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Hybrid compounds with two functional centers consisting of a metallosalen moiety (M−salen; M ) Mn, Co, Ni, and
Pd) connected by an alkylene bridging group to a lacunary Keggin type polyoxometalate were synthesized and
characterized. In these metallosalen−polyoxometalate compounds (M−salen−POM) it was shown by the use of a
combination of UV−vis, 1H NMR, EPR, XPS, and cyclic voltammetry measurements that the polyoxometalate exerts
a significant intramolecular electronic effect on the metallosalen moiety leading to formation of an oxidized metallosalen
moiety. For the Mn−salen−POM, the metallosalen center is best described as a metal−salen cation radical species;
that is, a localized “hole” is formed on the salen ligand. For the other M−salen−POM compounds, the metallosalen
moiety can be described as a hybrid of a metal−salen cation radical species and an oxidized metal−salen species,
that is, a delocalized “hole” is formed at the metallosalen center. It is proposed that these oxidized metallosalen
centers are best characterized as stabilized charge transfer (metallosalen donor−polyoxometalate acceptor) complexes
despite the relatively large distance between the two functional centers.

Introduction

The modification of metal centers in organometallic
compounds by change of the electronic and steric properties
of the coordinating ligand is an ongoing theme important
for the control of the reactivity of organometallic complexes.
In this context, it is especially intriguing to attain and/or
stabilize unusual or rare oxidation states. The possible use
of polyoxometalates as modifiers to obtain organometallic
compounds of high(er) oxidation states presents an important
opportunity because of the strong electron acceptor properties
and relatively large bulk of the polyoxometalate (POM)
moieties. This approach may in the future be useful in
applications such as catalysis by organometallic compounds
whereby the presence of a polyoxometalate may lead to the
stabilization of high-valent active intermediates. A consider-
able number of organometallic-(POM) hybrid compounds1

have already been prepared based on either (a) an electro-
static interaction of organometallic cationic species with
polyoxometalate anions,2 or (b) the attachment of an organic

moiety to a metal center incorporated within the polyoxo-
metalate cluster.3 Here, for the first time, a new and different
strategy is presented: the synthesis of an organometallic-
POM hybrid compound where the two components are
connected by an alkylene group. A series of metallosalen
(M-salen, M ) Mn, Co, Ni, and Pd) compounds were
attached to a Keggin type polyoxometalate through an alkyl
bridging spacer, Scheme 1. UV-vis, 1H NMR, EPR, XPS,
and cyclic voltammetry measurements clearly showed that
indeed there is a significant, most likely through space,
electronic effect of the polyoxometalate on the metallosalen
leading to stabilization of higher valent oxidation states.

Results and Discussion

Synthesis.The synthetic method, according to Scheme 1,
used for the preparation of the M-salen-POM compounds
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is based on incorporation of a functionalized alkylsilane into
the defect position of a lacunary polyoxometalate4 followed
by formation of the salen ligand and metalation. Specifically,
first, an organosilane, RSi(OEt)3 (R ) CH2CH2CH2NH2‚
HCl), was reacted at high dilution5 with a lacunary poly-
oxometalate, [SiW11O39]8-, leading to incorporation of the
organosilane moiety into the defect position of the polyoxo-
metalate and thereby yielding Q4[SiW11O40(SiCH2CH2CH2-
NH2‚HCl)2] (Q ) (n-hexyl)4N+). The IR spectrum (see
Experimental Section) shows peaks of the Keggin structure
that was unaffected by the modification by SiCH2CH2CH2-
NH2 and absorption bands typical of a SiCH2CH2CH2NH2

unit. Likewise the1H NMR and29Si NMR spectroscopy (see
Experimental Section) showed the expected peaks for both
the organic and polyoxometalate moieties. Second, the sal-
en-POM compound was prepared by reaction of Q4{Si-
W11O39[O(SiR)2]} with salicylaldehyde to yield Q4{SiW11O39-

[O(SiR′)2]} (R′ ) CH2CH2CH2NdCH(2-OHPh)). The mo-
lecular structure, as previously discussed,4b was confirmed
by a combination of IR,1H NMR, 13C NMR, 29Si NMR,
and 183W NMR (see Experimental Section). Again, the IR
spectrum shows peaks of the Keggin structure that was
unaffected by the modification by SiCH2CH2CH2NdCH(2-
OHPh) and absorption bands typical of a SiCH2CH2CH2Nd
CH(2-OHPh) moiety. Also, the1H NMR, 13C NMR, and29Si
NMR spectroscopy showed the expected peaks and areas
for both the organic and polyoxometalate moieties. Impor-
tantly, the183W NMR exhibited six peaks with relative inten-
sities of 2:2:1:2:2:2 characteristic of theCs symmetry of the
polyoxometalate unit. Furthermore, the two2J(W-Si) cou-
plings that were observed in the183W NMR spectrum clearly
show the incorporation of the functionalized silane into the
lacunary Keggin polyoxometalate. Finally, the salen-POM
compounds were metalated by typical metalation procedures
to yield the desired metallosalen-POM complexes.

