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New RuII and OsII derivatives of the monovacant [R-PW11O39]7- anion ([PW11O39{M(DMSO)3(H2O)}]5- (M
) Ru (1), Os (2)) and [PW11O39{Os(η6-p-cym)(H2O)}]5- (3)) have been synthesized and characterized. The
binding mode of thed6-{MIIL3(H2O)}2+ moieties in these compounds is similar to that in the previously
described [PW11O39{Ru(η6-p-cym)(H2O)}]5- (4) complex: bidentate, on two nonequivalent oxygen atoms of
the lacuna, leading to a loss of theCs symmetry of the parent anion, which thus plays the role of a prochiral
bidentate ligand. The density functional theory (DFT) (B3PW91) computation of the lowest unoccupied
molecular orbitals of the{ML3(H2O)}2+ (M ) Os, Ru; L3 ) fac-(DMSO)3, η6-C6H6) fragments reveals the
similarities between their electrophilic properties. The origin of the regioselectivity of the grafting was
investigated through a DFT (B3PW91) analysis of (i) the highest occupied molecular orbital of [R-PW11O39]7-

and (ii) the relative energies of the different potential regioisomers obtained by a bidentate grafting of the
{ML3(H2O)}2+ moiety onto the lacuna of [R-PW11O39]7-. The role of the water ligand in the stabilization of
this peculiar structure was studied.

1. Introduction

During the past two decades, several teams have focused their
research on the development of environmentally friendly
procedures.1 In this context, the synthesis of water soluble
catalysts has attracted continuously growing attention, as can
be seen by the number of complexes described in the literature.
The solubility of such compounds in water results from the
coordination of one or several hydrophilic ligands on the
transition metal cation.2-7

Among the different potential water soluble ligands, poly-
oxometalates (POMs) naturally appear as interesting. Indeed,
an important number of polyoxoanions are rigid, thermally
robust, and nonsensitive to oxidation.8 Their coordination
chemistry with transition metal cations has thus been particularly
well documented.8,9 In particular, many transition metals have
been incorporated in the monolacunary Keggin anions of the
general formula [R-XW11O39]n- (X ) P, n ) 7; X ) Ge, Si,n
) 8). The analysis of the different structures obtained under-
scores the versatility of this inorganic ligand. In most cases, it
behaves as a pentadentate ligand, by coordination of the metal
to all four oxygen atoms of the lacuna and to one oxygen atom
of the central [XO4]p- moiety, for example, in the structures
[R-PW11O39{Co(H2O)}]4- and [R-PW11O39{Ti(Cp)}]4- (Cp )
cyclopentadienyl).8g,10 In other cases, the metal is coordinated
to only two oxygen atoms of the lacuna, for example, in the
[R-PW11O39{Rh2(OAc)2(DMSO)2}]5- (AcO- ) acetate, DMSO
) S-bonded dimethyl sulfoxide).11

Among the numerous transition metals which are likely to
be incorporated in polyoxometalates, ruthenium appeared from
the start to be particularly attractive, because of the great

catalytic potential of this metal,12 and many structures have thus
been obtained. Moreover, the incorporation of ruthenium
fragments in [R-XW11O39]n- structures illustrates perfectly the
different binding abilities of this polyoxoanionic framework:
as shown in Figure 1, the lacunary POM either serves as a
bidentate ligand, for example, in [R-PW11O39{Ru(η6-arene)-
(H2O)}]5- (arene) benzene, toluene,p-cymene, hexamethyl-
benzene)13 or as a pentadentate ligand, for example, in
[R-PW11O39{RuII(DMSO)}]5-.14,15In the former structure, it is
noteworthy that the{RuL3(H2O)}2+ fragment is bound to two
nonequivalent oxygen atoms of the lacuna, leading to a loss of
theCs symmetry of the parent anion [R-PW11O39]7-, according
to X-ray and183W NMR studies. The study of the origin of
these singular properties of [R-XW11O39]n- ligands has however
never been undertaken so far.

In the following report, an investigation of the binding ability
of [R-PW11O39]7- toward the RuII fragments{Ru(DMSO)3-
(H2O)}2+ and {Ru(η6-arene)(H2O)}2+ and the OsII fragments
{Os(DMSO)3(H2O)}2+ and{Os(η6-arene)(H2O)}2+ is proposed.
First, from an experimental point of view, the syntheses of
[R-PW11O39{Ru(DMSO)3(H2O)}]5-(1),[R-PW11O39{Os(DMSO)3-
(H2O)}]5- (2), and [R-PW11O39{Os(η6-p-cym)(H2O)}]5- (3) (p-
cym ) p-cymene) are described. Then, a DFT study is reported
(i) to investigate by an orbital approach the regiospecificity of
the bidentate grafting of{ML3(H2O)}2+ moieties (M) Ru, Os;
L3 ) fac-(DMSO)3, η6-arene) on [R-PW11O39]7- and (ii) to
analyze the energetic and structural factors involved during the
grafting of these electrophilic fragments on the lacuna.

2. Experimental Section

Materials and Methods.The K7[R-PW11O39]‚14H2O,16 fac-
[RuCl2(DMSO)3(DMSO)],17 fac-[OsCl2(DMSO)3(DMSO)],18 and
[Os(η6-p-cym)Cl2]2

19 complexes were prepared as described in
the literature. All other reagents were obtained from commercial
sources and used as received. IR spectra were recorded from
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KBr pellets on a Bio-Rad RT 165 spectrometer. The1H (300.13
MHz, TMS) and31P (121.5 MHz, external 85% H3PO4) NMR
spectra were obtained in solution on a Bruker AC 300
spectrometer equipped with a QNP probehead. The13C-1H
HSQC NMR spectrum of1 was recorded on a Bruker Avance
DMX500 spectrometer, operating at a1H resonance frequency
of 500.13 MHz and using the standard Bruker software.20

Synthesis of Cs5-xK x[r-PW11O39{Ru(DMSO)3(H2O)}]
(Cs5-xKx-1).A mixture of K7[R-PW11O39]‚14H2O (0.546 g, 0.17
mmol) and of fac-[RuCl2(DMSO)3(DMSO)] (0.081 g, 0.17
mmol) in 7 mL of water was refluxed for 1 h, then left to cool
at room temperature.21aAt this stage, according to the31P NMR
spectrum of the solution, one main product,1, was present (δ
) -11.01 ppm, 76%), along with several minor species (δ )
-9.98,-10.44,-11.28,-12.01 ppm). The corresponding1H
and 13C NMR spectra (obtained after reaction in D2O) each
display six singlets of equal intensity and one singlet which
can be attributed to free DMSO (δ(OS(CH3)2) ) 2.71 ppm,δ-
(OS(CH3)2) ) 39.39 ppm); correspondence between the1H and
13C signals could be made by recording the HSQC NMR
spectrum of the mother liquor; the two-dimensional NMR
spectrum is represented in the Supporting Information. CsCl
(0.417 g, 2.48 mmol, 15 equiv) was then added to the solution,
leading to the precipitation of an orange solid which was
separated by filtration and identified as a fairly pure sample of
Cs5-xKx[R-PW11O39{Ru(DMSO)3(H2O)}] (Cs5-xK x-1) (0.474
g). IR (KBr, cm-1): 3010 (w), 2928 (w), 1407 (w), 1319 (w),
1300 (w), 1261 (w), 1116 (sh), 1092 (m), 1040 (m), 1021 (sh),
951 (s), 890 (s), 848 (s), 809 (s), 731 (s), 515 (w), 428 (w),
369 (m). 1H NMR (D2O): δ ) 3.17, 3.44, 3.56, 3.68, 3.78,
3.83 ppm (all singlets with equal intensities).13C NMR (D2O):
δ ) 44.15, 45.21, 45.24, 45.50, 46.67, 46.86 ppm (all singlets
with equal intensities).31P NMR (D2O): δ ) -11.01 ppm.21b

