.639(3) 22.606(2) 12.563(3)
b, Å 14.676(3) 13.486(3) 22.606(2) 25.946(5)
c, Å 12.869(3) 15.108(3) 22.606(2) 18.535(4)
R, deg 100.21(3) 77.75(3) 113.152(10) 90
â, deg 90.95(3) 72.24(3) 113.152(10) 94.86(3)
γ, deg 70.96(3) 84.56(3) 113.152(10) 90
V, Å3 2468.1(9) 2395.3(8) 7439.2(14) 6020(2)
Z 1 1 6 4
Dcalc, g/cm3 1.192 1.144 1.183 1.118
µ, mm-1 2.031 0.249 0.250 0.211
reflcns collcd 5662 5434 28842 14262
data/params 5306/522 5116/509 7098/572 5505/595
R1[I > 2σ(I)] 0.0860 0.0808 0.1109 0.0791
wR2 0.3519 0.2398 0.2688 0.2359

Scheme 1
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with ButNC and PhCN, respectively. Such a reaction is a valid
means to assemble the double cone structure2 in supramolecular
aggregates using guest molecules containing linear function-
alities.4i,6,15The structure of3 has been elucidated with an X-ray
analysis (see below). The magnetic properties of3 and 4 are
rather similar (see below) to those of2, thus giving a strong
support for its dimeric formulation. The preferential complex-
ation to the metal inside the cavity shows the strong bridge-
bonding mode of the calix[4]arene sharing a phenoxo oxygen.
Cleavage, however, of the dimer occurs upon reaction with
pyridine producing5. The magnetic properties of5 are in
agreement with its monomeric nature. The reaction with pyridine
suggests to us how one can bridge two vanadium(III) centers
via a ligand which can, eventually, ensure communication
between the two paramagnetic centers. The reaction of2 with
4,4′-dipyridyl led, in fact, to the formation of the dimer6 which,
however, did not show any magnetic interaction between the
two paramagnetic centers.

The redox behavior of vanadium(III) is shown in Scheme 2.
Monoelectronic oxidation has been achieved using I2 and
p-benzoquinone. In the former case, the oxidation of vanadium-
(III) to vanadium(IV) is followed by the nucleophilic displace-
ment of the methyl from the methoxy group. Such a mechanism
has been discussed in detail in some recent reports.4i,k,6 The
same compound7 has been obtained via the oxidation of [{calix-
[4]-(OMe)2(O)2}V(p-MeC6H4)] with I2.6 The vanadium(IV)
derivative 7 maintains the dimeric structure of2. Such a
structure, which has been clarified by an X-ray analysis (see
below), gives rise to a significant antiferromagnetic coupling
between the d1 configurations (see below). The reduction of
p-benzoquinone to the hydroquinone dianion in the reaction with
2 is followed by the complexation to the vanadium(IV) centers
with the cleavage of the dimeric structure and the formation of
9.16 Some preliminary X-ray and magnetic data are in agreement
with the dimeric structure, which does not show any magnetic
interaction between the two metal centers.

The vanadium(III)-d2 centers react as a metal-carbenoid with
the oxo transfer agents or diazoalkanes. In the former case, the
oxidation of 2 to the diamagnetic oxovanadium(V),9, was
achieved using the styrene oxide.8b Deoxygenation of epoxides
by low-valent metals has a number of precedents.17 The complex
was both analytically and spectroscopically characterized,
including X-ray analysis.5,18,19This type of chemical environ-
ment has been proposed for VdO in heterogeneous vanadium-
based oxidation catalysts,1 where the VdO unit is active in
oxygen transfer processes.

The reaction of2 with diphenyldiazomethane enters the game
of the d2 metals active in dinitrogen fixation and reduction.20

As a matter of fact, diazoalkane complexes have been considered
as models for the chemistry of N2 fixation.21 The four-electron
reduction of N2 to hydrazido tetraanion by a Nb(III)-calix[4]-
arene fragment4g parallels the two electron reduction of diphen-
yldiazomethane in complex10 or by some organometallic
fragments.22 The complex can be easily viewed as the conden-
sation between the ketonic-like functionality VdO in 9 and the
benzophenone hydrazone.