The first indication of the effect of the polyoxometalate
as an electron acceptor moiety on the salen group was
observed in the measurement of the1H NMR of the salen-
POM compound. Thus, in Figure 1 the1H chemical shifts
of the salen-POM compound are compared with the1H
chemical shifts of the nonmodified salen. Assignment of the
chemical shifts was by13C-1H correlation spectra. Notice-
ably, there was practically no change in the chemical shift
at the alkyl bridging moiety, i.e., the shifts for Ha and Ha′

were similar. However, there is a consistent downfield shift
of between 0.2 and 0.42 ppm in all the aromatic (including
conjugated CHdN) hydrogen atoms of the POM modified
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Figure 1. 1H NMR shifts (ppm) for the salen-POM andN,N′-ethylenebis(salicylimine) compounds.

Scheme 1. Synthetic Pathway for the Preparation of the M-Salen-POM Compounds
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compound versus the nonmodified salen. This indicates a
significant electron-withdrawing effect through a relatively
large distance between the polyoxometalate and the salen
ligand. Importantly, addition of varying amounts of the
lacunary polyoxometalate, [SiW11O39]8-, had no effect on
the NMR spectrum of the salen-POM compound.

UV-Visible Spectroscopy.Initial evidence of the elec-
tronic effect of the polyoxometalate on the metallosalen was
observed in the UV-vis spectra, Figure 2. Normally,
metalation of salen ligands with MII(OAc)2 yields the
corresponding M) Mn(III), Co(II), Ni(II), and Pd(II) salen
compounds that can be identified by their distinctive UV-
vis spectra (curves a) and colors (brown, dark red, light
brown, and yellow, respectively).6 Addition of the [SiW11O39]8-

or {SiW11O39[O(SiR)2]}4- polyoxometalate compounds leaves
the metallosalen spectra unchanged with only superposition
of the polyoxometalate spectrum (not shown),λmax ) 265
nm (ε ) 62500 M-1 cm-1). There is no intermolecular effect
of the POM on the metallosalen. Significantly, however, the
hybrid metallosalen-POM compounds have different UV-
vis spectra (curves b) and colors (green, pale brown, light
green, and pale brown, respectively). These spectra all show
hypsochromic shifts for the peaks associated with the d-d
transitions and are typical for those that have been reported
for oxidized metallosalen species, that is, Mn(IV)-salen,7

Co(III)-salen,6b and Ni(II)-salen cation radical compounds.8

Notably these oxidized species have been previously formed
only after application of oxidizing agents or conditions.
Oxidized Pd-salen has not yet been reported although other
Pd(III) compounds such as Pd(III)-bis(1,4,7-triazacy-
clononanone) showed a blue-shifted visible spectrum com-
pared to the Pd(II) analogues.9

Magnetic Spectroscopy.Additional understanding on the
electronic state of the metallosalen moiety in the M-salen-
POM hybrid compound was sought, especially in light of
the indication from the UV-vis spectra that stable oxidized
metallosalen species were obtained when an electron-
accepting polyoxometalate was attached to a metallosalen
via a three-carbon alkyl spacer. MnIIICl salen with a high-
spin d4 configuration and Co(II) salen with a d7 square planar
configuration are expected to be paramagnetic species.
Indeed, their1H NMR spectra showed severely broadened
peaks. Similarly the Mn-salen-POM and Co-salen-POM
compounds rendered very poorly defined1H NMR spectra
associated with paramagnetic species. On the other hand
Ni(II) and Pd(II)-salen compounds as d8 species in a square
planar configuration are expected to be diamagnetic. There-
fore, the nonmodified Ni(II)-salen and Pd(II)-salen com-
pounds have clean, straightforward1H NMR spectra shifted

(6) (a) Mn(III)-salen: Boucher, L. J.J. Inorg. Nucl. Chem.1974, 36,
531. (b) Co(II)-salen: McAllister, R. M.; Weber, J. H.J. Organomet.
Chem.1974, 77, 91. (c) Ni(II)-salen: Pfeiffer, P.; Breith, E.; Lubbe,
E.; Tsumaki, T.Justus Liebigs Ann. Chem.1939, 503, 84. (d) Pd-
(II)-salen: Miller, K. J.; Baag. J. J. H.; Abu-Omar, M. M.Inorg.
Chem.1999, 38, 4510.
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Inorg. Chem.1999, 38, 5519.

(9) (a) McAuley, A.; Whitcombe, T. W.Inorg. Chem.1988, 27, 3090.
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37, 6060. (c) Möller, E.; Kirmse, R.Inorg. Chim. Acta1997, 257,
273.