Formation of Cs5-xK x[r-PW11O39{Os(DMSO)3(H2O)}]
(Cs5-xKx-2).A mixture of K7[R-PW11O39]‚14H2O (0.321 g, 0.10
mmol) andfac-[OsCl2(DMSO)3(DMSO)] (0.057 g, 0.10 mmol)
in 7 mL of D2O was refluxed for 1 h, then left to cool at room
temperature. At this stage, according to the31P NMR spectrum
of the solution, one main product,2, was present (δ ) -11.21
ppm, 52%), along with a few minor species (δ ) -10,18,
-10.71,-11.48,-12.21 ppm). On the corresponding1H NMR
spectrum, apart from the five main singlets of relative intensities
1:1:1:1:2 and one singlet due to free DMSO, a broad signal
(∆ν ) 80 Hz) could also be detected, suggesting that some OsII

fragments could have been oxidized to OsIII . CsCl (0.253 g,
1.50 mmol, 15 equiv) was then added, leading to the precipita-
tion of an orange solid which was separated by filtration, dried
with diethyl ether, and identified as an impure sample of
Cs5-xKx[R-PW11O39{Os(DMSO)3(H2O)}] (Cs5-xK x-2) (0.150
g). The new fraction of orange solid which had formed in the

filtrate was separated by filtration, dried with diethyl ether, and
identified as a more pure sample of2 (yield: 0.050 g). IR (KBr,
cm-1): 3017 (w), 2920 (w), 1419 (w), 1320 (w), 1300 (w),
1119 (sh), 1087 (m), 1045 (m), 1019 (sh), 948 (s), 889 (s), 847
(s), 806 (s), 742 (s), 512 (w), 433 (w), 365 (m).1H NMR
(D2O): δ ) 3.25, 3.56, 3.66, 3.71, 3.90 ppm (all singlets with
relative intensities 1:1:1:1:2).31P NMR (D2O): δ ) -11.21
ppm.

Formation of Cs5-xK x[r-PW11O39{Os(η6-p-cym)(H2O)}]
(Cs5-xKx-3). A suspension of [Os(η6-p-cym)Cl2]2 (0.085 g, 0.11
mmol, 1.2 equiv) and K7[R-PW11O39]‚14H2O (0.576 g, 0.18
mmol, 1 equiv) in 7 mL of D2O was refluxed for 45 min, leading
to the formation of a unique species3, as attested by the31P
and1H NMR spectra of the mother liquor (see the Supporting
Information).22 The compound was precipitated by the addition
of cesium chloride (0.140 g, 4.6 equiv), separated by filtration,
and identified as Cs5-xKx[R-PW11O39{Os(η6-p-cym)(H2O)}]
(Cs5-xKx-3) (yield: 0.110 g).23 IR (KBr, cm-1): 3056 (w), 2962
(w), 2924 (w), 2870 (w), 1471 (w), 1387 (w), 1100 (m), 1043
(m), 950 (s), 886 (m), 844 (s), 805 (s), 761 (w), 597 (w), 512
(m), 374 (m), 334 (m).1H NMR (D2O): δ ) 1.45 (d,3J ) 3.0
Hz, 3H; Ar-CH(CH3)2), 1.48 (d,3J ) 3.0 Hz, 3H; Ar-CH-
(CH3)2), 2.61 (s, 3H; Ar-CH3), 3.01 (m, 1H; Ar-CH(CH3)2),
6.40 (d,3J ) 6.1, 1H; Ar-H), 6.55 (d,3J ) 4.8, 1H; Ar-H),
6.71 (d,3J ) 5.0, 1H; Ar-H), 6.90 ppm (d,3J ) 5.5, 1H; Ar-
H). 31P NMR (D2O): δ ) -12.27 ppm.24

Computational Details.Calculations on the metal fragments
{Ru(DMSO)3(H2O)}2+, {Ru(η6-C6H6)(H2O)}2+, {Os(DMSO)3-
(H2O)}2+, and{Os(η6-C6H6)(H2O)}2+ were carried out with the
GAUSSIAN-98 set of programs25 within the framework of the
DFT, using the B3PW91 functional.26 The LANL2DZ effective
core potentials were used to replace the 10 core electrons of S
and the 28 innermost electrons of Ru.27a,bThe associated double
ú basis set was used and was augmented by a d polarization
function for S.27c The SDD effective core potential was used to
replace the 60 innermost electrons of Os,28 and the associated
doubleú basis set was used. A 6-31G** basis set was used for
all other elements. Further discussions about the accuracy of
this methodological choice are carried out below. The geometries
used in the orbital computation of the{ML3(H2O)}2+ (M )
Ru, Os) fragments were derived from the fully optimized
geometry of thefac-[ML 3(H2O)(OH)2] complex, in which the
fragment is associated with two hydroxo ligands to mimic the
coordination of the ruthenium and osmium to two oxygen atoms
of the lacuna of [R-PW11O39]7-.

Calculations on the lacunary POM [R-PW11O39]7- and on
its RuII derivatives were carried out using the Jaguar 6.0 release
11 set of programs,29 within the framework of the DFT using
the B3PW91 functional. The LANL2DZ effective core potentials
were used to replace the 60 innermost electrons of W, the 28
innermost electrons of Ru and the 10 innermost electrons of P.
The associated doubleú basis set was used for these atoms,
and a 6-31+G* basis set was used for the other atoms. Full
geometry optimization was carried out, except when otherwise
specified. Solvation was taken into account by using the
JAGUAR self-consistent reaction field continuum dielectric.30

Parameters were chosen to model water (dielectric constant
equal to 80.37).

Choice of Functional and Basis Set.With the main target
being the study of the bidentate coordination of ruthenium
fragments on the POM, a good description of the electronic
structure of this metal appeared to be necessary: we thus first
investigated the effect of the functional and the basis set on the

Figure 1. Two modes of coordination of ruthenium on the
[R-PW11O39]7- anion.
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calculations carried out on thefac-[RuCl2(DMSO)3(DMSO)]
complex. The influence of the functional and basis set on both
the structural parameters and the vibrational frequencies offac-
[RuCl2(DMSO)3(DMSO)] was considered. Indeed, even though
the aim of our study is not to reproduce the spectroscopic
characteristics of the ruthenium and osmium derivatives of
POMs, the vibrational study offac-[RuCl2(DMSO)3(DMSO)]
was performed to probe the quality of reproduction of the
electronic environment at the metal.