Structural Studies. The structures of the dimers3 and7 are
displayed in Figures 1 and 2, with the numbering scheme
reported in Chart 2. In both compounds the calix-4-arene moiety
has a similar (Table 2) cone conformation, as expected for a
hexacoordinate metal, complex3, having thetrans-L2MO4 donor
atom arrangement or for a five-coordinate metal as in complex
7. The vanadium out of the O4 plane varies from 0.003(6) in3
to 0.310(3) Å in 7. The V-O bond distances, which are
diagnostic of the electron density at the metal, decrease
remarkably (Table 3) from3 to 7 according to the increase of
the oxidation state of the metal [VIII f VIV] and the high
electronic density at the metal in the case of3, determined by
the strongσ donor ButNC. As a consequence theπ-donation to
the metal by the phenoxo group increases quite a bit moving
from 3 to 7. The other structural parameters are quite normal6

(see the Supporting Information). The structures of the two
monomeric vanadium(V) complexes are shown in Figures 3 and
4. In both complexes the metal is five-coordinate, thus maintain-
ing the calix-4-arene fragment conelike conformation (Table
2) with a slight out of the O4 plane of the metal [0.406(2),9;

(15) Zanotti-Gerosa, A.; Solari, E.; Giannini, L.; Floriani, C.; Chiesi-Villa,
A.; Rizzoli, C. Chem. Commun.1996, 119.

(16) Crystal data for8: C96H114O10V2, M ) 1529.75, triclinic, space group
P1h, a ) 13.434(15) Å,b ) 20.52(2) Å,c ) 22.12(2) Å,R ) 63.85-
(11)°, â ) 82.60(9)°, γ ) 83.98(11)°, V ) 5421(10) Å3, Z ) 2, Dcalcd
) 0.937 g/cm3, λ(Mo KR) ) 0.710 73 Å,µ(Mo KR) ) 2.18 cm-1,
final R1 and wR2 are 0.5072 and 0.8115 for 411 parameters and 9638
unique observed reflections withI > 2σ(I).

(17) (a) Hayasi, Y.; Schwartz, J.Inorg. Chem.1981, 20, 3473 and references
therein. (b) Atagi, L. M.; Over, D. E.; McAlister, D. R.; Mayer, J. M.
J. Am. Chem. Soc.1991, 113, 870 and references therein. (c) Whinnery,
L. L., Jr.; Henling, L. M.; Bercaw, J. E.J. Am. Chem. Soc.1991, 113,
7575 and references therein. (d) Ba¨ckvall, J. E.; Bökman, F.; Blomberg,
M. R. A. J. Am. Chem. Soc.1992, 114, 534.

(18) (a) Bottomley, F.; Sutin, L.AdV. Organomet. Chem.1988, 28, 339.
(b) Herrmann, W. A.Angew. Chem., Int. Ed. Engl.1988, 27, 1297.
(c) Nugent, W. A.; Mayer, J. M.Metal-Ligand Multiple Bonds;
Wiley: New York, 1988. (d) Sheldon, R. A.; Kochi, J. M.Metal-
Catalyzed Oxidations of Organic Compounds; Academic: New York,
1981. (e) Mimoun, H. InComprehensiVe Coordination Chemistry;
Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon:
Oxford, U.K., 1987; Vol. 6, Chapter 61.3, p 317.

(19) (a) Keramidas, A. D.; Miller, S. M.; Anderson, O. P.; Crans, D. C.J.
Am. Chem. Soc.1997, 119, 8091 and references therein. (b) Crans,
D. C.; Jiang, F.; Chen, J.; Anderson, O. P.; Miller, M. M.Inorg. Chem.
1997, 36, 1038.

(20) (a) Ferguson, R.; Solari, E.; Floriani, C.; Osella, D.; Ravera, M.; Re,
N.; Chiesi-Villa, A.; Rizzoli, C.J. Am. Chem. Soc.1997, 119, 10104.
(b) Laplaza, C. E.; Johnson, M. J. A.; Peters, J. C.; Odom, A. L.;
Kim, E.; Cummins, C. C.; George, G. N.; Pickering, I. J.J. Am. Chem.
Soc.1996, 118, 8623 and the exhaustive list of references therein.