Figure 2. UV-vis spectra of (a) the metallosalen compounds plus Q8SiW11O39 in acetonitrile and (b) the metallosalen-POM hybrid compounds in acetonitrile.
(a) Mn: λmax ) 410 nm (ε ) 3750 M-1 cm-1). Co: λmax ) 348 nm (ε ) 10000 M-1 cm-1), λmax ) 408 nm (ε )11100 M-1 cm-1). Ni: λmax ) 322 nm
(ε ) 12300 M-1 cm-1), λmax ) 410 nm (ε ) 9400 M-1 cm-1). Pd: λmax ) 408 nm (ε ) 7300 M-1 cm-1). (b) Mn: λmax (sh) ) 390 nm (ε ) 6250 M-1

cm-1), λmax ) 600-650 nm (ε ) 325 M-1 cm-1). Co: λmax )358 nm (ε ) 12200 M-1 cm-1). Ni: λmax ) 370 nm (ε ) 9600 M-1 cm-1). Pd: λmax ) 382
nm (ε ) 10100 M-1 cm-1).
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upfield relative to the nonmetalated salen as expected.10 On
the other hand, the1H NMR spectra of Ni-salen-POM and
Pd-salen-POM compounds were both highly broadened
and considerably less defined in the aromatic region (6-11
ppm), indicating the existence of a paramagnetic species in
both cases. The broadening of the peaks made the assignment
of the spectra impossible. Despite this broadening, for Ni-
salen-POM a highly downfield shifted peak at 28.3 ppm
attributable to the imine hydrogen atom could be observed.
This chemical shift was concentration independent. A
multitemperature experiment, Figure 3, shows a clean
isotropic upfield shift with increasing temperature, correlating
well with a Curie type relationship.

For Pd-salen-POM the imine hydrogen was located at
12.1 ppm. In this case, however, the peak broadened with
increasing temperature and no isotropic shift was observed.
It may be concluded that both the Ni-salen-POM and Pd-
salen-POM compounds are paramagnetic compounds with
oxidized metallosalen centers; however, for Ni-salen-POM,
there is a fast relaxation of the unpaired electron, but for the
Pd-salen-POM, there is a slower relaxation. As might have
been expected for paramagnetic compounds with fast relax-
ation, no EPR spectrum was observed for the Ni-salen-
POM compound. On the other hand, for the Pd-salen-POM
compound as a solid an anisotropic EPR spectrum9a was
observed withg1 ) 2.016,g2 ) 2.001, andg3 ) 1.991, Figure
4. The slight shoulder at the high-field side is attributable to
an impurity from the cavity.

No hyperfine splitting for coupling to105Pd (I ) 5/2, 22%
abundance) was observed. The position and the anisotropy
of the EPR peak indicates that the spectrum cannot be
associated with a pure salen ligand cation radical species
that would be expected to have an isotropic peak atg )

2.0023. Furthermore, for a purely Pd(III) d7 complex in a
square planar environment, the expected electron configu-
ration is low spin with the single electron occupying the dx2-y2

orbital. Again, an isotropic EPR spectrum would have been
expected.9a,b Thus, the anisotropic spectrum for Pd-salen-
POM can be explained either by significant departure from
a square planar environment for the Pd-salen-POM com-
pound defined as Pd(III)-salen-POM or by electron delo-
calization within Pd-salen-POM with contributions from
both “Pd(III)” and “salen cation radical” species. The con-
centration of the EPR generating species was not estima-
ted from the spectrum, but the UV-vis spectra would indi-
cate a rather pure compound distinct from the usual Pd(II)-
salen.

Mn(III) -salen compounds are known to be EPR silent in
the normal X-band mode but absorb atg ) 8 in the high-
field EPR spectrometers.7,11 However, the Mn-salen-POM
compound is EPR active at the X-band frequency and has a
spectrum as presented in Figure 5. The spectrum shown is
of a solid compound, but essentially the same spectrum was
observed in DMF and DMSO (∼0.1 M). The spectrum shows
a major feature (∼95%) atg ) 2 with a six-line hyperfine

(10) Ni: δ 7.88 (s, 2H);δ 7.26 (d, 2H);δ 7.15 (t, 2H);δ 6.69 (d, 2H);δ
6.48 (t, 2H);δ 3.41 (s, 4H). Pd:δ 8.19 (s, 2H);δ 7.38 (d, 2H);δ
7.26 (t, 2H);δ 6.83 (d, 2H);δ 6.52 (t, 2H);δ 3.83 (s, 4H).

(11) Campbell, K. A.; Lashley, M. R.; Wyatt, J. K.; Nantz, M. H.; Britt,
R. D. J. Am. Chem. Soc.2001, 123, 5710.

Figure 3. The 1H NMR spectrum of Ni-salen-POM (imine hydrogen)
as a function of temperature.

Figure 4. EPR spectrum of solid Pd-salen-POM at 240 K.