The effect of the basis was first examined using the B3LYP
functional,26a,31 which is the most widely used for transition
metal complexes.32 Results for all electron computations and a
large basis (except for Ru; Table 1, entry 2) were compared
with those obtained using effective core potentials for all heavy
atoms (entry 1). No major geometric effect is observed, and
the calculated bond distances are systematically found to be
approximately 0.1 Å too long for the Ru‚‚‚S bond lengths and
over 0.05 Å too long for the Ru‚‚‚O distances compared with
the X-ray values. This problem could not be improved by adding
an f polarization function on Ru27d (entry 3). Regarding the
calculated S-O stretching frequencies, they are globally smaller
than the experimental values and no effect of the polarization
f orbital is observed (less than 1 cm-1). Using an all electron
polarized basis set even worsens the discrepancy with the
experimental frequencies (entry 2).

We thus tried to change the functional to better reproduce
both geometrical and vibrational data and thus very probably
improve the description of metal-ligand interactions. BP86 and
B3PW91 computations were undertaken using the smaller basis
set since no major effect had been found using B3LYP. The
BP86 functional (entry 4),26,33which has been used in the past
in the literature for the study of [RuCl2(DMSO)4] isomers,34

gives better results as far as the bond lengths are concerned but
much worse results for the S-O vibration frequencies. In the
case of B3PW91 (entry 5), the obtained Ru‚‚‚S and Ru‚‚‚O

distances are substantially shorter than those obtained with
B3LYP (but slightly longer than those obtained with BP86) and
thus closer to the X-ray values. Furthermore,S-O vibrational
frequencies increase compared with B3LYP and become higher
than the experimental ones. This is of special interest to us since
vibrational frequencies computed in the harmonic approximation
are generally overestimated,35 which made the smaller values
obtained with B3LYP particularly disturbing. As for the S-O
stretching frequency, the B3PW91 value is also the closest to
the experimental value; further calculations were thus undertaken
using the B3PW91 functional and the small basis set. They are
indeed expected to better reproduce the coordination ability of
the Ru moiety, since they properly reproduce its electronic
environment, as probed from spectroscopic data.

Additional tests were carried out on the lacunary complex
[R-PW11O39]7- to evaluate the effect of the functional on the
highest occupied molecular orbital (HOMO) as well as on the
geometrical parameters of the lacuna. The HF, B3LYP, and
B3PW91 aspects of the HOMO are identical, which is especially
noteworthy since the HOMO-x orbitals are very close in energy
to the HOMO. Furthermore, we evaluated the effect of the
functional on the optimized geometry of the lacunary POM,
for which the largest structural differences are expected. The
four O‚‚‚O distances between the oxygen atoms of the lacuna
are given in Table 2. The discrepancies between two corre-
sponding O‚‚‚O distances are below 0.06 Å, which is rather
small regarding that these distances are long and characteristic
of nonbonding interactions. Consequently, since the grafted
metal fragment is better described using B3PW91, this functional
was chosen throughout this study for the computations on the
POM. It should be noted that, in this work, the purpose of the
calculations is to analyze the grafting properties of different
electrophilic fragments on the lacunary POM and not to try to
reproduce or simulate the experimental spectroscopic data of
these compounds.

TABLE 1: Effect of the Choice of the Functional and Basis Set on the Ruthenium-Ligand Bond Distances and on the S-O
Frequencies of the DMSO Ligands. The Numbering Used for the Atoms Coordinated to the Ru Is the One Represented Below

Methods and Basis Sets

1 2 3 4 5

functional B3LYP B3LYP B3LYP BP86 B3PW91
H, C, O 6-31G** 6-31+G** 6-31G** 6-31G** 6-31G**
S LANL2DZ/d 6-31+G** LANL2DZ/d LANL2DZ/d LANL2DZ/d
Cl LANL2DZ/d 6-31+G** LANL2DZ/d LANL2DZ/d LANL2DZ/d
Ru LANL2DZ LANL2DZ LANL2DZ/f LANL2DZ LANL2DZ

Bond Lengths (Å)

distance RX17c 1 2 3 4 5

Ru‚‚‚S1 2.252(1) 2.3448 2.3547 2.3354 2.2997 2.3097
Ru‚‚‚S2 2.277(1) 2.3737 2.3904 2.3632 2.3431 2.3305
Ru‚‚‚S3 2.276(1) 2.3715 2.3864 2.3616 2.3111 2.3309
Ru‚‚‚O4 2.142(3) 2.1946 2.2071 2.1885 2.1819 2.1798
Ru‚‚‚Cl1 2.435(1) 2.4860 2.4817 2.4788 2.4692 2.4586
Ru‚‚‚Cl2 2.435(1) 2.4823 2.4830 2.4825 2.4587 2.4624

S-O Stretching Frequencies (cm-1)

frequency expt17b,c 1 2 3 4 5

DMSO 1095 1096 1084 1096 1037 1112
1110 1103 1090 1103 1056 1119
1122 1108 1095 1109 1072 1125

DMSO 921 891 893 889 852 908
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3. Characterizations of Compounds 1, 2, and 3

Following the experimental conditions for the synthesis of
[R-PW11O39{Ru(η6-p-cym)(H2O)}]5- (4),13 [R-PW11O39{Ru-
(DMSO)3(H2O)}]5- (1), [R-PW11O39{Os(DMSO)3(H2O)}]5- (2),
and [R-PW11O39{Os(η6-p-cym)(H2O)}]5- (3) have been obtained
by the reaction between K7[R-PW11O39]‚14H2O and eitherfac-
[RuCl2(DMSO)3(DMSO)], fac-[OsCl2(DMSO)3(DMSO)], or
[Os(η6-p-cym)Cl2]2, respectively, in an equimolar ratio in boiling
water. Compounds1-3 have been identified by31P NMR,1H
NMR, and IR spectroscopies.

In each case, after 1 h of reflux in D2O, the 31P NMR
spectrum of the solution reveals the presence of one major
product, whose chemical shift (-11.01 ppm for1, -11.21 ppm
for 2, and-12.27 ppm for3) is shifted toward lower frequency
with respect to that of the free [R-PW11O39]7- anion (-10.44
ppm), which is in accord with the grafting of a metal fragment
(i.e., a ruthenium or osmium fragment) onto the lacuna of the
polyoxometalate.36

For 2 and3, the1H NMR spectra of the mother liquor reveal
the presence of free DMSO in solution (meaning that DMSO
molecules have decoordinated from the starting precursor),37,38

and the chemical shift range of the remaining signals is typical
for DMSO ligands coordinated via the sulfur atom to a RuII or
OsII center. The presence of six singlets of equal intensity for
1 suggests that there are three remaining S-bonded DMSO
ligands on the ruthenium and that the six methyl groups are
magnetically inequivalent (meaning that there is no rotation
around the Ru-S bond, as it had been observed previously for
the [XW11O39{Ru(DMSO)3(H2O)}]6- compounds (X) Si,
Ge)).39 Similarly, the observation of five singlets of relative
intensity 1:1:1:1:2 for2 suggests that an{Os(DMSO)3}2+

fragment is grafted onto the polyoxometallic framework.40 As
in the case of [R-PW11O39{Ru(η6-p-cym)(H2O)}]5- (4), the1H
NMR spectrum of3 displays only one set of signals for the
p-cymene ligand (different from that of the starting material)
and the aromatic protons are all inequivalent.13 These1H NMR
analyses suggest that1, 2, and3 are formed by coordination
of, respectively,{Ru(DMSO)3}2+, {Os(DMSO)3}2+, and{Os-
(η6-p-cym)}2+ fragments on the lacuna of [R-PW11O39]7-.