(21) (a) Hidai, M.; Mizobe, Y.Chem. ReV. 1995, 95, 1115. (b) Kisch, H.;
Holzmeier, P.AdV. Organomet. Chem.1992, 34, 67. (c) Sellmann,
D. Angew. Chem., Int. Ed. Engl.1974, 13, 639. (d) Gambarotta, S.;
Floriani, C.; Chiesi-Villa, A.; Guastini, C.J. Am. Chem. Soc., 1982,
104, 1918.

(22) (a) Sutton, D.Chem. ReV. 1993, 93, 995. (b) Kaplan, A. W.; Polse, J.
L.; Ball, G. E.; Andersen, R. A.; Bergman, R. G.J. Am. Chem. Soc.
1998, 120, 11649.
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0.410(3) Å,10]. The very short V-O(phenoxo) bond distances
are in agreement with a quite efficientπ-donation from the
oxygen to the metal enhanced by the high oxidation state,+5,
of the metal (Table 3). The poorσ bond donation from the
methoxy group is shown by the rather long [V-O(1), 2.342-
(4), 9; V-O(1), 2.397(5) Å,10] metal-oxygen interaction. The
latter two structural parameters should be compared with the
analogous ones in the VIII and VIV dimethoxycalix[4]arene
organometallic derivatives.6 The V-methoxy distance is unusu-
ally long compared with those in the organometallic derivatives
[V-Oav, 2.16 Å].6 The VdO bond distance in9 [1.586(4) Å]
is similar to that in [VOMes3] [1.575(4) Å].8b The bonding
scheme for the diazomethane fragment shown for10 in Scheme
2 is supported by the structural parameters (Table 3). The V(1)-
N(1) bond distance [1.675(6) Å] closely approximates the value

expected for a triple bond as in vanadium(V) species, which is
further supported by the V(1)-N(1)-N(2) angle [160.3(5)°].23

The two-electron reduction of diphenyldiazomethane gives rise
to metallahydrazone with the bond distance sequence V(1)-
N(1), 1.675(6), N(1)-N(2), 1.313(7), and C(46)-N(2), 1.310-
(8) Å, the N-N distance being slightly shorter than that expected
for a single bond.22a

(23) Nugent, W. A.; Mayer, J. M.Metal-Ligand Multiple Bonds; Wiley:
New York, 1988; p 179.

Figure 1. XP drawing of complex3. Hydrogens and solvent molecules
are omitted for clarity.

Figure 2. XP drawing of complex7. Hydrogens and solvent molecules
are omitted for clarity.

Chart 2

Table 2. Comparison of Relevant Conformational Parameters
within the Calix-4-arene for3, 7, 9, and10

3 7 9 10

(a) Angles between Planar Moietiesa

E ∧ A 57.4(3) 62.7(2) 63.2(2) 67.9(2)
E ∧ B 53.5(4) 32.9(3) 51.6(2) 54.0(2)
E ∧ C 56.4(3) 65.4(2) 62.3(1) 62.5(2)
E ∧ D 54.7(4) 53.7(2) 37.3(2) 28.0(3)
A ∧ C 66.3(5) 52.1(2) 54.5(2) 49.7(2)
B ∧ D 71.9(4) 86.6(2) 88.9(2) 81.9(2)

(b) Contact Distances betweenpara-Carbon Atoms of
Opposite Aromatic Rings

C29‚‚‚C31 10.32(2) 9.01(1) 9.407(8) 9.00(1)
C30‚‚‚C32 10.50(2) 11.59(1) 11.30(1) 11.63(1)

a E (reference plane) refers to the least-squares plane defined by the
bridging CH2 [C7, C14, C21, C28].A-D refer to the least-squares
planes defined by the aromatic rings bonded to O1, O2, O3, and O4,
respectively.