Figure 5. EPR spectrum of solid Mn-salen-POM at 120 K.
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coupling, A ) 81 G, as may be expected for manganese
species (I ) 5/2) and a minor feature (∼5%) atg ) 4.5. The
literature on the EPR spectra of oxidized Mn(IV)salen
compounds is inconclusive with both peaks atg ) 2 andg
) ∼4 of varying relative intensities being reported as
associated with Mn(IV) species.7,12One practical explanation
that has been put forth for the various results is that different
D (axial) andE/D (rhombic) zero-field-splitting parameters,
obtained by computer simulation, are possible for different
Mn-salen species leading to different EPR spectra.12b Room
temperature spectra showed the same features albeit at lower
intensity.

In order to gain more information on the oxidation state
of the Mn-salen-POM compound, we carried out room
temperature magnetic susceptibility measurements. For Mn-
salen-POM we measured an experimental molar susceptibil-
ity (øm) of 8.514× 10-3 (cgs units). This value was corrected
by measuring the diamagnetic susceptibility (ødia) of the
metal-free salen-POM compound,ødia ) -1.023× 10-3.
The paramagnetic susceptibility (øpara) was therefore 9.537
× 10-3. The effective magnetic moment (µeff) from µeff )
2.828(øparaT)1/2 was computed to give a value of 4.8µB.
Assuming that only the spin angular momentum contributes
to the paramagnetism, the Mn-salen-POM species could
be defined as anS ) 2 (Mn(III), d3) system. The EPR and
magnetic moment measurements are apparently conflicting
although the accuracy of the latter is lower both experimen-
tally and due to the “spin-only” assumption.

As will be noted below, vide infra, further X-ray photo-
electron spectroscopy measurements strongly argue for the
formulation of the Mn-salen-POM compound as mostly a
Mn(III) -salen cation radical species rather than Mn(IV)-
salen species. Mn(III) cation radical species have not yet
been reported for manganese salen compounds; however,
several structurally similar Mn(III)-porphyrin cation radical
species have been clearly identified.13 For Mn(III)-porphyrin
cation radicals, magnetic moments ranging from 3.9 to 5.7
µB and EPR peaks atg ) 2 and/or 4 (also some species
were EPR silent) have been reported depending on the
temperature, the identity of the porphyrin macrocycle, and
the axial ligands or symmetry at the manganese center. Most
notable in his respect is the finding that (tpp•+)MnIII (Cl)-

(ClO4) (tpp ) tetraphenylporphyrin) also gave aµeff ) 4.7
µB and ag ) 2 EPR signal.13c Both the previous (tpp•+)-
MnIII (Cl)(ClO4)13c and the present Mn-salen-POM are
structurally similar with a planar macrocyclic ligand and
asymmetry in the axial positions. As noted above, the
magnitude of theD and E zero field splitting parameters
may be used to explain the EPR spectra. An alternative
explanation has also been put forward,13e whereby the peak
atg ) 2 reminiscent of a Mn(II) species14 may be explained
by the existence of a Mn(III)-salen cation radical species
or the definition of the Mn-salen-POM compound as such
wherein the Mn(III) center and the unpaired electron on the
salen ligand could be ferromagnetically coupled. In the case
of the porphyrin cation radical, theungeradecharacter of
the a2u orbital of the macrocycle prevents orbital overlap with
the geraded orbitals of the metal.13e

X-ray Photoelectron Spectroscopy.XPS was used to
directly probe the oxidation states in the solid state of the
various elements in the M-salen and M-salen-POM
compounds, Figure 6 and Table 1.

Looking first at the metal centers we observed that the
binding energies of Mn and Pd were similar for both the
M-salen and the M-salen-POM compounds, Table 1 and
Figures S1 and S2, although for Mn-salen-POM there was
some evidence for the presence of some oxidized manganese
centers. On the other hand, for cobalt there was a noticeable
increase in the binding energy, 1.3-2.0 eV, in the binding
energy of cobalt in Co-salen-POM compared to Co-salen,
Table 1 and Figure S3. Apparently, in Co-salen-POM a
Co3+ moiety can be concluded to partially exist versus a Co2+

state in Co-salen. A similar situation was observed for nickel

(12) (a) Chandra, J. K.; Basu, P.; Ray, D.; Pal, J.; Chakravorty, A.Inorg.
Chem.1990, 29, 2423. (b) Adam, W.; Moch-Knoblauch, C.; Saha-
Möller, C. R.; Herderich, M.J. Am. Chem. Soc.2000, 122, 9685. (c)
Neves, A.; Erthal, S. M. D.; Vencato, I.; Ceccato, A. S.Inorg. Chem.
1992, 31, 4749.

