Published in Chemistry - A European Journal, 10, issue 1, 208-217, 2003 1
which should be used for any reference to this work

Framework Fluxionality of Organometallic Oxides: Synthesis, Crystal
Structure, EXAFS, and DFT Studies on [{Ru(n®-arene)},Mo0,0,,] Complexes

Danielle Laurencin,””! Eva Garcia Fidalgo,"” Richard Villanneau,”! Francoise Villain,'* ¢
Patrick Herson, Jessica Pacifico,™ Helen Stoeckli-Evans,””' Marc Bénard,'"!
Marie-Madeleine Rohmer,'"! Georg Siiss-Fink,"” and Anna Proust**

Dedicated to Professor Pierre Gouzerh on the occasion of his 60th birthday

Abstract: Reactions of the molybdates
Na,MoO,2H,0 and (nBu,N),[Mo0,0]
with [{Ru(arene)Cl,},] (arene=
C¢HsCH;, 1,3,5-CH;(CH;);, 1,2,4,5-
C¢H,(CH,;),) in water or organic sol-
vents led to formation of the triple-
cubane organometallic oxides [{Ru(n’-
arene)},Mo,04], whose crystal and
molecular structures were determined.
Refluxing triple cubane [{Ru(n°-
C¢H;CH;)},M0,0(] in  methanol
caused partial isomerization to the
windmill form. The two isomers of
[{Ru(n®-C,HsCH;)},M0,0;,] were char-
acterized by Raman and Mo K-edge
X-ray absorption spectroscopy (XAS),
both in the solid-state and in solution.

This triple-cubane isomer was also
used as a spectroscopic model to ac-
count for isomerization of the p-
cymene windmill [{Ru(m®1,4-
CH,C¢H,CH(CH};),)}sMo0,0O4] in solu-
tion. Using both Raman and XAS
techniques, we were then able to deter-
mine the ratio between the windmill
and triple-cubane isomers in dichloro-
methane and in chloroform. Density
functional calculations on [{Ru(n‘-are-
ne)},Mo,Oy4] (arene =C¢H,, C,H;CHs,
1,3,5-CsH;(CHs);, 1,4-CH,;C,H,CH-
(CH3;),, C¢(CHs)s) suggest that the
windmill form is intrinsically more
stable, provided the complexes are as-
sumed to be isolated. Intramolecular

electrostatic interactions and steric
bulk induced by substituted arenes
were found to modulate but not to re-
verse the energy difference between
the isomers. The stability of the triple-
cubane isomers should therefore be ac-
counted for by effects of the surround-
ings that induce a shift in the energy
balance between both forms.
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Introduction

Stoichiometric or catalytic transformations of organic sub-
strates by ruthenium complexes, and especially by {Ru(ar-
ene)}**-containing species, are now well documented. Com-
pounds of this type are active catalysts in a growing number
of reactions, which include hydrogenation,! oxidation,?’ C—C
coupling (including olefin metathesis),”! and nucleophilic
addition to multiple bonds. In fact, the impact of rutheni-
um in organic synthesis has now attained that of palladi-
um.P! This extensive reactivity is associated with the excep-
tional properties of ruthenium: 1) it has the widest scope of
oxidation states of all elements (from —1u to +vi), 2)a
large number of coordination geometries are known for
ruthenium complexes, and 3) it can be surrounded by hard
(6+4m) donor ligands (e.g., oxo ligands as in [Ru¥"0O,]) or
by soft o-donor/m-acceptor ligands (e.g., carbonyl ligands as
in [Ru"(CO),]*"). Hence, ruthenium is particularly suited
for the design of organometallic oxo complexes, at the inter-
face of classical coordination chemistry and organometallic



chemistry. Although {Ru(arene)}** derivatives of polyoxo-
metalates have been known for almost fifteen years,® this
field has experienced growing interest after the report of the
windmill-like structure of the p-cymene complex [{Ru(n’-
1,4-CH,C4H,CH(CH,),)},M0,0,4].”" Since then, more than a
dozen arene Ru oxo complexes with various nuclearities
and structures have been reported.®” With respect to their
catalytic potential, particular attention was paid to the
framework fluxionality of these complexes in solution.
Indeed, [{Ru(n’-1,4-CH,C¢H,-CH(CHj),)},M0,0,s] was pro-
posed to isomerize into its triple-cubane isomer (Scheme 1)

Scheme 1.

on dissolution in chlorinated solvents, as suggested by multi-
nuclear NMR techniques.*¥! By varying the arene ligands
(hexamethylbenzene instead of p-cymene) and/or the metal
(tungsten instead of molybdenum), it was possible to favour
the windmill-like isomers, which have been characterized
both in solution and in the solid state.”*®! In the present
work, the influence of less bulky arenes such as toluene, me-
sitylene and durene on the formation of [{Ru(n‘-arene)),.
Mo,O;¢] complexes and their isomerization is addressed.
Here we report on the synthesis and structural characteriza-
tion of [{Ru(n’-CsHsCH;)),Mo,O4],  [{Ru(m®1,3,5-
C¢H;(CH3)3}M0,0,6] and [(Ru(n*-12,4,5-
C¢H,(CH;),4},M0,044], and on studies on the framework iso-
merization of [{Ru(n’-CsHsCH;)},M0,0;4] and [{Ru(n’-1,4-
CH;C¢H,CH(CHs;),)},M0,0,4] in solution by Raman and X-
ray absorption techniques. Density functional geometry opti-
mizations were catried out on the two isomers of [{Ru(n’-
arene)},Mo0,0;4] for a variety of arene ligands, including
benzene, to clarify the influence of steric crowding and elec-
trostatic interactions of the ligand framework on the relative
stabilities of the two isomers.