The IR spectra of the precipitates resulting from the addition
of CsCl to the mother liquor after 1 h of reflux are shown in
Figure 2. In the region of the M-O stretching vibrations (below
1100 cm-1), they present the same profile as Cs5[R-PW11O39-
{Ru(η6-p-cym)(H2O)}] (Cs5-4),13 the compound for which the
structure had been determined by X-ray crystallography. This
suggests that the oxometallic framework is the same for all
compounds: the electrophilic fragments ({Ru(DMSO)3}2+,
{Os(DMSO)3}2+, and {Os(η6-p-cym)}2+) are bonded to two

nonequivalent oxygen atoms of the lacuna, leading to the loss
of symmetry of the parent anion [R-PW11O39]7-.41 It is
noteworthy that similarities in the binding properties of
{M(DMSO)3}2+ (M ) Ru, Os) fragments onto a POM had
already been evidenced by Neumann through the formation of
[{MII(DMSO)3}Mo7O24]4- (M ) Ru, Os).42 The similarity
between the IR spectra ofCs5-xK x-1, Cs5-xK x-2, Cs5-xK x-3,
andCs5-4, the reactivity of the starting RuII and OsII precursors
in water, and the X-ray structures of4 and of the [â3-XW11O39-
{Ru(DMSO)3(H2O)}]6- compounds (X) Si, Ge) synthesized
by Kortz (but incorrectly described as theR isomers),39 all
suggest that the RuII and OsII metals achieve an 18-electron
environment by coordination to an aqua ligand. It is noteworthy
that, in this study, we obtained theR isomers of [PW11O39-
{Ru(DMSO)3(H2O)}]5- and [PW11O39{Os(DMSO)3(H2O)}]5-.
Indeed, on one hand, it is very unlikely that the [R-PW11O39]7-

TABLE 2: O ‚‚‚O Distances in the Optimized [r-PW11O39]7- Anion Depending on the Functional (distances are given in
angstroms; the starting point geometry used for [r-PW11O39]7- was that extracted from the X-ray structure of
[r-PW11O39{Ru(η6-p-cym)(H2O)}]5-)

Figure 2. Comparison of the IR spectra ofCs5-xK x-1, Cs5-xK x-2,
Cs5-xK x-3, andCs5-4.
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anion would have isomerized in water into theâ3 form, before
the grafting of{M(DMSO)3(H2O)}2+ (M ) Ru, Os).43 On the
other hand, the profile of the IR spectrum ofCs5-xK x-1 and
Cs5-xKx-2 in the region below 450 cm-1 confirms the formation
of an R form.44 The structure proposed for1 and 2 is thus
depicted in Figure 3.

Consequently, throughout this first Experimental Section, the
bidentate role of the [R-PW11O39]7- polyanion toward{Ru(η6-
arene)}2+ moieties was extended to the{Ru(DMSO)3}2+ frag-
ment and to the{Os(η6-p-cym)}2+ and{Os(DMSO)3}2+ ana-
logues.

The similarities between the structures of [R-PW11O39-
{M(DMSO)3(H2O)}]5- (M ) Ru, Os) and [R-PW11O39{M(η6-
arene)(H2O)}]5- (M ) Ru, Os) are striking: one structure
derives from the other by the formal replacement of thefac-
{M(DMSO)3}2+ group by the{M(η6-arene)}2+ fragment. Ad-
ditionnally, the bidentate grafting is found to be fully regiose-
lective, leading to two enantiomeric forms whatever the nature
of the grafted moiety. A theoretical study of the bidentate
coordination of these metal fragments onto the lacunary POM
was thus undertaken, to understand and analyze the various
points commented above.

First, the coordination is studied from a fragment interaction
point of view: the full [R-PW11O39{ML3(H2O)}]5- complex is
decomposed into a lacunary POM in interaction with ad6 metal
fragment. This decomposition of the complex into two simple
fragments does not imply any mechanistic feature for its
formation. The orbital structure of the different grafted metal
fragments is thus reported, to compare their electrophilic
properties; this allows a better understanding of the origin of
the similarities between thefac-{M(DMSO)3}2+ and the{M-

(η6-arene)}2+ groups. Then, the electronic and geometric
structure of [R-PW11O39]7- is computed and discussed; it points
out the role of geometry optimization on the orbital properties
of the POM and thus on its binding ability.

Second, an energetic study of the regioselective grafting is
described in the case of the [R-PW11O39{Ru(η6-arene)(H2O)}]5-

complex, used as a prototype entity: the three possible
regioisomers resulting from the bidentate grafting of the{Ru-
(η6-arene)(H2O)}2+ are computed and compared and then the
energetics of water coordination to this entity is examined.

4. Qualitative Study of the Grafting: Orbital Analysis
The first step in our study was to compare the electrophilic

properties of the different{ML3(H2O)}2+ fragments grafted on
the POM. We examined if simple considerations on their lowest
unoccupied orbitals (LUMOs) could justify the analogy in their
mode of coordination. Afterward, a study of the HOMO of the
lacunary POM was carried out. Indeed, even though the POM
and the metal fragment are charged species, it can be shown
that the observed nonsymmetrical coordination mode is not
governed by charge control: charge control coordination should
occur in a symmetrical way, since the charges on atoms
symmetric across theσd plane have to be identical. Additionally,
charges computation shows that the largest negative charges
on the POM are not located on the O of the lacuna but on
bridging atoms.

4.1. Metal Fragments: {M(DM SO)3(H2O)}2+ vs {M(η6-
C6H6)(H2O)}2+. To investigate the coordination analogy of
ruthenium and osmium fragments in1, 2, 3, and4, the orbital
structure of{M(DMSO)3(H2O)}2+ was compared with that of
{M(η6-C6H6)(H2O)}2+ (M ) Ru, Os) (the benzene is used here
to model the arene ligand).45 Since the metal fragments can be
considered as electrophilic entities with respect to [R-PW11O39]7-,
only the LUMOs are examined. For all fragments, the energy
gap between the LUMO and the LUMO+1 is found to be quite
large; consequently, the LUMO+1 will play no major influence
on the electrophilic orbital properties of these fragments, which
are mainly described by the LUMO. The LUMOs obtained in
the case of ruthenium are given in Figure 4, whereas the orbitals
computed with osmium can be found in the Supporting Infor-
mation. Indeed, since the LUMOs of{Ru(η6-C6H6)(H2O)}2+

and{Os(η6-C6H6)(H2O)}2+ and of{Ru(DMSO)3(H2O)}2+ and
{Os(DMSO)3(H2O)}2+, respectively, are almost identical, only
the ruthenium moieties are described.