(13) (a) Arasasingham, R. D.; Bruice, T. C.Inorg. Chem.1990, 29, 1422.
(b) Spreer, L. O.; Maliyackel, A. C.; Holbrook, S.; Otvos, J. W.;
Calvin, M. J. Am. Chem. Soc.1986, 108, 1949. (c) Goff, H. M.;
Philliph, M. A.; Boersma, A. D.; Hansen, A. P.AdV. Chem. Ser.1982,
201, 357. (d) Malyackel, A. C.; Otvos, J. W.; Calvin, M.; Spreer, L.
O. Inorg. Chem.1987, 26, 4133. (e) Kaustov, L.; Tal, M. E.; Shames,
A. I.; Gross, Z.Inorg. Chem.1997, 36, 3503.

(14) Morrissey, S. R.; Horton, T. E.; DeRose, V. Y.J. Am. Chem. Soc.
2000, 122, 3473.

Figure 6. The XPS N (1s) line for Mn-salen and Mn-salen-POM. Solid lines are curve fits of data.
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analogues whereby there was a shift of 0.9 eV and the
appearance of a new peak at 864.3 eV indicative of the
presence of a Ni3+ oxidation state in Ni-salen-POM.15 The
nitrogen N 1s line, for example Figure 6, shows pronounced
changes for all the M-salen-POM compounds. A new peak
at 400.0-400.7 eV in the M-salen-POM compounds
supplements the peak at 399.3-399.5 eV attributable to the
imine nitrogen atom in the M-salen compounds. Additional
peaks at 401.9-402.3 eV are associated with the quaternary
ammonium cation;15 these binding energies are the same as
those observed for the tetrahexylammonium salt of SiW11O39

8-

that served as a control. The new peaks at 400.0-400.7 eV,
shifted significantly by 1.0-1.3 eV versus the original imine,
399.3-399.5 eV, clearly indicate a more oxidized salen
ligand. Note that with all other O and C atoms in the
M-salen species, the ligand O and C atoms are more difficult
to follow due to the O and C atoms in the POM and
quaternary ammonium residue. Notably in the Mn-salen
case there is also a chloride axial ligand, and indeed the Cl
2p 3/2 line shifts by∼1.4 eV from 197.6 eV in Mn-salen
to 199.0 eV in Mn-salen-POM. This shift, slightly larger
than that of the nitrogen atom, strongly indicates a more
positively charged chloride axial ligand in Mn-salen-POM
versus Mn-salen. Such changes of the charge on the chloride
axial ligand occurring upon oxidation of Mn(III)-salen
species have been previously noted.12b

Cyclic Voltammetry. The importance of the intramolecu-
lar interaction between the metallosalen and polyoxometalate
components in the hybrid compounds can also be gauged
by cyclic voltammetry measurements. For example, the
simple Mn(III)-salen compound has a reduction wave, Mn-
(III/II), at -0.45 V versus SCE16 that was unaffected by the
addition of the tetrahexylammonium salt of [SiW11O39]8-,
or {SiW11O39[O(SiR)2]}4-, Figure 7 left top (0.5 M Bu4NBF4,
0.5 mM Mn-Salen, 0.5 mM Q5H3[SiW11O39] in DMF).
However, for the Mn-salen-POM compound, Figure 7 left
bottom, no reduction wave was observable. A similar situa-
tion is easily observed for the nickel-based compounds. For
the simple Ni(II)-salen compound, a Ni(II/III) oxidation

wave at 0.82 V versus SCE17 was unaffected by the addition
of the tetrahexylammonium salt of [SiW11O39]8- or {SiW11O39-
[O(SiR)2]}4-, Figure 7 right top (0.5 M Bu4NBF4, 0.5 mM
Ni-salen, 0.5 mM Q5H3[SiW11O39] in DMF). However, for
the Ni-salen-POM compound, Figure 7 right bottom, no
oxidation wave was observable.

Essentially identical results were observed (not shown)
using a platinum working electrode and for the cobalt and
palladium analogues, although in the latter cases there were
weak irreversible oxidation waves in the CV measurements
for Co(II)-salen and Pd(II)-salen. From the cyclic volta-
mmetry measurements it would appear as well that there is
a change in the oxidation state of the metallosalen moiety
upon attachment of the polyoxometalate and not simply a
change in the oxidation-reduction potential that would have
led to the observation of a CV wave at a different potential.