Results and Discussion

Syntheses: We previously reported the reactions of the mo-
lybdates Na,MoO,2H,0 and (nBuN),[Mo0,0,] with
[{Ru(arene)Cl,},] (arene =p-cymene,  hexamethylben-
zene).® In an attempt to rationalize the effect of various
arene ligands on the formation of {Ru(arene)}**-containing
organometallic oxides, we studied the reactivity of the less
bulky toluene, mesitylene and durene analogues. This study
also included the parent benzene complex [{Ru(n’-
C¢H,)CL)},]; however, due to their insolubility, none of the
products formed in this case could be properly character-
ized, with the exception of the tetranuclear methoxo com-
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plex [{Ru(n®-C¢Hg)},Mo0,0,(OMe),], the structure of which
is derived from that of [Mo,0,,(OMe)¢]*~.[1)

The triple-cubane complexes 1a, 2a and 3a were obtained
in water from the reaction of Na,MoO,2H,O with
[{Ru(n’-CHsCH;)CL),], [{Ru(n-1,3,5-CH3(CH;)3)Cly),] and
[{Ru(n®-1,2,4,5-C;H,(CH,),)CL},], respectively, in a 1/1 Mo/
Ru ratio for 1a and 2a and a 5/1 Mo/Ru ratio for 3a
(method 1). Increasing the Mo/Ru ratio in the synthesis of 1
a and 2a did not improve the yield, which never exceeded
50%. These preparations were adapted from that of the p-
cymene complex 4b, which has a windmill-like structure in
the solid state but is proposed to isomerize into its triple-
cubane isomer 4a in solution.! The windmill complex
5b was similarly obtained from [{Ru(n’-C¢Me¢)ClL},]
but together with [{Ru(n’-CsMeg)},MosO;5{Ru(n’-CiMeg)-
(H,0)}].” Both 1a and 2a could also be obtained in aceto-
nitrile solution by reaction of (nBu,N),[Mo0,0,] and the cor-
responding [{Ru(arene)Cl,},] complex (method 2). Further-
more, 2a was also obtained from the reaction of (nBu,N),-
[Mo,0,] with [Ru(n’-C¢H;(CH,);)CL,], in methanol at a Mo/
Ru ratio of 2/1 (method 3). Refluxing a suspension of 1a in
methanol for 2 h led to formation of the windmill isomer 1
b. However, the isomerization of 1a to 1b was incomplete,
even when heating was prolonged to almost 12 h, and led to
a mixture of the isomers in the solid state, as far as can be
judged from the IR and Mo K-edge EXAFS spectra.

Triple-cubane isomers:
[{Ru(n®-CsHsCH;) }sM0,06] 1a
[{Ru(n°-CsH;(CHs);)}4sM0,0;6] 22
[{Ru(n’-C4H,(CH;),) }sM0,0Oy] 3a
[{Ru(n°’-1,4-CH,C,H,CH(CH5;),)},Mo0,0,] 4a

Windmill isomers:
[{Ru(n®-p-CH;C¢H4CH(CH3),)},M04014] 4b
[{Ru(m®-CsMeg) };M04O016] 5b
[{Ru(n®-CsHsCH3)},Mo4O16] 1b

Spectroscopic characterization: The IR spectra of the triple-
cubane complexes 1a, 2a and 3a display the same absorp-
tion pattern, with two strong bands characteristic of cis-
MoO, units (v,, and v, modes) in the range of 900-
930 cm L. The Raman spectrum of solid 1a (Figure 1) in
this region also displays cis-MoO, v,, and v, modes, at 905
(w) and 940 cm™ (s). It is noteworthy that the classical re-
versal of relative band intensities is observed on changing
from IR to Raman spectroscopy."'* By contrast, the IR and
Raman spectra of the solid windmill-like complex 4b exhibit
a single broad band at about 920 cm™', characteristic of the
v(Mo=0,) mode; v(M-O,-M) bands are observed in the
range of 700-850 cm . In this region, the triple-cubane com-
plexes exhibit only one band in the IR (ca. 700 cm™" for 1a,
2a and 3a) and Raman spectra (790 cm™ for 1a), while the
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Figure 1. Raman spectra of solid-state samples of 1a (d) and 4b (a) and
of solutions of 4b in chloroform (b) and dichloromethane (c). *: attribut-
ed to the solvent.

IR and Raman spectra of the

assumption of the presence of a single species in solution in
the case of 1. Finally, an EXAFS study of a solution of 1a in
CHCI; showed that the solid-state structure of 1a is retained
on dissolution in chlorinated solvents (see below).

Crystal structures: Compounds 1a-7H,0, 2a-5H,0 and 3a-2
CH,Cl1,-2H,0 were characterized by X-ray crystallography.
Selected bond lengths are given in Table 1. The molecular
structures of 1a, 2a and 3a are displayed in Figure 2. The
three clusters have a triple-cubane structures related to that
of [{[Rh™Cp*},Mo0,0,4] (Cp* =1’-CsMe;), described by Isobe
et al.l'” Their structure can be described as a linear assembly
of two [{Ru(n’-arene)},(MoO;),(u3-0),]*" and one central
[(M0O;),(ps-O),]*" cubes by face sharing. The triple-cubane
clusters 1a, 2a and 3a contain six-coordinate Mo centres
displaying the classical two short (terminal oxo ligands), two
medium and two long Mo—O distances typical of class II
polyoxometalates, ™! while the Mo—O bond lengths in 4b

Table 1. Selected bond lengths [A] for 1a-7H,0, 2a-5H,0, and 3a-2 CH,Cl,-2H,0.