The LUMOs of both {Ru(η6-C6H6)(H2O)}2+ and {Ru-
(DMSO)3(H2O)}2+ are found to be highly similar: they are both
metal centered, with a strongdyz character, and ofπ symmetry
with respect to a ligand approaching along thez axis.

Figure 3. Molecular structure proposed for1 and2.

Figure 4. Representation of the LUMO of{Ru(η6-C6H6)(H2O)}2+ (left) and{Ru(DMSO)3(H2O)}2+ (right) (isodensity) 0.09).
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Given the similarities between their LUMOs, the binding
properties of all{MIIL3(H2O)}2+ fragments with respect to
different nucleophiles are thus expected to be the same, in
particular toward the bidentate ligands. The regiospecificity of
their bidentate coordination to the lacuna of [R-PW11O39]7- was
then studied by computation of the HOMO of this ligand.

4.2. Orbital Analysis of [r-PW11O39]7-. A lot of compu-
tational studies have been carried out on complete POMs, and
they mostly investigate their structural, electronic, and magnetic
properties.46 Fewer results are published on the lacunary
POMs,47 so that very little is known on the properties of such
POMs as ligands toward transition metal compounds. In this
section, the analysis of the factors influencing the proper
representation of the lacuna of [R-PW11O39]7- is carried out.
First, the geometrical characteristics of the lacuna are described.
Afterward, different models of the lacuna are examined to
understand the parameters essential for the reproduction of its
electronic properties.

Discussion about the Geometry of the Lacuna.In a first
attempt to understand coordination modes, the lacunas in three
different crystallographic structures containing the [R-PW11O39]7-

entity are compared. The first one (called modelA) is extracted
from the structure of the complete POM [R-PW12O40]3-,48 from
which one{WO}4+ fragment was removed.49 The second one
(B) derives from the X-ray structure of an [R-PW11O39]7-

compound in which a Na+ cation occupies the cavity.50 The
last one (C) stems from the X-ray data of4,13 by removal of
the {Ru(η6-p-cym)(H2O)}2+ entity. A scheme of these geom-

etries is given in Figure 5, using the orientation presented. The
oxygen atoms of the lacuna are labeled O1 to O4. Both
orientation and labeling will be conserved throughout the rest
of this section.

It is noteworthy that a pseudoplane of symmetry (σd) exists
in the structures ofA and B, even though the O1‚‚‚O4 and
O2‚‚‚O3 distances are not exactly equal in the X-ray structure.
In C, this symmetry is broken due to the coordination of the
Ru fragment.

Differences up to 0.5 Å are observed for the O‚‚‚O distances
and can be easily rationalized. In the case ofC, the shortest
O‚‚‚O distance is found between O1 and O4, which are the two
oxygen atoms which were initially coordinated to{Ru(η6-p-
cym)(H2O)}2+. In the case ofA andB, the two shortest distances
should be found between O1‚‚‚O2 and O3‚‚‚O4, which happen
to be connected by only one W-O-W bridge. But, among
them, the distance between O3 and O4 is longer, because an
oxygen atom of the [PO4]3- entity points between these atoms
and introduces an additional repulsion; the O3‚‚‚O4 distance thus
approaches the O1‚‚‚O4 and O2‚‚‚O3 distances.

Modeling the Lacuna.To investigate the structural features
responsible for the electronic properties of the lacunary POM,
two simplified models were used and compared with the
complete system, using the geometry of modelB.

First, a simple model of the lacunary POM,47b,51 consisting
of four hydroxo ligands, was computed. The geometry chosen
to position the four fragments was directly derived from the
X-ray structure ofB. The oxygen atoms of the lacuna were kept
into their initial position, and the OH bonds were directed along
the O-W bonds and adjusted to the length of 1.1 Å.

Second, the calculations were undertaken on the POM
deprived of both the Na+ and the central [PO4]3- core. In the
case of complete Keggin anions, this model, referred to as the
clathrate model, had given relatively good results in computing
their electronic properties.52

The resulting HOMOs for these two fragments and for the
complete lacunary POM (nonoptimized, modelB) are given in
Figure 6.

In the smaller model, the HOMO is a combination of 2p
orbitals of the O atoms, which are perpendicular to the OH
bonds and within the plane of the four oxygen atoms. For the
larger structures, the electronic density of the orbital is spread
out on different bridging and terminal oxygen atoms of the POM
and in particular on the oxygen atoms of the lacuna.

In the (OH-)4 model, the HOMO is antisymmetrical with
respect to theσd symmetry plane and mainly developed on the
two oxygen atoms which are the closest in the X-ray structure,
namely, O1 and O2. This is not surprising, insofar as the
proximity of both atoms leads to an enhancement of the
antibonding interaction between the 2p orbitals and consequently
increases their energy. In the clathrate model, the HOMO is

Figure 5. Orientation chosen for [R-PW11O39]7- and oxygen-oxygen
bond distances (in angstroms) in the X-ray structures of modelsA, B,
andC.

Figure 6. HOMO orbitals for (OH-)4 (isodensity) 0.08), [W11O35]4-, and [R-PW11O39]7- derived fromB (single point) (isodensity) 0.02).
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antisymmetric with respect to theσd plane and displays a fully
antibonding combination of the 2p lone pairs of the oxygen
atoms contained in the lacuna plane. On the opposite, in the
presence of the central [PO4]3-, the interaction between the 2p
orbitals of the oxygen atoms of the lacuna in the HOMO is not
fully antibonding anymore. The HOMO is now symmetric with
respect to theσd plane, and thus, the interaction between the
oxygen atoms of the lost triad (O1‚‚‚O2 and O3‚‚‚O4) is bonding,
whereas it is antibonding between the other neighboring oxygen
atoms (O1‚‚‚O4 and O3‚‚‚O2).

π-Interaction of the{ML3(H2O)}2+ (M ) Ru, Os) moiety
would be favored between O1 and O2 for the (OH-)4 model of
B and could occur between any group of two adjacent oxygen
atoms in the clathrate model. Only the complete anion can fully
account for the regiospecific grafting of{ML3(H2O)}2+: theπ
arrangement necessary for coordination appears between either
O1 and O4 or O2 and O3, thereby provoking the loss of theCs

symmetry of the POM.
Whereas the HOMO in the small (OH-)4 model is (not

surprisingly) developed between the closest oxygen atoms of
the lacuna, a comparison of the clathrate model and of the
complete POM shows that the phosphate plays an indirect but
essential role in defining the symmetry of the HOMO and
consequently in the coordination abilities of the POM to metallic
fragments.

Impact of Geometrical Factors on the HOMO of the
Lacunary POM. Since the (OH-)4 model showed the role of
the geometry of the lacuna on the aspect of the HOMO, this
orbital was also computed in the case of theC structure, in
which the O1‚‚‚O4 distance is significantly shorter, and thus the
Cs symmetry broken. The result is given in Figure 7. The
shortening of the O1‚‚‚O4 distance leads, as expected, to a higher
localization of the HOMO between the 2p orbitals of these
oxygen atoms. They interact in an antibonding way and thereby
enhance the asymmetric binding ability of the POM to the
electrophilic metal center. Since the regiospecificity of the
bidentate grafting can be accounted for with modelsB andC,
the use of the X-ray structure of the grafted POM (C) is not
necessary for this study, since it only enhances the localization
of the HOMO.

