@ Pergamon

PII: S0277-5387(97)00529-9

Polyhedron Vol. 17, No. 17, pp. 2817-2827, 1998
(1998 Elsevier Science Ltd

All rights reserved. Printed in Great Britain
0277-5387/98  $19.00+0.00

Amphiphilic organoruthenium oxomolybdenum
and oxovanadium clusterst

Georg Siiss-Fink,** Laurent Plasseraud,® Vincent Ferrand,*
Sandrine Stanislas,* Antonia Neels,? Helen Stoeckli-Evans.* Marc Henry,"
Gabor Laurenczy® and Raymond Roulet®

Institut de Chimie, Université de Neuchdtel, Avenue de Bellevaux 51, CH-2000 Neuchitel, Switzerland

b Laboratoire de Chimie Moleculaire de I'Etat Solide, Université Louis Pasteur, Institut Le Bel, 4 rue
Blaise Pascal, F-67070 Strasbourg Cedex, France

¢Institut de Chimie Minérale et Analytique, Université de Lausanne-BCH, CH-1015 Lausanne,
Switzerland

(Received 27 September 1997 ; accepted 3 December 1997)

Abstract— Para-cymene ruthenium dichloride dimer reacts in aqueous solution with sodium molybdate or
sodium vanadate to give the amphiphilic clusters [(#°-p-MeCH,iPr),Ru;Mo0,0,] (1) and [(n°-p-MeC4H,iPr),
Ru,V(0,5] (4) respectively. The analogous reaction of hexamethylbenzene ruthenium dichloride dimer with
sodium vanadate gives [(#°-CsMeg)sRu,Vo0,o] (5). The mixed-metal clusters [(n°-p-MeCH, iPr)Ru(y’-
CMe;);Rh;M0,0,] (2) and [(1°-p-MeC H.iPr),Ru,(#’-CsMe;),Rh,M0,016] (3) are accessible from a mixture
of para-cymene ruthenium dichloride dimer and pentamethylcyclopentadienyl rhodium dichloride dimer with
sodium molybdate in aqueous solution. The crystal structure analyses of 1 and 4 reveal different framework
geometries of the metal oxygen skeletons. 'O NMR spectroscopy and partial charge calculations confirm the
presence of three different types of oxygen atoms in 1. ©© 1998 Elsevier Science Ltd. All rights reserved
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The past two decades have witnessed a steadily grow-
ing interest in molecules containing both, organ-
ometallic groups and oxometallic entities [1]. Such
clusters are accessible by metathesis reaction between
an organometallic halide and an oxometallic anion.

(115-C5H5)TiCl3 +[H;PW, 1039]47 4
[(nS-C5H5)Ti(PW1 1039)]4— +3HCI

Since the discovery of [(#°>-CsHs)Ti(PW,,05)]*" in
1978 by W. G. Klemperer and co-workers [2], a large
number of organometallic oxide complexes have been
prepared, in particular by W. G. Klemperer [3], K.

+ Dedicated to The Lord Lewis of Newnham-—mentor,
inspirer and friend.
* Author to whom correspondence should be addressed.

Isobe [4] and R. G. Finke [5]. This type of compound
contains soft as well as hard metal centers and hydro-
phobic as well as hydrophilic ligands. The com-
bination of low- and high-valent transition metals and
the amphiphilic character predispose these molecules
also as homogeneous catalysts for oxidation reac-
tions; the catalytic potential of these compounds has
been reviewed recently [6]. Furthermore organ-
ometallic oxo clusters provide molecular models for
heterogeneous catalysts derived from organometallic
complexes adsorbed at metal oxide surfaces [7].
Recently, in a preliminary communication, we
reported the neutral amphiphilic cluster [(4°-p-
MeC:H,Pr),Ru,Mo,0,4] (1) which was found to pre-
sent a unique framework geometry [8]. In this paper
we extend our study to hexamethylbenzene ruthenium
and pentamethylcyclopentadienyl rhodium units as
well as to vanadate. Thus, the synthesis and charac-
terisation  of  [(#°-p-MeC H,Pr)Ru(n’-CsMe;),

2817



2818

Rh;Mo,0,] (2) [(1°-p-MeCiH,iPr),Ru,(n*-CsMes),
Rh;M0,0,4 (3), [(p-MeCcH.iPr);Ru,V4Oyo] (4) and
[(n*-CcMeg)sRu,V,O,q] (5) are reported ; in addition
we describe the characterisation of the three different
types of oxygen atoms in 1 by '"O NMR spectroscopy
and by electron-density calculations.