windmill-like complex 4b dis- 1a7H,0
play two very strong bands. All  \j41-010 1.70(1) Mo1-O11 1.73(1) Mol—012 1.944(9)
complexes 1a, 1b, 2a and 3a Mol-0O12 2.324(9) Mo1-0112 1.902(9) Mol1-01222 2.338(9)
give rise to four groups of ab- Mo2-012 2.38(1) Mo2-020 1.71(1) Mo2-021 1.72(1)
sorptions for the arene ligand, Mo2-0122 1.916(9) Mo2-01222 1.930(8) Mo2-01222 2.377(8)
oned CH b Rul-012' 2.120(9) Rul-0112 2.08(1) Rul-0122 2.09(1)
assigned. to v(CH) (above pu» 12 2.11(1) Ru2-0122 2.057(9) Ru2-01222 2.106(8)
2900 cm™), v(CC) (1380- 2aSHO
1525cm™),  §(CH)  (ca. —2
1030cm™') and m(CH) (850- Mo1-O10 1.70(2) Mol-011 1.71(2) Mol-0112 1.89(2)
80 em ). The other bands Ml-01123 2.35(2) Mol-01224 2.32(2) Mo1-013341.96(2)
cm™). f other  bands,  no2-020 1.68(2) Mo2-021 1.68(2) Mo2-0122 1.87(2)
below 700 cm™, are associated  Mo2-01123 2.33(2) Mo2-01224 2.37(1) Mo2-02344 1.96(2)
with the oxometal core. Mo3-030 1.65(2) Mo3-031 1.72(2) Mo3-0334 1.92(2)
Given the different spectral ~Mo3-01123 1.94(1) Mo3-01334 2.34(1) Mo3-02344 2.36(2)
features of trinle-cubane and MO4040 1.70(2) Mo4—041 1.68(2) Mo4—0443 1.92(2)
s o P X Mo4-01224 1.91(1 Mo4—-01334 2.36(2) Mo4—02344 2.33(2)
windmill isomers, the solid ob-  gry1-0112 211(2) Rul-0122 2.11(2) Rul-011232.11(2)
tained by refluxing 1a in meth- Ru2-0112 2.11(2) Ru2-0122 2.10(2) Ru2-01224 2.15(2)
anol can be easﬂy recognized as Ru3-0334 211(2) Ru3-0443 211(2) Ru3-01334 209(2)
a mixture of 1a and 1b. Indeed Ru4-0334 2.10(2) Ru4—0443 2.09(2) Rud—02344 2.09(1)
its infrared spectrum displays, 3a2CH,Cl,2H,0
besides the bands of 1a, two Mol-O1 1.693(2) Mol-06 1.918(2) Mo1-08 2.319(2)
v(M-O,-M) bands at 782 and Mol-O2 1.706(2) Mol-07 2.388(2) Mol1-08' 1.948(2)
738 cm! Mo2-08 2.379(2) Mo2-03 1.704(2) Mo2-07 2.318(2)
’ Mo2-04 1.701(2) Mo2-05 1.921(2) Mo2-07' 1.943(2)
Furthermore, the Raman gy_os 2.089(2) Rul—-06 2.114(2) Rul-08 2.089(2)
spectrum of 4b in chloroform Ru2-07 2.096(2) Ru2-05 2.098(2) Ru2-06 2.098(2)

or dichloromethane reveals the
presence of the two isomers 4a
and 4b and thus confirms the
existence of an equilibrium in solution.”? However, the
ratio of the two isomers cannot be determined precisely by
analysis of Raman-band intensity because of their different
absorption coefficients.

The 'H NMR spectra of 1a and 2a in CDCI; indicate that
all arene ligands are magnetically equivalent, which is con-
sistent with the X-ray structures of the complexes. However,
the 'H NMR spectrum of the mixture of 1a and 1b displays
only one set of signals in CDClI; solution; furthermore, these
signals have the same chemical shifts as those observed for
1a in CDCl;. These observations are in agreement with the

differ more widely, as shown in Table 2. It is noteworthy
that, despite these differences, the average Mo—O bond
lengths in 1a and 4b are similar (1.99(26) and 1.98(23) A,
respectively).

X-ray absorption spectra of 1a, 1b and 4b: Solid-state X-
ray absorption spectra were recorded at room temperature
for 1a and 4b, as well as for the mixture of 1a and 1b ob-
tained by refluxing a suspension of 1a in methanol. The ex-
tended X-ray absorption fine structure (EXAFS) signals of
1a and 4b were modelled by using the FEFF7 code!™ with
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Figure 2. Molecular structures (20 % probability thermal ellipsoids) of 1a (a), 2a (b) and 3a (c).

structural parameters derived
from the single-crystal X-ray
analyses. Figure 3 shows the
modulus and the imaginary part
of the Fourier transforms of the
experimental and calculated
EXAFS signals of 1a and 4b
with inclusion of multiple scat-
tering. The calculated FT spec-
tra of 1a and 4b are in close
agreement with the experimen-
tal data, and the assignment of
the peaks is straightforward.
The X-ray structure analyses
showed that 1) in both cases the
four Mo atoms are hexacoordi-
nate with very similar average
Mo—O bond lengths, but 2) the
Mo—O distances lie in different
ranges in the two compounds
(Table 2). The Fourier trans-
forms of the EXAFS signals of
1a and 4b indeed reflect these
differences, since the first shell
corresponding to the six nearest
oxygen atoms consists of a
single, large peak for 4b but of
three peaks for 1a.

Given these differences, the
EXAFS signal of the mixture of
solid 1a and 1b was well fitted
by a 50/50 combination of the
EXAFS signals of 1a and 4b
(Figure 4), the latter of which
has a windmill-like structure
identical to that of 1b, with the
exception of the arene ligands.
This was confirmed by compar-
ing the X-ray absorption near-
edge structure (XANES) spec-
trum of the mixture to those of
1a and 4b. On the basis of
these data, the solid containing
1a and 1b is proposed to be an
equimolar mixture of the two
isomers. This means that reflux-
ing 1a in methanol for at least
12 h did not convert the triple-
cubane complex 1a completely
to the windmill isomer 1b. An
X-ray absorption study on a
solution of 1a in chlorofom was
also performed, but in fluores-
cence mode due to the low sol-
ubility of 1a. Despite the poor
quality of the EXAFS signal
obtained in fluorescence mode,
the signals of 1a in solution and
in the solid state are rather sim-
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Table 2. Typical Mo—O bond lengths [A]® for 1a and 4b.

1a 4b
1.70(1) 1.706(3)
1.73(1) 1.798(3)
1.902(9) 1.804(3)
1.944(9) 2.073(3)
2.324(9) 2.122(3)
2.338(9) 2.365(3)

[a] These distances correspond to the Mo—O bond lengths around one ar-
bitrarily chosen Mo atom of each compound (Mol for 1a-7H,0O, and

Mol for 4b).

a) 6

F(R)

b) 8

F(R)

R /A

ilar, that is, the molecular structure of 1a is essentially main-
tained in solution.

Finally, X-ray absorption spectra were recorded for solu-
tions of 4b in chloroform and dichloromethane. We pro-
posed previously that 4b exists in these solvents as a mix-
ture of the two isomers: the windmill form and possibly the
triple-cubane form.’" The present EXAFS study confirms
the presence of the triple-cubane form and the existence of
the equilibrium 4b=4a. The EXAFS signals and the FT
EXAFS signals of 4b in dichloromethane or chloroform are
indeed well fitted by a combination of the EXAFS signals
of 4b and 1a in the solid state. The best fit was obtained for
a ratio of triple-cubane to windmill isomer of 60/40 in
chloroform (Figure 5a) and 80/20 in dichloromethane
(Figure 5b). These values are in close agreement with the
conclusion of the NMR study previously reported.”

a) 0.2

0.1

0.05

k*khi(k)

-0.15

Figure 3. Modulus and imaginary part of the Fourier transforms of the
experimental (dotted line) and calculated (full line) EXAFS signals of

b)

0.2

solid 1a (a) and 4b (b), including multiple scattering.

k*khi(k)

k /A"

Figure 4. Experimental and simulated EXAFS signals of the mixture of

solid 1a and 1b.