Table 3. Selected Bond (Å) and Angles (deg) for Complexes3, 7,
9, and10

3 7 9 10

V1-O1 2.160(10) 1.835(5) 2.342(4) 2.397(5)
V1-O2 1.900(9) 1.742(5) 1.803(4) 1.816(5)
V1-O3 1.930(9) 2.198(5) 1.819(4) 1.844(5)
V1-O4 1.920(10) 1.790(5) 1.737(5) 1.781(5)
V1-O3a 2.084(9) 1.860(5)
V1-O5 1.586(4)
V1-N1 1.675(6)
V1-C46 2.157(14)
N1-C46 1.148(15)
N1-C47 1.47(2)
N1-N2 1.313(7)
N2-C46 1.310(8)

N2-N1-V1 160.3(5)
C46-N2-N1 124.5(6)

a Symmetry operations used to obtain equivalent atoms:-x, -y,
-z (3); -x + 1, -y, -z (7).
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Magnetic Studies.The magnetic susceptibilities of complexes
2-8 were measured in the temperature range 1.9-300 K, and
those of2-4 and7 are shown in Figures 5 and 6.

(a) Vanadium(III) Complexes. The magnetic moment of5
is essentially constant in the whole range of temperature showing
only a small decrease below 10 K (due to zero-field-splitting),
thus confirming the monomeric nature of this VIII compound.
The temperature dependence of the magnetic moment of2-4
shows a steady decrease from 300 to 1.9 K and is typical of
antiferromagnetic coupled VIII dimers.24 The data were fitted
with the theoretical equation25 based on the Heisenberg model
H ) -2JS1‚S2 (S1 ) S2 ) 1),

wherex ) J/kT.

To obtain a good fit, we included a correction for a small
quantity of monomeric VIII impurities, which were assumed to
obey Curie law. The following equation is therefore used for
the total susceptibility

whereS) 1, g′ is theg-factor of the impurity (assumed 2.00),
andx is the monomeric impurity fraction. The calculated best
fit parameters areg ) 1.96,J ) -76.4 cm-1, andx ) 2.2%
for 2, g ) 1.99,J ) -17.0 cm-1, andx ) 2.9% for3, andg )
1.98,J ) -33.4 cm-1, andx ) 1.5% for4.

Note that the antiferromagnetic coupling constant in these
phenoxo-bridged VIII-VIII dimers strongly decreases upon trans
coordination at the vanadium. This is probably due to the
weakening of the bridging V-O bonds which decreases the
orbital overlap of the d|p|d magnetic paths. The values observed
for 3 and4 are close to the values found for other alkoxo- or

(24) Robles, J. C.; Matsukaza, Y.; Inomata, S.; Shimoi, M.; Mori, W.;
Ogino, H.Inorg. Chem.1993, 32, 13. Knopp, P.; Wieghardt, K.Inorg.
Chem.1991, 30, 4061.

(25) O’Connor, C. J.Prog. Inorg. Chem.1982, 29, 203.

Figure 3. XP drawing of complex9. Hydrogens and solvent molecules
are omitted for clarity.

Figure 4. XP drawing of complex10. Hydrogens and solvent
molecules are omitted for clarity.

ødim )
2Ng2µB

2

kT
exp(2x) + 5 exp(6x)

1 + 3 exp(2x) + 5 exp(6x)

Figure 5. Magnetic susceptibility (O; 10-3 cm3 mol-1) and effective
magnetic moment (b, µB) per vanadium vs temperature for (a) complex
2 and (b) complex3.

ø ) 1
2

(1 - x)ødim + x
Ng′2µB
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3kT
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hydroxo-bridged VIII dimers, which fall in the range 10-40
cm-1.24 The magnetic moment of6 remains essentially constant
in the range 10-300 K showing only a small decrease below
10 K, thus indicating a negligible VIII -VIII magnetic coupling
through the dipyridyl bridge.

(b) Vanadium(IV) Complexes.The temperature dependence
of the magnetic moment of7 shows a continuous decrease from
room temperature to 1.9 K and indicates an antiferromagnetic
coupled VIV dimer. The data were fitted with the Bleany-
Bowers equation25 based on the Heisenberg modelH ) -2JS1‚
S2 (S1 ) S2 ) 1/2), accounting, again, for monomeric VIV

impurities:

The calculated best fit parameters areg ) 1.71, J ) -131.7
cm-1, andx ) 0.2%.