Summary. From the UV-vis, 1H NMR, EPR, XPS, and
cyclic voltammetry measurements described above it is
apparent that the attachment of the [SiW11O39]8- polyoxo-
metalate moiety, via an alkylene (CH2CH2CH2) bridge to
the metallosalen center, leads to the formation of an oxidized
metallosalen unit. This is a purely intramolecular phenom-
enon since addition of Q5H3[SiW11O39] or Q4{SiW11O39-
[O(SiR)2]} to metallosalen compounds showed no effect on
the spectral or redox properties of the metallosalen com-
pounds. The exact formulation of the oxidized metallosalen
group depends very much on the identity of the transition
metal. (a) The metallosalen center can be described as a
metal-salen cation radical species; that is, a localized “hole”
is formed on the salen ligand. Especially the EPR and XPS
data seem to indicate that this is the best description for the
Mn-salen-POM compound now best formulated as Mn-
(III) -salen+• - POM. (b) The metallosalen center can be
described as an oxidized metal-salen species, with oxidation
localized at the metal center. (c) The metallosalen center can
be described as a hybrid of a metal-salen cation radical
species and an oxidized metal-salen species; that is, a
delocalized “hole” is formed at the metallosalen center.
Especially the XPS and EPR (for Pd) measurements would
indicate that this is the case for M-salen-POM compounds
with M ) Co, Ni, and Pd as these show properties indicating
oxidation of both the salen ligand and the transition metal.
It is also interesting discuss the nature of the polyoxometa-
late-metallosalen interaction within the intramolecular com-
plexes. One view would be that the M-salen-POM
compounds exit simply as oxidized metallosalen centers in
the presence of the polyoxometalate moiety. However, the
observation that addition of the polyoxometalate to a solution
of M-salen leaves the M-salen compounds unchanged, that
is, there is no intermolecular stabilization of oxidized
M-salen species, leads us to suggest that the hybrid
M-salen-POM compounds are best described as charge
transfer complexes (metallosalen electron donor-polyoxo-
metalate electron acceptor). These proposed charge transfer
complexes are formed across the relatively large bond

(15) Carlson, T. A.Photoelectric and Auger Spectroscopy; Plenum: New
York, 1975.

(16) Srinivasan, K.; Michaud, P.; Kochi, J. K.J. Am. Chem. Soc.1986,
108, 2309.

(17) (a) Vilas-Boas, M.; Freire, C.; Castro, B.; Christensen, P. A.; Hillman,
A. R. Inorg. Chem.1997, 36, 4919. (b) Castro, B.; Freire, C.Inorg.
Chem.1990, 29, 5113.

Table 1. Corrected Binding Energies (eV) for M-Salen and
M-Salen-POM Compounds

M-salen M-salen-POM

Manganese
Mn 2p 641.7, 643.1 641.5, 643.0
N 1s 399.3 99.3, 400.3, 402.1
3Cl 2p 3/2 197.6 199.0

Cobalt
Co 2p 3/2 780.5, 785.9, 795.7 781.8, 787.9, 797.2
N 1s 399.5 399.5, 400.5, 402.3

Nickel
Ni 2p 3/2 855.1 856.,0 864.3 (weak)
N 1s 399.5 399.5, 400.5, 402.1

Palladium
Pd 3d 338.0, 343.1 337.9, 342.9
N 1s 399.4 399.4, 400.7, 401.9
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distance (three-carbon alkyl spacer) separating the metal-
losalen moiety and the polyoxometalate. Presumably, the
interaction between the polyoxometalate and the metallosalen
groups is through space. There is no spectroscopic manifes-
tation, notably UV-vis and EPR, of the presence of electron
in the polyoxometalate acceptor. Thus, it would appear that
the charge transfer is such that the negative charge is
delocalized over the complexes, as there isnodirect evidence
of a specific reduced polyoxometalate species. The concept
presented in this research will be further developed toward
stabilization of high-valent metal-oxo species and toward
catalytic applications of M-salen-POM compounds.

Experimental Section

Instrumentation and Techniques of Measurement.The 1H
NMR (400 MHz), 13C NMR (100.613 MHz),29Si NMR (79.495
MHz), and183W NMR (16.671 MHz) spectra were measured on a
Bruker Avance 400 spectrometer in CDCl3 or DMSO-d6. The
chemical shifts are reported with tetramethylsilane as reference for
1H NMR, 13C NMR, and29Si NMR, and 1 M Na2WO4 in D2O as
external reference for183W NMR. The IR spectra were measured
on a Nicolet Protege´ 460 FTIR; liquid samples were deposited on
a KBr disk, and solid samples were prepared∼3-5 wt % as KBr-
based pellets. UV-vis spectra were measured in 1 cm quartz
cuvettes on a HP8452A diode array spectrometer using spectro-
photometric grade acetonitrile as solvent at the conditions given in
the caption of Figure 2. The EPR spectra were recorded on a Bruker
ER200D-SRC spectrometer (X-band). Samples were placed in a 2
mm quartz tube, and spectra were recorded using microwave
frequency 9.52 GHz, microwave power 20 mW, field modulation
3.2 G, receiver gain 5× 103, time constant 320 ms, and scan time
200 s. The Pd-salen-POM and Mn-salen-POM EPR spectra
were measured using solid samples at temperatures varying between
110 and 296 K. The spectra were unchanged in this range, although
they were more intense at lower temperatures.