Additionally, the lacunary POM was fully optimized and its
HOMO computed. It is noteworthy that the optimization process
resulted in the same final geometry whatever starting structure
(A, B, or C) was used. As evidenced in Figure 7, optimization
of the lacunary POM in the absence of a cation in the lacuna
results in a strong redistribution of the electronic density on
the other oxygen atoms of the cluster, and the HOMO becomes

almost symmetrical with respect to theCs symmetry plane.
However, whereas the HOMOs computed on the two X-ray
extracted geometries (modelsB andC) presented can account
for the regioselective grafting, the HOMO of a fully optimized
structure does not allow us to conclude.

A closer look at the results for geometry optimization shows
a clear opening of the lacuna as reflected from the O‚‚‚O
distances: they all increase by more than 0.3 Å, probably
because of an electrostatic repulsion between the terminal
oxygen atoms O1, O2, O3, and O4. The geometry changes due
to optimization are much larger than the geometrical differences
described above in the various modelsA, B, andC. Such an
increase in the O‚‚‚O distances between the oxygen atoms of
the lacuna had already been observed in the literature for DFT
studies of the bilacunary [γ-SiW10O36]8- polyoxoanion: in that
case, optimization led to an increase of 0.4 Å in the distances
between the oxygen atoms of the lacuna which are only
separated by one{W-O-W} bridge.47b

4.3. Conclusion on Orbital Considerations.At this point,
several aspects can be deduced from these orbital studies:

(i) All {ML3(H2O)}2+ fragments (M) Ru, Os; L3 ) η6-
C6H6, fac-(DMSO)3) exhibit similar orbital properties, so that
the electrophilic grafting on [R-PW11O39]7- can be studied on
either of these fragments.

(ii) The whole oxoanionic framework of [R-PW11O39]7-

(including the [PO4]3- moiety) must be considered to compute
the HOMO, since the symmetry of this orbital, and thus its
coordinating abilities, may be modified by removing part of
the oxoanion.

(iii) The HOMO computed after geometry optimization of
[R-PW11O39]7- hardly accounts for the regiospecific grafting
of {ML3(H2O)}2+ moieties on the lacuna.

(iv) The bidentate and regiospecific linkage of the{ML3-
(H2O)}2+ fragments (M) Os, Ru) can be explained by the
single-point computation of the HOMO of the lacunary anion
derived from the X-ray structures available for [R-PW11O39]7-

(modelsB andC).

5. Quantitative Study of the Different Modes of Grafting
on [r-PW11O39]7-

Even though regioselective coordination of the{ML3(H2O)}2+

moieties can be qualitatively understood from molecular orbital
analysis, no quantitative information concerning either the
energetics or geometrical data of the grafting have been
obtained. These are accessible via geometry optimizations of
the different complete POMs, which are exposed in the
following section.

Because of the strong similarities in the electrophilic proper-
ties of the different grafted fragments we underscored in the
orbital analysis, and since all species are formed in similar
experimental conditions, the results of an energy study on
compounds1, 2, and3 are expected to be analogous to those
obtained on [R-PW11O39{Ru(η6-C6H6)(H2O)}]5-. Therefore, due
to the higher computational cost linked to the numerous degrees
of freedom in [R-PW11O39{M(DMSO)3(H2O)}]5- (M ) Ru, Os),
the energy study of the regioselectivity of the grafting was only
performed on [R-PW11O39{Ru(η6-C6H6)(H2O)}]5-.

5.1. Competition between the Different Regioisomers.We
considered the three possible regioisomers for [R-PW11O39{Ru-
(η6-C6H6)(H2O)}]5-, in which the{Ru(η6-C6H6)(H2O)}2+ moi-
ety is grafted either in an unsymmetrical way, between O1 and
O4,53 or in a symmetrical way, either between O1 and O2 (the
shorter O‚‚‚O distance) or between O3 and O4 (the longer one).

Figure 7. Representation of the HOMO of [R-PW11O39]7- derived from
C, single point (left) or optimized (right) (isodensity) 0.02). The
corresponding Oi‚‚‚Oj distances are given in angstroms.
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These three isomers are referred to as R(O1O4), R(O1O2), and
R(O3O4) in this section. Their optimized structures as well as
their relative energies are given in Figure 8.

In the gas phase, the complex which presents the lowest
energy is the nonsymmetrically bonded compound R(O1O4). By
means of continuum solvent introduction (the solvent considered
was water), the R(O1O4) isomer remains the most stable of the
three, and its energy difference with R(O1O2) is slightly
increased. The most stable isomer found is thus in agreement
with the experimental NMR and X-ray data. However, the most
surprising point is that all three isomers are close in energy, so
that the less favored isomers remain energetically viable species.

Geometrical parameters relevant for the optimized and X-ray
structures are given in Table 3. Comparison of the X-ray data
of 413 with the optimized structure R(O1O4) in the gas phase
was carried out to evaluate the liability of the computational
method chosen. Computed results are in good agreement with
the previously published structure: the bond distances are
reproduced within 0.05 Å (except for the W4‚‚‚O4 distance,
which is surprisingly long). As in the case of the optimization
of [R-PW11O39]7-, a larger discrepancy is observed for the
nonbonding distances: this can be due to intermolecular
interactions in the solid state (crystal packing, countercation
effects, etc.) or to computational limitations (modelization of
the p-cymene ligand by a benzene, highly flexible structure

leading to shallow minima, etc.). This analysis not only shows
the importance of environmental effects on the obtained X-ray
structure and on the experimental nonbonding distances but also
confirms that, even in these conditions, the computational level
chosen here leads to highly accurate bond lengths.

The Ru environment is very similar in the optimized structures
of the three R(OiOj) regioisomers, as expected since all isomers
are close in energy. The Ru‚‚‚O and Ru‚‚‚C distances differ by
less than 0.03 Å. The shortest Oi‚‚‚Oj distances are systemati-
cally found between the oxygen atoms of the lacuna which are
connected through the ruthenium atom. Additionally, the W-Oi

distances can be grouped into two sets: longer ones (between
1.82 and 1.86 Å), which correspond to the W-Oi-Ru bridges,
and shorter ones (between 1.75 and 1.76 Å), which connect
tungsten atoms to the terminal oxygen atoms of the lacuna which
are not linked to the ruthenium.

When the geometry optimization is performed in the presence
of a solvent, slight variations in the different interatomic bond
distances are observed. The size of the lacuna (i.e., the average
Oi‚‚‚Oj bond distance) increases for all three isomers, and the
ruthenium-POM interaction is weakened, as shown by the
lengthening of the Ru-O bonds. A closer look at the structures
optimized in water reveals that whereas the geometrical varia-
tions (with respect to the gas phase) are the smallest in the case
of R(O3O4), the opening of the lacuna is the most important in

Figure 8. Optimized structures, labeling, and energies of the three regioisomers of [R-PW11O39{Ru(η6-C6H6)(H2O)}]5-. Energies (in kcal‚mol-1)
are given relative to the most stable isomer (values in parentheses correspond to the solvated energies). For reasons of clarity, the hydrogen atoms
on the benzene ligands are not represented.