The magnetic moment of8 is essentially constant in the range
10-300 K and shows only a small decrease below10 K

indicating a negligible VIV-VIV magnetic coupling through the
hydroquinone bridge.

It is worth noting that the antiferromagnetic coupling constant,
131.7 cm-1, observed for7 is close to the values found for other
phenoxo alkoxo or hydroxo bridged VIV dimers which fall in
the range 100-200 cm-1.26

Extended Hu1ckel Analysis.Extended Hu¨ckel calculations27

were performed on a [calix[4](OMe)(O)3V] fragment, simplify-
ing the ligand to three phenoxo anions and one anisole molecule.
This simplified model, with an imposedCs symmetry, retains
the main features of the whole ligand. In particular, the
geometrical constraints on the O4 set of donors atoms has been
maintained by fixing the geometry of the phenoxo groups to
the experimental structural parameters.

The frontier orbitals are reported on the left of Figure 7 and
consist of four low-lying metal-based orbitals. We can distin-
guish two low-lying almost degenerate orbitals of a′ symmetry,
i.e., the 1a′(dxz), pointing into the plane containing the methy-
lated oxygen, and the 2a′(dz2). Due to the stronger interaction
with two phenoxo ligands in theyzplane, the 1a′′(dyz) is almost
1 eV higher in energy than the 1a′(dxz), with the 2a′′(dxy) orbital
lying only 0.3 eV lower in energy.

The presence of low-lying empty metal d-orbitals in this
hypothetical coordinatively unsatured species favors a strong
coordination by a Lewis base, thus accounting for the easy
coordination by coordinating solvent or for the dimerization.
In particular, the two low-lying dπ orbitals allow a strongπ
interaction with suitable electron-rich ligands.

This has been exemplified by the coordination of diazo-
methane by the [calix[4]-(Ome)(O)3V] fragment, a close model
of complex10, since such coordination occurs with a simulta-

(26) Das, R.; Nanda, K. K.; Mukherjee, A. K.; Mukherjee, M.; Helliwell,
M.; Nag, K. J. Chem. Soc., Dalton Trans.1993, 2241 and references
therein.

(27) Hoffmann, R.; Lipscomb, W. N.J. Chem. Phys.1962, 36, 2179.
Hoffmann, R.J. Chem. Phys.1963, 39, 1397.

Figure 6. Magnetic susceptibility (O; 10-3 cm3 mol-1) and effective
magnetic moment (b, µB) per vanadium vs temperature for (a) complex
4 and (b) complex7.
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Figure 7. Orbital interaction diagram for the valence orbitals of10.
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neous two-electron reduction of the diazo functionality. The
bonding between the metal fragment and the diazomethane
moiety is illustrated by the interaction orbital diagram in Figure
7. On the extreme right of Figure 7 we show the frontier orbitals
of the bent diazomethane ligand. The LUMO, 7a′, is mainly
the antibonding px combination between the two nitrogens, and
the HOMO, 2a′′, is essentially a nonbonding orbital consisting
of the out-of-phase combination of the py (N1) and py (C)
orbitals. Lower in energy are two orbitals of mainly nitrogen
character, 5a′ and 6a′, made from a mixing of the in-phase px

and pz combinations, which share the lone pair of the terminal
nitrogen. We see that the vanadium diazomethane bonding is
achieved through three main orbital interactions: (i) aσ donation
from the ligand 5a′ and 6a′ orbitals to 1a′(dz2); (ii) a π donation
from the filled ligand 2a′′ to the empty metal 2a′′ (dyz); (iii) a
π retrodonation from the filled metal 1a′(dxz) to the empty ligand
7a′. These interactions suggest a high bond order of the
vanadium-nitrogen bond (between 2 and 3) in agreement with
the observed short V-N distance of 1.675(6) Å (see Table 3).23

Moreover, the high degree of back-donation to the 7a′ orbital
of NN π* character (1.48 electrons) leads to a significant
weakening of the N-N bond as shown by the decrease of the
overlap population from 1.11 in the free diazomethane to 0.74.
This is in agreement with the observed long N-N distance of
1.31 Å (to be compared with 1.13 Å in free diazomethane).28
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