XPS measurements were performed on solid, carefully dried
(high vacuum) samples on a Kratos AXIS-HS instrument, using a
monochromatized Al KR source at 75 W (15 kV, 5 mA), and
detection pass energies of 20-80 eV. Base pressure at the analysis
chamber was (1-2) × 10-9 Torr. An electron flood-gun was used
for compensation of extra positive charge. Short and quick scans
were always taken first at each fresh spot, followed by repetitive
longer scans, in order to account for irreversible beam-induced
damage, occurring on a time scale of several hours. These effects,
particularly complicating the determination of the metal oxidation

state, have limited us in attempting low-noise yet damage-free
signals. Yet, the evolution of damage was clear enough to
extrapolate our interpretation backward to the damage-free situation.
Data processing involved Shirley background subtraction (except
for signals superimposed on very sloppy background). Curve fitting
was attempted using Gaussian-Lorentzian line shapes, their
composition varied according to the detection pass energy (namely,
according to the relative contribution of instrumental broadening).

Magnetic susceptibility measurements (Sherwood Scientific
MSB-1) using the Evans method were made on solid samples at
room temperature. An average from three measurements was taken.
The diamagnetic correction was made my measuring the diamag-
netic susceptibility (ødia) of the metal-free salen-POM compound.
Cyclic voltammetry measurements were taken from a BAS CV-
1B voltammeter using a glassy carbon working electrode, an Ag/
AgCl reference electrode, and a Pt auxiliary electrode. Measure-
ments were carried out on 5 mM solutions in DMF with 0.5 M
tetrabutylammonium tetrafluoroborate as electrolyte. Scan rates were
100 mV/s atI/V ) 500 µA/V.

Materials and Synthesis.Commercial reagents (Aldrich, Fluka,
Strem) used were of the highest available purity. The known
M-salen compounds were prepared according to the known
literature procedures.18 The potassium salt of the lacunary Keggin
polyoxometalate, K8SiW11O39, was synthesized by the procedure
described by Te´zé and Herve´.19 The tetrahexylammonium (Q)
(n-hexyl)4N+) salt of{SiW11O39[O(SiR)2]}4- where R) CH2CH2-
CH2NH2‚HCl was synthesized using a modified procedure previ-
ously described as follows:4b A diluted and neutralized aqueous
solution (pH) 7) of 3 mL of 3-aminopropyltriethoxysilane (13
mmol) was added slowly to a well-stirred solution of 4 g (1.34
mmol) of K8SiW11O39 in 1.2 L of deionized water. When the
solution cleared, the pH was adjusted to pH) 1 by addition of a
1 M HCl solution. The solution was vigorously stirred for 24 h. A
white sticky precipitate of undesired organosilicate oligomers,
(RSiO1.5)n, was removed by filtration, and 6 g (14 mmol) of
tetrahexylammonium bromide was added to the filtrate. The
precipitate was collected and washed with 200 mL of deionized
water, 200 mL of 2-propanol, and 200 mL of diethyl ether before
drying in a desiccator. The yield was 4.7 g (82% yield). IR (cm-1):
390 (νsymWOW), 534 (νsymWOW), 710 (νasymWOW), 750 (νasym-

WOW), 798 (νasymWOW), 851 (νasymWOW), 880 (νasymWOW), 909
(νasymWdO), 949 (νasymWdO), 969 (νasymWdO), 1044 (νasymSi-
O-Si), 1150 (C-N), 1230 (Si-C), 1484 (C-H), 2940 (C-H),
3241 (N-H), 3449 (N-H). 1H NMR at 400 MHz (DMSO-d6): δ

(18) Larrow, J. F.; Jacobsen, E. N.J. Org. Chem.1994, 59, 1939.
(19) Tézé, A.; Hervé, G. J. Inorg. Nucl. Chem.1977, 39, 999.

Figure 7. Cyclic voltammograms of M-salen and M-salen-POM compounds. Top left: Mn(III)salen+ Q5H3SiW11O39. Bottom left: Mn-salen-POM.
Top right: Ni(II)salen+ Q5H3SiW11O39. Bottom right: Ni-salen-POM.
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0.62 (t, 4H, SiCH2), δ 0.85 (t, 48H, CH3), δ 1.26 (m, 96H, CH2-
CH2CH2), δ 1.54 (m, 32H, CH2), δ 1.74 (m, 4H, CH2CH2NH2), δ
2.86 (t, 4H, CH2NH2), δ 3.14 (t, 32H, CH2N+). 29Si NMR at 79.495
MHz {1H}-decoupled (DMSO-d6): δ -53.3 (2Si) (for the alkylsilyl
groups),δ -85.0 (1Si) (for the polyoxometalate silicon).