0.15

0.1

0.05

k*khi(k)

QY% [ J. NI N I T T T ——

k/1A!

Figure 5. Experimental (dotted line) and simulated (full line) EXAFS sig-
nals of 4b in solution in dichloromethane (a) and chloroform (b).
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DFT calculations: DFT calculations and geometry optimisa-
tions were carried out on [{Ru(n’-arene)},Mo,0,¢] molecules
with various arene ligands (benzene, 6; toluene, 1; mesity-
lene, 2; p-cymene, 4; hexamethylbenzene, 5) both for the
triple-cubane (a) and windmill (b) isomers to investigate the
role of the ligands in the relative stability of the isomers.
The obtained metal-oxygen bond lengths, the nonbonding
metal-metal distances and the distances from the Ru atoms
to the centroid Q of the arene ligands are listed in Table 3.
The short metal-oxygen distances calculated for both types
of isomers reproduce quite satisfactorily the parameters de-
termined by X-ray analyses on 1a, 2a and 4b!"! (Tables 1
and 2). However, the long Mo—O distances are overestimat-
ed by 0.15-0.20 A. The variations in the Ru—Q distance pro-
vide an interesting clue for the detection of steric hindrance
originating in the arene substituents. This distance is re-
markably invariant in the windmill isomers, in agreement
with Ru--Ru distances that are large enough (>5.3 A) to ac-
commodate bulky arene ligands. The situation is different
for the triple-cubanes, in which the shortest Ru--Ru distan-
ces lie between 3.32 and 3.42 A (Table 3). For this isomer,
the calculated Ru—<2 distance consistently increases with in-
creasing size of the arene ligand (Table 3). However, the
elongation A(Ru—Q) calculated with respect to benzene re-
mains less than 0.01 A for all investigated arenes, except for
C4Me;, for which A(Ru—Q) is 0.028 A. One can therefore
expect the steric strain to become significant only for 5a.
The relative energies calculated for both isomers along
the series of five arene ligands are listed in Table 4. In all
cases, the windmill form is most stable, and energy differen-
ces AE range from 9.1 kcalmol ' for mesitylene to 18.6 kcal
mol~! for CiMe,. These results clearly indicate that an iso-
lated molecule of [{Ru(n‘-arene)},Mo0,0,] is intrinsically
more stable in the windmill form. However, the relatively
large range of AE suggests that the arene ligands contribute
to the relative stability of the isomers. The A(AE) value rep-
resents the variation of AE as a function of the arene ligand

Table 4. Relative energy AE [kcalmol™!], number of O--H contacts
shorter than 3.5 A calculated for 6b, 6a, 1b, 1a, 2b, 2a, 4b, 4a, 5b, 5a,
and the difference A(O--H) in the number of such contacts between the
windmill and triple-cubane forms. For 1a, 2a, 4a and 5a, A(AE) repre-
sents the modification of the destabilization energy of the triple-cubane
form with respect to the value calculated for benzene (6a).

AE O--H A(OH) A(AE) A[A(O-H)]
6b 0 28
6a +155 24 —4
1b 0 32
1a +13.5 44 +12 -2.0 +16
2b 0 46
2a +9.1 56 +10 —6.4 +14
4b 0 40
4pl 405 40
4a +142 48 +8 -13 +12
42l +16.5 40 0 +1.0 +4
5b 0 54
5a +18.6 52 -2 +3.1 +2

[a] Two structures differing in the arene position were optimized for 4a
and 4b.

with respect to benzene. Though it is clear from Table 4 that
no correlation can be found between A(AE) and the bulk of
the ligands, a finer structural analysis is needed. A difficulty
encountered throughout this study is related to the multi-
plicity of the local minima associated with the various possi-
ble positions of partly substituted arenes. When no crystal
structure was available, the starting geometry was chosen to
minimize the arene--arene contacts. However, in some cases
application of this criterion was ambiguous, especially with
the p-cymene ligand. For 4a and 4b, two starting geometries
were eventually retained and yielded distinct minima at the
end of the optimization process.

For 4b, the energy difference between the two minima
was only 0.5 kcalmol !, but it amounted to 2.3 kcalmol™! for
4a (Table 4), a difference which is neither negligible nor in-
terpretable in terms of steric hindrance. However, for the
two forms of 4a, as for the other investigated molecules, the

Table 3. Selected bond lengths [A] calculated for the windmill and the triple-cubane isomers of [{Ru(n’-C¢Hg)},M0,0,5] (6b, 6a), [{Ru(n’
CoHsCH;)},M0,0,¢] (1b, 1a), [{Ru(n*-CH;(CH;),),M0,0,4] (2b, 2a), [{Ru(n’-1,4-CH;C,H,CH(CHj;),},M0,0,4] (4b, 4a), and [{Ru(n® C4(CH;)},M0,04]

(5b, 5a).
Distances Position 6b 1b 2b 4ple! 5b 6a 1a 2a 43l 5a
Ru—0O p-O(MoRu) 2.084 2.085 2.091 2.096/2.083 2.084
2.087 2.091 2.092 2.097/2.090 2.090
Mo-O p-O(MoRu) 1.832 1.834 1.832 1.831/1.832 1.833
1.856 1.856 1.858 1.856/1.858 1.858
Ru—0O -O(RuRuMo) 2.119 2.116 2.120 2.137/2.126 2.146
Mo-O w-O(RuRuMo) 1.986 1.980 1.974 1.975/1.977 1.966
Ru—0O 1,-O(RuMoMoMo) 2.089 2.088 2.099 2.090/2.105 2.139 2.076 2.088 2.081 2.075/2.091 2.098
Mo-O 1,-O(RuMoMoMo) 2.066 2.062 2.052 2.056/2.060 2.050 1.948 1.946 1.934 1.944/1.946 1.958
2.141 2.145 2.141 2.132/2.136 2.108
2.57 2.57 2.61 2.62/2.59 2.785 248 2.485 2.52 2.475/2.480 244
Mo-O terminal 1.745 1.746 1.749 1.749/1.747 1.746 1.741 1.743 1.741 1.745/1.747 1.748
Ru--Mo 322 3.23 324 3.23/3.23 323 3.32 333 3.33 3.32/3.32 3.305
3.35 3.35 3.37 3.36/3.36 341 3.90 3.92 3.91 3.89/3.92 3.94
M--Mo 3.40 3.40 3.38 3.37/3.39 333 3.46 3.47 3.49 3.46/3.46 3.445
3.75 3.75 3.78 3.79/3.75 3.90 412 411 4.14 4.14/4.104.03
Ru-Ru 5.40 5.41 5.42 5.39/5.43 5.38 3.326 3325 3.33 3.361/3.347 342
6.32 6.31 6.34 6.33/6.36 6.46
Ru—Q" 1.696 1.695 1.694 1.693/1.699 1.696 1.691 1.696 1.698 1.694/1.700 1.719