TABLE 3: Significant Interatomic Bond Distances (in angstroms) in the X-ray Structure of 4 and in the Optimized Structures
of R(O1O4), R(O1O2), and R(O3O4) in the Gas Phase and in Solution (S)

distance X-ray (O1‚‚‚O4) R(O1O4) R(O1O2) R(O3O4) R(O1O4) (S) R(O1O2) (S) R(O3O4) (S)

O1‚‚‚O2 3.01 2.94 2.69 3.14 3.02 2.76 3.13
O2‚‚‚O3 3.21 3.56 3.40 3.22 3.32 3.51 3.25
O3‚‚‚O4 3.21 3.14 3.37 2.77 3.23 3.41 2.82
O4‚‚‚O1 2.73 2.86 3.37 3.20 2.91 3.47 3.24
Σ(Oi‚‚‚Oj) 12.16 12.50 12.83 12.33 12.48 13.15 12.44
Ru‚‚‚O1 2.06 2.01 2.02 4.09 2.09 2.10 4.17
Ru‚‚‚O2 4.05 3.93 2.01 4.10 4.10 2.10 4.17
Ru‚‚‚O3 4.16 4.05 4.13 1.99 4.18 4.28 2.08
Ru‚‚‚O4 2.04 2.00 4.13 1.99 2.07 4.28 2.08
Ru‚‚‚Ow

a 2.08 2.10 2.09 2.10 2.15 2.12 2.14
Ow‚‚‚OL1

b 2.59 2.58 2.56 2.59 2.68 2.66 2.63
Ow‚‚‚OL2

b 2.63 2.59 2.56 2.59 2.68 2.66 2.65
Ow‚‚‚H1

c 1.02 1.02 1.01 1.00 1.00 1.00
Ow‚‚‚H2

c 1.01 1.01 1.01 1.00 1.00 1.00
H1‚‚‚OL1 1.57 1.59 1.62 1.70 1.72 1.71
H2‚‚‚OL2 1.60 1.59 1.63 1.75 1.72 1.70
W1‚‚‚O1 1.78 1.82 1.84 1.75 1.77 1.82 1.75
W2‚‚‚O2 1.72 1.76 1.84 1.75 1.75 1.82 1.75
W3‚‚‚O3 1.70 1.76 1.76 1.86 1.75 1.77 1.80
W4‚‚‚O4 1.75 1.84 1.76 1.85 1.78 1.77 1.80
Ru‚‚‚C (avg) 2.15 2.19 2.20 2.20 2.21 2.21 2.21

a Ow ) oxygen atom of the water ligand.b OL1 ) O2 and OL2 ) O3 for R(O1O4), OL1 ) O3 and OL2 ) O4 for R(O1O2), and OL1 ) O1 and OL2

) O2 for R(O3O4). c H1 points toward OL1 and H2 toward OL2.
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the case of R(O1O2). These geometrical changes could thus be
linked to the large variation in the relative energy between these
two isomers when including the solvent.

5.2. Water Coordination in [R-PW11O39{Ru(η6-C6H6)-
(H2O)}]5-. It is noteworthy that the distances between the water
oxygen Ow and both the ruthenium and the lacuna’s oxygen
atoms O2 and O3 for R(O1O4) reproduce particularly well the
experimental data. In the optimized structure, the orientation
of this aqua ligand evidences the formation of two H-bonds
between the two different hydrogens and O2 and O3 (Figure 8).
Attempts to make H-bonds using a single H bridging both
oxygen atoms O2 and O3 were unsuccessful, insofar as they
systematically converged toward the structure R(O1O4) in Figure
9.

We thus decided to investigate the coordination of the water
molecule to the Ru in the grafted form from a thermodynamic
point of view. First, a study of the interaction energy between
the Ru and the aqua ligand in the three regioisomers R(OiOj)
was performed. Then, a more detailed investigation was done
for the most stable isomer R(O1O4).

The interaction energy of the water molecule with the rest of
the structure was first evaluated in the gas phase as the energy
difference between the absolute value of the energy of the
optimized [R-PW11O39{Ru(η6-C6H6)(H2O)}]5- R(OiOj) anion
and that of the nonoptimized [R-PW11O39{Ru(η6-C6H6)}]5- and
H2O fragments (taken in the geometry of the optimized R(OiOj)
isomer). As can be seen in Table 4, these energies are all above
50 kcal‚mol-1 but within 3 kcal‚mol-1. The slight differences
observed between the interaction energies of the R(OiOj) isomers
cannot explain the difference between their absolute energies,
since they do not vary in the same way.

These interaction energies were compared with the one
obtained for the water molecule in the model complex [Ru(η6-
C6H6)(H2O)(OH)2] (Table 4). The conformer chosen for [Ru-
(η6-C6H6)(H2O)(OH)2] was the one in which the aqua ligand
makes no interaction with the hydroxo ligands, just like the water
molecule in R(OiOj) which does not interact with the oxygen
atoms directly bonded to the ruthenium. The interaction energy
is much smaller in [Ru(η6-C6H6)(H2O)(OH)2] than in R(OiOj),

thus indicating that, in the latter compound, the interaction of
the POM framework with the aqua ligand is important and
consistent with the presence of two strong hydrogen bonds, in
addition to the RuII-OH2 interaction. Quantitative insights can
even be obtained from the comparison of the interaction energy
of the aqua ligand in the [Ru(η6-C6H6)(H2O)(OH)2] complex
and in the R(OiOj) isomers. Indeed, it allows us to evaluate the
part of the interaction energy which can be attributed to the
binding to the ruthenium (around 20 kcal‚mol-1, Table 4) or to
the interaction of water with the POM (which thus falls to about
35 kcal‚mol-1).

The structure of the nonsymmetrical [R-PW11O39{Ru(η6-
C6H6)}]5- (derived from R(O1O4)) was then fully optimized to
examine how it could relax in the absence of water. A bidentate
16-electron coordination mode was optimized (named T2). A
second structure (T3) was found in which the Ru completes an
18-electron environment by achieving coordination to three
oxygen atoms of the lacuna as shown in Figure 9 and evidenced
from the Ru‚‚‚O distances given in Table 5.

From an energetical point of view, the 18-electron complex
(T3) is much more stable than the 16-electron one (T2), with
the energy difference being 14.5 kcal‚mol-1. Decoordination
of water from R(O1O4), which leads to the formation of T3, is
found to be highly endothermic (26.6 kcal‚mol-1), suggesting
that the dehydration of R(O1O4) is disfavored. Relating these
energy values to experimental behavior is both tempting and
frustrating. Indeed, under photochemical irradiation, and in the
presence of DMSO,4 evolves into [R-PW11O39{RuII(DMSO)}]5-,
by decoordination of the arene and aqua ligands. However, no
dehydrated (like T3) or dearenated intermediates could be
evidenced, because of their fast evolution in solution. Therefore,
it is difficult to say which ligand leaves first and whether a T3
type compound is formed or not.