The tetrahexylammonium salt of the POM-salen compound
{SiW11O39[O(SiR′2]}4- (R′ ) CH2CH2CH2NdCH(2-OHPh) was
synthesized by dissolving 0.9 g (0.21 mmol) of Q4{SiW11O39-
[O(SiR)2]} in 3 mL of salicylaldehyde. Trimethylorthoformate (8
mL) was added as drying agent, and the mixture was stirred
overnight at 25°C. During the reaction a yellow precipitate
(product) was formed, collected by filtration, and washed with dry
ether several times. The yield was 0.92 g (90%). IR (cm-1): 390
(νsymWOW), 533 (νsymWOW), 710 (νasymWOW), 750 (νasymWOW),
802 (νasymWOW), 855(νasymWOW), 884 (νasymWOW), 920 (νasymWd
O), 949 (νasymWdO), 967 (νasymWdO), 1045 (νasymSi-O-Si), 1152
(C-N), 1277 (Si-C), 1384, 1466, 1484 (C-H), 1610, 1630 (Cd
N), 2873 (C-H), 2934 (C-H), 2961 (C-H). 1H NMR at 400 MHz
(DMSO-d6): δ 0.65 (t, 4H, SiCH2), δ 0.86 (t, 48H, CH3), δ 1.27
(m, 96H, CH2CH2CH2), δ 1.55 (m, 32H, CH2), δ 2.01 (m, 4H,
CH2CH2N), δ 3.15 (t, 32H, CH2N+) δ 3.93 (t, 4H, CH2Nd), δ
7.06 (t, 2H,p-Ar-OH), δ 7.09 (d, 2H,o-Ar-OH), δ 7.68 (t, 2H,
p-Ar-CN), δ 7.74 (d, 2H,o-Ar-CN), δ 8.99 (s, 2H, CHAr),δ
12.10 (s, 2H, OH).29Si NMR at 79.495 MHz{1H}-decoupled
(DMSO-d6): δ -53.1 (s, 2Si),δ -85.0 (s, 1Si).13C NMR at
100.613 MHz (DMSO-d6) (ppm): 9.36, 13.61, 20.96, 21.85, 23.02,
25.39, 30.57, 54.93, 57.62, 114.19, 116.92, 120.11, 134.69, 138.89,
161.30, 167.96.183W NMR at 16.671 MHz (DMSO-d6) (ppm):
-91.7 [2],-106.7 [2,2J(W-Si) ) 23.8 Hz],-111.3 [1],-124.8
[2, 2J(W-Si) ) 28.5 Hz],-172.4 [2],-248.1 [2].

The M-salen-POM compounds were prepared by metalation
of the salen-POM precursors, Q4{SiW11O39[O(SiR′2]}, with metal
acetate salts, M(OAc)2‚nH2O. Mn-salen-POM: 1.5 g (0.32 mmol)
of Q4{SiW11O39[O(SiR′2]} and 0.15 g (0.64 mmol) of Mn(OAc)2‚
4H2O were dissolved in 5 mL of DMF. The solution was heated at
105 °C under Ar for 1 h with vigorous stirring and then stirred
under air for another 1.5 h. Saturated aqueous NaCl, 3 mL, was
added dropwise, heating and stirring were discontinued, the reaction
mixture was cooled to 5-10 °C, and then 10 mL of water was
added while the solution was maintained at 5-10 °C. The
precipitate that formed was filtered and washed with warm (50°C)
water and then with ether. The crude green product was dissolved

in acetonitrile and filtered, and the solvent was evaporated. A green
product, 1.46 g (95% yield), was obtained. Note that for Mn-salen
compounds metalation of the salen moiety with manganese(II)
acetate always leads to a Mn(III) species.6a Co-salen-POM: 1.5
g (0.32 mmol) of Q4{SiW11O39[O(SiR′2]} was dissolved in degassed
DMF (5 mL) and heated to 70°C under argon with stirring. A
solution of 80 mg (0.32 mmol) of cobalt acetate tetrahydrate in
DMF was added, and the reactants were maintained at 70°C for
an additional 45 min before being cooled to 25°C. Methanol (30
mL) was added, and the precipitate was filtered and washed
thoroughly with methanol and ether before vacuum drying. A pale
brown product, 1.48 g (95%), was obtained. Ni-salen-POM: 1.5
g (0.32 mmol) of Q4{SiW11O39[O(SiR′2]} was dissolved in degassed
DMF (5 mL) and heated to 70°C under argon with stirring. A
solution of 80 mg (0.32 mmol) of nickel acetate tetrahydrate in
DMF was added, and the reactants were maintained at 70°C for
an additional 45 min before being cooled to 25°C. Methanol (30
mL) was added, and the precipitate was filtered and washed
thoroughly with methanol and ether before vacuum drying. A brown
product, 1.30 g (94%), was obtained. Pd-salen-POM: 1.5 g (0.32
mmol) of Q4{SiW11O39[O(SiR′2]} was dissolved in degassed DMF
(5 mL) and heated to 70°C under argon with stirring. A solution
of 72 mg (0.32 mmol) of palladium acetate was added, and the
reactants were maintained at 70°C for an additional 45 min before
being cooled to 25°C. Methanol (30 mL) was added, and the
precipitate was filtered and washed thoroughly with methanol and
ether before vacuum drying. A pale brown product, 1.52 g (96%),
was obtained.
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