[a] Two structures differing in the orientation of the p-cymene ligand were calculated for this isomer. [b] Q: centroid of the arene ring.
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presence of relatively short (typically less than 3.5 A) con-
tacts between oxygen atoms of the {Ru,Mo0,0;} core and
hydrogen atoms of the arene ring and its substituents was
found. Since these contacts are too long to generate steric
strain, they can be assumed favorable due to electrostatic at-
traction. The number of such O--H contacts, the difference
A(O-+H) in the number of contacts between the triple-
cubane and the windmill isomers and the variations of
A(O-+-H) with the number of alkyl substituents on the
arenes relative to benzene are listed in Table 4 for all inves-
tigated complexes. It appears that A[A(O-+-H)] is positive
for all substituted arenes, that is, bulkier ligands approach
the oxo core of triple-cubane isomers more closely than that
of windmill isomers. With regard to energy, A(AE) is nega-
tive for all substituted arenes, with the notable exception of
C¢Me,. For the complexes with toluene, mesitylene and p-
cymene, the decrease in the relative stability of the windmill
isomers with respect to [{Ru(n’-C¢Hg)},Mo0,0,s] thus dis-
plays a reasonable correlation with the larger increase in the
number of O--H contacts in the triple-cubane isomer. An-
other interesting hint is provided by comparison of the
ligand positions optimized for 4a and 4b. The two forms of
the triple-cubane structure with p-cymene ligands differ in
the number of O--H contacts (A(O--H)=8 and 0; Table 4),
and the form with the largest number of such contacts is cal-
culated to be more stable by 2.3 kcalmol™'. However, the
number of O--H contacts is identical in the two forms calcu-
lated for the windmill structure, which differ in energy of by
only 0.5 kcalmol ™" (Table 4).

Clearly, however, this correlation is not sufficient to ex-
plain the features of 5a: the difference in the number of
O---H contacts between the two isomers is very close to that
obtained for benzene and does not explain the calculated
A(AE) value of +43.1 kcalmol™' corresponding to an en-
hanced destabilization of the triple-cubane form (Table 4).
This result should rather be interpreted as a consequence of
the steric strain induced by CsMey in the triple-cubane
isomer, evidenced by a significant elongation of the Ru—€
distance (Table 3).

Conclusion

Two isomers corresponding to the general composition
[{Ru(n’-arene)},M O] have been recognized. They differ in
the positions of the organometallic units around the central
{M,Oy} core and are referred to as windmill and triple-
cubane forms, whose connectivities can be described as
[{Ru(n’-arene)},{MO}4(1-O)s(ps-O)] and [{Ru(n’-arene)),-
{MO,}4(13-O)4(p4-O),], respectively. Up to now, only the
windmill form had been characterized in the solid state, for
[{Ru(n’-1,4-CH,CH,CH(CH;),)},M0,0,4] (4b) and [{Ru(n’-
C¢Me()}M,0,s] (M=Mo, W). We thus report herein the
first X-ray crystallographic characterization of {Ru(arene)}-
containing triple-cubane organometallic oxides, namely,
[{(Ru(n*-C¢HsCH3)},M0,0,] (1a), [{Ru(n’-1,3,5-CH;-
(CH3)3)M0,04¢] (22), and [{Ru(n’-1,2,4,5-CcH,(CH;),).-
Mo,O] (3a), obtained by reaction of the correspond-
ing ruthenium dimer [{Ru(arene)Cl,},] with the molyb-

7

dates [MoQ,]*" in water or with [M0,0;]*" in organic sol-
vents.

While characterizing [{Ru(n’-1,4-CH;C¢H,CH(CH,),)},-
Mo,Oy] (4b) in chlorinated solvents, we gained some evi-
dence that its molecular structure, as determined in the solid
state, is not maintained in solution, and we proposed that
the windmill form is in equilibrium with its triple-cubane
isomer. This assumption was in full agreement with a O
NMR study but needed further support. We report here that
the existence of the triple-cubane isomer in solution is also
suggested by Raman spectroscopy and corroborated by
EXAFS spectroscopy at the Mo K-edge. Assuming that the
environment of the Mo atoms should be only slightly affect-
ed by the nature of the arene ligand, solid samples
of [{Ru(n’-1,4-CH;CsH,CH(CH;),)}sM0,0,¢] and [{Ru(n’-
C¢HsCHj;)},Mo0,0,4] provided us with models of the windmill
and the triple-cubane isomers, respectively. Combinations of
their solid-state EXAFS signals were used to model the
EXAFS signal of 4b in solution. Solutions in chloroform
and dichloromethane were then found to correspond to a
ratio of windmill to triple-cubane forms of 40/60 and 20/80,
respectively. [{Ru(n’-CsHsCH;)},M0,0,4] was also found to
isomerize in methanol to give a mixture of windmill and
triple-cubane isomers, as evidenced by IR and EXAFS spec-
troscopy in the solid state, while its EXAFS signals or that
of the previous mixture recorded in chlorinated solvents are
consistent with predominance of the windmill isomer. Such
an equilibrium between the windmill and the triple-cubane
isomers of [{RhCp*},W,0,4] in solution was recently descri-
bed by Isobe et al.!