From a geometrical point of view, the coordination of Ru in
T2 is very similar to that observed in R(O1O4) (disregarding,
of course, the removal of the aqua ligand). However, in T2,
shorter Ru-Oi bonds (i ) 1, 4), together with longer corre-
sponding W-Oi bonds (i ) 1, 4), are characteristic of the
unsaturated electronic configuration of the Ru. On the other
hand, longer Ru‚‚‚O nonbonding distances, together with a larger
O3O4Ru angle (107.8° for T2 vs 101.3° for R(O1O4)), evidence
the absence of tilting of the Ru fragment toward the center of
the lacuna.

Comparing T3 and R(O1O4) is especially insightful since in
both complexes the Ru is hexacoordinated and presents an 18-

Figure 9. Optimized structures of [R-PW11O39{Ru(η6-C6H6)}]5-: T2
(left) and T3 (right) (for reasons of clarity, the hydrogen atoms on the
benzene ligands are not represented).

TABLE 4: Interaction Energies (in kcal ‚mol-1) between
[PW11O39{Ru(η6-C6H6)}]5- and H2O in the Different R(O iOj)
Isomers Optimized in the Gas Phase, and between
[Ru(η6-C6H6)(OH)2] and H2O in the [Ru(η6-C6H6)-
(H2O)(OH)2] Compound Optimized in the Gas Phase

compound interaction energy

R(O1O4) 56.5
R(O1O2) 54.2
R(O3O4) 55.2
[Ru(η6-C6H6)(H2O)(OH)2] 19.5

TABLE 5: Energetic and Geometrical Parameters for the
Optimized R(O1O4), T2, and T3

R(O1‚‚‚O4)
(in vacuum)b

T2 + H2O
(in vacuum)b

T3 + H2O
(in vacuum)b

energiesa 0.0 41.1 26.6
O1‚‚‚O2 2.94 2.99 2.68
O2‚‚‚O3 3.56 3.29 3.15
O3‚‚‚O4 3.14 3.20 3.17
O4‚‚‚O1 2.86 2.73 2.78
Ru‚‚‚O1 2.01 1.92 1.99
Ru‚‚‚O2 3.93 4.10 2.10
Ru‚‚‚O3 4.05 4.22 3.31
Ru‚‚‚O4 2.00 1.93 2.10
W1‚‚‚O1 1.82 1.89 1.82
W2‚‚‚O2 1.76 1.72 1.80
W3‚‚‚O3 1.76 1.73 1.75
W4‚‚‚O4 1.84 1.89 1.82
Ru‚‚‚C (avg) 2.19 2.19 2.18

a Energies are given relative to R(O1O4) in kcal‚mol-1. b Distances
are in angstroms.

RuII and OsII Derivatives of [R-PW11O39]7- J. Phys. Chem. A, Vol. 110, No. 19, 20066353



electron environment. In T3, the metal exhibits a genuine
tridentate mode of coordination to the lacuna, which differs from
the bidentate or pentadentate (as in [R-PW11O39{TiCp}]4- or
[R-PW11O39{Ru(DMSO)}]5-) coordination modes described so
far in the litterature. T3 formally derives from R(O1O4) by
replacing the water molecule by one oxygen atom of the lacuna.

Comparing the structures of T2, T3, and R(O1O4) allows a
better understanding of the distortion abilities of the lacuna. In
T3, coordination to three oxygen atoms (in a quasi-equivalent
way since the Ru-O bond distances are between 1.99 and 2.10
Å) is achieved by shortening the Ru‚‚‚O2 distance (and
lengthening the corresponding W‚‚‚O2 bond) in comparison to
T2. For all compounds, the O1‚‚‚O4 distance remains roughly
constant due to Ru coordination to these two atoms. The
variation of the O3‚‚‚O4 distance is also found to be insignificant,
which might be a consequence of the presence of an oxygen
atom of the [PO4]3- core pointing between these two atoms
(and thus inhibiting a closer contact). Adaptation of the lacuna
to the desired coordination of the grafted fragment is thus
achieved by the flexibility of the O1‚‚‚O2 and O2‚‚‚O3 distances.

5.3. Conclusion.It is noteworthy that quantitative results
consistent with experimental data were found for the regiose-
lective grafting of{Ru(η6-arene)}2+ to the POM. It is believed,
given the experimental formation of the compounds, and the
orbital analysis carried out first, that these conclusions can be
extended to the{Ru(DMSO)3}2+ adduct, as well as their osmium
analogues. The study of water coordination in [R-PW11O39{Ru-
(η6-C6H6)(H2O)}]5- confirms that the aqua ligand is strongly
bound to the RuII, which can be ascribed to the presence of
two hydrogen bonds. These results give better insight on the
role of the sixth ligand on the structure and occurrence of the
bidentate mode of coordination.

The small energy difference between the various regioisomers
of [R-PW11O39{Ru(η6-C6H6)(H2O)}]5- led us to examine the
impact of the exact nature of the ligands by studying the grafting
of the {Ru(DMSO)n}2+ fragments (n ) 1, 3) on [PW11O39]7-.
In particular, the experimentally observed decoordination of
DMSO in 121a is computationally studied; this study will be
exposed in due time.

6. Conclusion and Perspectives

In this article, the investigation of the bidentate coordination
of ruthenium and osmium fragments toward the lacunary
[R-PW11O39]7- heteropolyoxoanion was performed.

Several novel heteropolyoxometalates have been synthe-
sized: [R-PW11O39{M(DMSO)3(H2O)}]5- (M ) Ru, Os) and
[R-PW11O39{Os(η6-p-cym)(H2O)}]5-. In these compounds, as
in the [R-PW11O39{Ru(η6-p-cym)(H2O)}]5- complex, the metal
fragments are coordinated to two oxygen atoms of the lacuna
which are not symmetric with respect to theCs plane of
[R-PW11O39]7-. The regiospecificity of these reactions can be
accounted for by a theoretical approach:

(i) First, on a molecular orbital analysis basis, the LUMOs
of the d6 metal fragments are found to be similar and their
bidentate and regiospecific linkage can be explained by the
single-point computation of the HOMO of the lacunary anion
derived from the X-ray structures available for [R-PW11O39]7-.

(ii) Second, the regioisomer formed experimentally after
coordination of a{Ru(η6-C6H6)(H2O)}2+ fragment on the lacuna
is also found computationally to be the most stable of the three,
in the gas phase as well as in solution, but by less than 3
kcal‚mol-1.

(iii) Third, the water molecule in [R-PW11O39{Ru(η6-p-cym)-
(H2O)}]5- is found to be strongly coordinated to the metal

fragment, since decoordination of this water ligand can only
be partially compensated by coordination to additional O atoms
of the lacuna.

As a conclusion, this work underscores the versatility of the
[R-PW11O39]7- ligand, which experimentally allows both bi-
and pentadentate coordination modes but for which tricoordi-
nation can also be evidenced by means of a computational study.
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