The origin of the fluxionality in the [{Ru(n‘-arene)},-
M,O¢] family was addressed by DFT calculations. Although
the windmill isomer was found to be most stable, whatever
the arene ligand, the fluxionality does not seem to have its
origin in a small energy difference between both isomers,
but rather in environmental effects. However, the role of
O--H contacts between the oxo core and the hydrogen
atoms of the arene ring was put forward to explain the de-
crease in the relative stability of the windmill isomer for
C¢HsCH;, 1,3,5-C4H3(CH3;); and 1,2,4,5-C¢H,(CH,),. It can
be expected that the residual water present in most struc-
tures—with the notable exception of the windmill form of
[{Ru(n’-1,4-CH;C,H,-CH(CH,),)},M0,0,5], reported by
Siiss-Fink et al.”—contributes to the stability of the crystal
and possibly reduces or even reverses the energy gap be-
tween the the windmill and triple-cubane forms. The effect
of association with water has not yet been investigated by
calculations. However, the comparison between anhydrous
[{Ru(n’-1,4-CH,C¢H,CH(CHj;),)},M0,0,4], characterized in
the windmill form,”! and the hydrated crystals reported here
to contain the triple cubane suggests that the presence of
water could favor formation of the latter species. This hy-
pothesis is also substantiated by partial isomerization of hy-
drated 1a to the windmill form in refluxing methanol. A
conclusive test would be to structurally characterize 1, 2 and
3 in an anhydrous environment, as was done for 4.7

The result obtained on the isolated molecules could, how-
ever, help interpreting some experimental observations. For
instance, [{Ru(n’-C¢Meg)}sMo,0;], for which the calculated
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energy gap is largest, presumably for steric reasons, always
retains the windmill-type geometry in solution. On the con-
trary, the [Ru(n*-1,4-CH,C¢H,CH(CH,),)}**-containing
cluster 4b undergoes partial isomerization to the triple
cubane in chlorinated solvents, and the {Ru(n’-C;Hs;CH;)}**
-containing cluster 1la also shows some isomerization in
methanol.

Experimental Section

Materials: (nBu,N),[Mo,0,] was prepared according to the literature
procedure.'™ The synthesis of [{Ru(n®-C¢HsCH;)CL),], [[Ru(n®-1,3,5-
C¢H;(CH;);)CL},], and [{Ru(n®1,2,4,5-C¢H,(CH;),)CL},] followed the
general methods for preparation of [{Ru(arene)Cl,},] complexes.” Re-
agent-grade organic solvents (Acros organics, SDS and VWR interna-
tional) and Na,MoO,-2H,O (Fluka or VWR international) were obtained
from commercial sources and used as received.

Methods: IR spectra were recorded from KBr pellets on a Bio-Rad FT
165 or on a Perkin-Elmer FT IR 1720 X spectrometer. The Raman spec-
tra were recorded on a double-monochromator Jobin-Yvon U1000 spec-
trophotometer equipped with a Coherent Ar™* laser and a photon-count-
ing detector. The '"H NMR spectra were obtained with a Bruker AC 300
or a Varian Gemini 200 BB spectrometer. Elemental analyses were per-
formed by the Analytical Service of Université Pierre et Marie Curie or
by the Laboratoire de Chimie Pharmaceutique et Organique Propédeu-
tique de L'Université de Geneve.

Preparation of [{Ru(n®-C.H;CH;)},M0,0,.] (1a): Method 1: Na,M0O,2
H,0 (0.073g, 0.30 mmol) was dissolved in water (5mL). [{Ru(n’-
C¢HsCH;)CL},] (0.083 g, 0.15 mmol) was added, and the suspension was
stired at room temperature for 4h. The unconverted [{Ru(n’-
C¢HsCH;)CL,},] was then filtered off, and the solution was concentrated
to dryness. The brown residue was extracted three times with 10 mL of
CHCIl,;. Evaporation of the solvent afforded a red powder. The most ap-
propriate composition for this powder seems to be 1a-2H,0 according to
elemental analysis. Crystals of composition 1a-7H,O suitable for X-ray
analysis were obtained by slow diffusion of toluene into a solution of 1
a-2H,0 in CHCl;. 1a-2H,0: Yield: 0.047 g (44%). IR (KBr): 7=3058
(w), 1443 (w), 1384 (w), 1037 (w), 931 (s), 905 (s), 853 (m), 706 (s), 653
(s), 621 (w), 585cm™" (m); 'H NMR (300.13 MHz, CDCl;, 22°C, TMS):
0=5.74 (t, 8H, C4HsCHs, *J=5.7 Hz), 5.45 (t, 4H, C;HsCH,, °J =5.4 Hz),
5.28 (d, 8H, C4HsCHs, °J=5.8 Hz), 2.40 ppm (s, 12H, CH;CH,); elemen-
tal analysis (%) caled for CsH3;Mo0,05Ru,: C 23.22, H 2.50; found: C
23.19, H 2.84.

Method 2: A mixture of (nBuyN),[Mo,0;] (0.394 g, 0.50 mmol) and
[{Ru(n’®-CsHsCH;)CL,},] (0.132 g, 0.25 mmol) in CH;CN (10 mL) was stir-
red at room temperature for 5 h. Red needles (0.050 g) were obtained by
slow evaporation at room temperature of the orange-red solution after
two days. These crystals appeared to decompose with loss of solvent.
Nevertheless, a partial X-ray diffraction analysis confirmed the presence
of the 1a core but did not allow us to determine the number of CH;CN
molecules. Crystallographic data: triclinic, space group: P1, a=13.469(3),
b=16.414(3), ¢=19.381(4) A, a=70.94(2), B=T7726(2), y=89.24(2)°,
V'=3942(2) A’. The IR spectrum of 1a-x CH;CN is essentially similar to
that of 1a-2H,0, with the exception of the presence of bands attributed
to acetonitrile, especially the vy band at 2275 cm ™.

Isomerization of [{Ru(n®-C;H;CH;)},Mo0,0,,] (1a) in methanol: Com-
pound 1a (0.047 g) was added to methanol (10 mL). The suspension was
refluxed for 2 h. The resulting orange solid was filtered and identified as
a mixture of 1a and 1b by IR and X-ray absorption spectroscopy.
Preparation of [{Ru(n’-1,3,5-C(H;(CH;);)},Mo0,0,,] (2a): Method 1:
Na,Mo0O,2H,0 (0.082 g, 0.34 mmol) was dissolved in water (10 mL).
[{Ru(n’-1,3,5-C¢H;(CH;);)CL},] (0.100 g, 0.17 mmol) was added, and the
suspension was stirred at room temperature for 15h. Residual [Ru(n’-
C¢H;(CHj;);)ClL,], was then filtered off, and the solution was evaporated
to dryness. The brown residue was extracted with 10 mL of CHCI;, and
the red solution was layered with toluene. Small red-orange crystals of 2
a were obtained after four days (0.021 g, 15%).

Method 2: A mixture of (nBuN),[Mo,0;] (0.252 g, 0.32 mmol) and
[{Ru(n’-1,3,5-C4H;(CH;);)CLy},] (0.093 g, 0.25 mmol) in CH;CN (10 mL)
was stirred at room temperature for Sh. Residual [{Ru(n®-1,3,5-
C¢H;(CHs;);)CL},] (0.016 g) was then filtered off. Red-orange crystals of
2a-x CH;CN were obtained after one week by slow evaporation at room
temperature of the red solution (0.016 g, 8% based on Ru). X-ray data:
rhomboedral, R3c, a=35.569(19), c=21.802(6) A, v=23 886(21) Al
Method 3: A mixture of (nBuyN),[Mo,0;] (0.252 g, 0.32 mmol) and
[Ru(n’-1,3,5-CsH;3(CH;);)CL], (0.093 g, 0.16 mmol) in MeOH (10 mL)
was stirred at room temperature for 15 h. A brown precipitate, which has
not been yet identified, was discarded, and the solution was allowed to
stand at room temperature for a few days. Slow evaporation of the sol-
vent afforded a mixture of yellow crystals of (nBu,N),[MosO,y] and red-
orange crystals of 2a. The mixture was dissolved in boiling acetone.
Orange crystals of 2a-5 H,O suitable for X-ray analysis formed overnight
(0.041 g, 32% based on Ru). 2a-5H,0: IR (KBr), #=3074 (w), 2965 (w),
2919 (w), 1526 (m), 1444 (m), 1378 (m), 1303 (w), 1039 (m), 927 (s), 902
(s), 884 (m), 698 (s), 661 (s), 630 (s), 599 cm™' (m); '"H NMR (300 MHz,
CDCl;, 22°C, TMS): 6=4.86 (s, 12H, C¢H;(CHj;);), 2.39 ppm (s, 36 H,
C¢H;(CHs;);); elemental analysis (%) caled for Ci;HssMo,0,Ru,: C
26.78, H 3.62 ; found: C, 27.12, H 3.69. The spectroscopic features (IR,
'"H NMR) of the products obtained by the three methods were identical.
Preparation of [{Ru(n6-1,2,4,5-CGHZ(CH3)4]4M04016] (3a): Na,MoO,2
H,0 (0.790 g, 3.26 mmol) was dissolved in 5mL of water and added to
an aqueous solution (20mL) of [{Ru(n’12,4,5-C¢H,(CH;),)CL},]
(0.200 g, 0.33 mmol). The suspension was stirred at room temperature for
4 h. The solvent was evaporated, and the product was extracted with di-
chloromethane (30 mL), then dried over MgSO,. After evaporation of di-
chloromethane, 3a was isolated (0.147 g; 57% based on Ru). Orange
crystals of 3a:2CH,Cl,-2H,O suitable for X-ray analysis were obtained
by slow diffusion of toluene into a solution of 3a in dichloromethane. 3a:
IR (KBr), #=930 (s), 903 (s), 695 (m), 645 (s), 589 cm™" (m); 'H NMR
(200 MHz, CDCl;, 22°C, TMS): 6=5.21 (s, 8H, C,H,(CH;),), 2.25 ppm
(s, 48H, C¢H,(CH;),); elemental analysis (%) caled for
C,Hs6Mo,04Ru,: C 30.39, H 3.57; found: C, 30.21, H 3.71.

X-ray absorption studies: EXAFS measurements were performed at the
Mo K-edge (19999 eV) on the XAS 13 beam line of the DCI storage
ring at LURE (Orsay), operating at 1.85 GeV with an average ring cur-
rent of 300 mA. The incident beam was monochromatized by a double
Ge(400) crystal. The energy calibration was checked with an Mo foil ref-
erence. EXAFS spectra of solid samples of 1a, 4b, a mixture of 1a and 1
b and solutions of 4b were recorded in transmission mode by using
argon-filled ionization chambers at room temperature. Each spectrum
was acquired five (solid samples) or six times (solutions) with 2.5 eV
steps and an integration time of 2's per point. The solid samples were
ground and homogeneously dispersed in cellulose pellets. The solutions
of 4b were studied by using a cell with a variable optical path adapted
for XAS study. The solution of 1a was studied in fluorescence mode with
a seven-element solid detector by using a polychlorotrifluoroethylene
cell. This spectrum was acquired twenty times with 2.5 eV steps and an
integration time of 5 s per point.

The EXAFS data were analysed with the “EXAFS pour le Mac” pack-
age."® The EXAFS signal ky(k) was extracted from the data by using a
linear pre-edge background, a combination of polynomials and spline
atomic absorption background and the normalisation procedure of Leng-
eler-Eisenberger.'”! The pseudoradial distribution functions are given by
the Fourier transforms (FT) calculated on w(k)k’y(k), where w(k) is a
Kaiser—Bessel window with a smoothness parameter of 3. The k range
was 2.6-15 A~ (Ak=12.4 A"). The FTs were calculated and presented
without phase correction. The quality of the fits between the Fourier-fil-
tered shells ky.,u(k) and the theoretical curve kype,(k) was evaluated by
an agreement factor p [%] equal to S[kyex (k) —kym(k) [/ E[kxexp(k)]P. We
used the FEFF7 code!"™ to check for the presence of multiple scattering
and to calculate the amplitude and phase functions A;(k.r) and ¢, (k)
from model compounds (1a and 4b).

Crystal structure analyses: Crystal structure data for 1a-7H,0, 2a-5H,0
and of 3a-2 CH,Cl,,2H,0 are summarized in Table 5. Data for 1a-7H,0O
and 2a-5H,0 were recorded at room temperature on an Enraf-Nonius
CAD4 diffractometer, and for 3a-2CH,Cl,,2H,0 at 153K on a Stoe
Imaging Plate Diffraction System.’” Crystals were mounted on glass
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Table 5. Crystal structure data for 1a-7H,0, 2a-5H,0, and 3a-2 CH,Cl,-2H,0.

1a-7H,0 2a-5H,0 3a-2CH,Cl,-2H,0
formula C,3sH,s0,3Ru,Mo, C54Hs530,,RuMo, C,HyClMo,0sRu,
M, 1538.7 1614.9 1786.8
color red red orange
crystal system monoclinic trigonal tetragonal
space group C2/c R3c 14/a
T[K] ambient ambient 153
a[A] 10.761(5) 35.801(14) 21.5456(10)
b[A] 23.309(14) 35.801(20) 21.5456(10)
c[A] 16.781(6) 21.933(7) 27.7407(14)
al?] 90 90 90
A1 104.20(3) 90 90
v [°] 90 120 90
VA% 4080(3) 24353(20) 12877.6(11)
Z 4 18 8
ufem™] 26.57 20.06 18.87
Ocalcd [gem ] 2.51 1.98 1.84
Ormin—Omax [°] 1-25 1-25 2.24-25.97
decay of std. reflections [% ] 7.66 <1 <1
reflections measured 3904 9977 24863
unique reflections (R;,) 3594 (0.04) 4751 (0.067) 6236 (0.042)
obsd. reflections [/ >3 0(1)] 1928 2513 5030 [I>20(1)]

absorption correction
refined parameters

1y scan (min. 0.77, max. 1.00)
267

RE 0.053

R, 0.0601!

weighting coefficients 4.08, —0.533, 5.98
GOF § 1.07

Ap (maxmin') [e.A 7] 1.30/—1.22

3 scan (min. 0.69, max. 1.00)
333

DIFABS (min. 0.51, max. 0.85)
299

0.051 0.026!"!
0.057¢ 0.0691!
16.2, —13.5,12.2 0.0443!
1.10 0.98
1.18/-1.22 0.57/-0.66

(@l RS [Fy| | L [/S |- (6] R=S| ||| [ [/S P (e RumSw || Fo— | Ful 5w Fo [ (w—wl1— (|| Fy|— | F [60(F)PF. where w'— /%, AgTo(X)
and X =F,/F.(max.) with three coefficients for a Chebyshev series. [d] R, =[Ew(F2—F2)Y/Sw(F,)]". [e] w=1/[0*(F?) + (0.0443 P)’], where P=(F>+2F’)/

3.

fibers and sealed with an epoxy cement or by using a cryoloop (3a-2
CH,Cl,2H,0). Reference reflections for 1a-7H,O and 2a-5H,0 were
periodically monitored for intensity and orientation control. Intensities
were corrected for Lorentzian and polarization effects and for absorption
(empirical).”" For 1a-7H,0 and 2a-5H,0, data processing and refine-
ment were performed with the program CRYSTALS.?! The structures
were solved by direct methods and subsequent electron-density maps.®!
For 3a-2 CH,Cl,-2H,0 the structure was solved with SHELXS-97,% and
weighted full-matrix least-squares refinement on F* (all reflections) was
carried out with SHELXL-97.”! All non-H atoms were refined aniso-
tropically, except for 2a-5H,O, for which only the metal and oxygen
atoms were refined anisotropically, except for solvent molecules. Hydro-
gen atoms were not included in the refinements, except for 3a-2 CH,Cl,2
H,O, for which they were included in calculated positions and treated as
riding atoms by using default SHELXL parameters. Neutral-atom scatter-
ing factors were used, and anomalous dispersion correction was applied.
Molecular structures of 1a, 2a and 3a were drawn with the program CA-
MERONP! (Figure 2). The asymmetric unit of 1a-7H,O contains one
“l{Ru(n®-C¢HsCH,)},M0,04}” half-molecule and four molecules of water,
one of which is in a special position. Molecules of 1a are located on axis
2. The asymmetric unit of 2a-5H,O contains one molecule and five mole-
cules of water, all in general positions. The asymmetric unit of 3a-2
CH,C1,2H,0 contains one “{{Ru(n’1,2,4,5-C¢H,(CH,),)},M0,04}” half-
molecule located at an inversion centre, and was estimated to contain
one molecule of water and one molecule of dichloromethane (highly dis-
ordered), after modification of the reflection data file with the
SQUEEZE routine in PLATON.""

CCDC-204526, CCDC-204527, and CCDC-205921 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).
Methods of calculation: All calculations were carried out with the for-
malism of the density functional theory (DFT) within the generalized

gradient approximation (GGA), as implemented in the ADF program.!
This formalism is based on the local spin-density approximation charac-
terized by the electron-gas exchange (Xa with a=2/3) together with
Vosko-Wilk-Nusair® parametrization for correlation. Nonlocal correc-
tions due to Becke for the exchange energy®™! and to Perdew for the cor-
relation energy®! were added. For first-row atoms, the 1s shell was
frozen and described by a single Slater function. The frozen core of the
Mo and Ru atoms composed of the 1s to 3sp shells was also modelled by
a minimal Slater basis. For hydrogen, carbon and oxygen, the Slater basis
set used for the valence shell was of triple-G quality, supplemented with
one p- or d-type polarization function.”” The 4s and 4p shells of metal
atoms were described by a double-§ Slater basis, the 4d and 5 s shells by
a triple-{ basis and the 5p shell by a single orbital. No polarization func-
tion was added for metal atoms. Molecular bonding energies are reported
with respect to an assembly of neutral atoms assumed to be isolated and
in their ground state. Starting geometries were deduced from crystal
structures, when available, or adapted to minimize the ligand--ligand con-
tacts. The point groups corresponding to the maximal symmetry for an
isolated molecule are S, for the windmill forms and D,, for the triple-
cubane isomers. Since the S, point group is not supported by ADF, all
calculations on the windmill isomers were carried out with the constraints
of the C, subgroup. For the sake of consistency, most calculations on the
triple-cubane forms were carried out with the same constraints. However,
the geometries eventually obtained at the end of the process exhibited
little deviation with respect to the optimal symmetry. The geometry opti-
mization processes were carried out by minimizing the energy gradient
by the BFGS formalism™®! combined with a DIIS-type convergence accel-
eration method.® The optimization cycles were continued until all of the
three following convergence criteria were fulfilled: 1) the difference in
the total energy between two successive cycles was less than 0.001 har-
tree; 2) the difference in the norm of the gradient between two successive
cycles was less than 0.001 hartree A~'; 3) the maximal difference in the
Cartesian coordinates between two successive cycles was less than
0.01 A.
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