RESULTS AND DISCUSSION

The para-cymene complex [(#°-p-MeCH,iPr),
Ru,Cl,] reacts with Na,MoO, in aqueous solution
at room temperature to give the neutral organo-
ruthenium oxomolybdenum cluster [(#°%-p-MeC.H,
iPr),Ru,Mo,0,] (1) only. Complex 1 is sparingly sol-
uble in water and aromatic hydrocarbons, and well
soluble in polar organic solvents such as dichloro-
methane or methanol.

2[(n°-p-MeC¢H,iPr),Ru,Cl,] +4Na,MoO, —

[(n%-p-MeC¢H,iPr),Ru;Mo0,0,,]+8NaCl (1)

Single-crystal X-ray structure analysis of 1-2
C¢HsMe (orange, rod-like crystals) revealed the mol-
ecule to contain a unique Ru,Mo,0,, framework
which can be described as a central Mo,0, cube with
four folded ORuO flaps resembling the sails of a wind-
mill. The molecular structure of 1 is depicted in Fig.
2. Important bond lengths and angles are presented
in Table 1. The distortion [Mo(2)—O(2)—Mo(1)
106.04(12)°, O(12)—Mo(1)—0O(2) 71.37(10)°] with
respect to the idealized cubic representation is due to
the geometry of the oxygen atoms of the central cube
which is more tetrahedral than octahedral. Eight of
the twelve framework oxygen atoms are doubly bridg-
ing, while four are quadruply bridging. Each
ruthenium atom is coordinated to an n®-p-cymene
ligand [Ru(1)—C6 ring centroid 1.627 A], and each
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molybdenum atom carries a terminal oxo ligand
[Mo(1)—O(7) 1.706(3) A].

A calculation of the charge distribution in 1, based
on the application of the partial charge model [9], to
the structural data of 1 gave the following results : The
partial charge on the four ruthenium atoms is + 1.093.
and on the four molybdenum atoms + 1.737, reflect-
ing the electronegativity difference between ruthenium
and molybdenum. The four p-cymene ligands have a
partial charge of —0.412, whereas there is a clear
differentiation of the different oxo ligands: The ter-
minal oxo ligands (O,, O;, Oy and O,,) have a partial
charge of —0.492, the doubly bridging oxo ligands
(O, Oy, 05, O, Oy, Oy, Oy and O(g) —0.578, and
the quadruply bridging oxo ligands (O, Os, Oy, and
0,5) —0,769. Thus, the electronic density driven from
the metal atoms has flown mainly onto oxo atoms,
but also onto the aromatic ligands. It is interesting
to note the strong discrimination among the oxygen
atoms due to their relative structural environment,
with the lowest electronic structural density found on
the terminal oxygen atoms.

The three different types of oxygen atoms in 1 are
also confirmed by 'O NMR spectroscopy : A sample
of 1, enriched in O, prepared from enriched
Na,MoQ,, gives rise to three completely resolved sig-
nals, in addition to the signal of the MoOj}~ anion at
8 748 ppm. These signals can be easily assigned on the
basis of a qualitative correlation between the shift of
170 signal and the decreasing number of metal centres
bound to the oxygen atom [10]. Thus, the signal at J
783 ppm corresponds to the four terminal (i) oxygen
atoms in 1, while the eight doubly bridging (¢,) and
the four quadruply bridging (¢,) oxygen atoms give
rise to a resonance at 21 and — 7 ppm, respectively.

Sodium molybdate reacts with a 1:1 mixture of
para-cymene ruthenium dichloride dimer and pen-
tamethylcyclopentadienyl rhodium dichloride dimer

Fig. 1. Molecular representation of [(#°-p-MeCH,iPr),Ru;Mo,0,4] (1).
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Mo(2) O(6)

Fig. 2. Molecular structure of [(#*-p-MeC4HPr),RuMo0,0,] (1). (a) Hydrogen atoms and two toluene molecules have been
omitted for clarity. (b} Ru,Mo,0,, framework with labelling scheme.



2820

Table 1. Selected bond lengths (A) and angles (*) for [(n%-p-
MeC¢H,Pr),RuMo,0,} (1)

Ru(1)—O(1) 2.088(3)
Ru(1)—0(2) 2.089(3)
Mo(1)—O(2) 2.122(3)
Mo(1)—O(3) 1.804(3)
Ru(1)—0(3) 2.094(3)
Mo(1)—O(7) 1.706(3)
Mo(1)—O0(9) 2.073(3)
Mo(1)—O(12) 2.365(3)
Mo(1)—O(16) 1.798(3)
Mo(2)—0(2)—Mo(1) 106.04(12)
Mo(1)—O(9)—Ru(2) 145.40(14)
Mo(3)—O0(12)—Mo(1) 105.31(11)
O(10)—Ru(2)—O(11) 80.53(12)
O(7)—Mo(1)—0(16) 103.93(14)
0(9)—Mo(1)—0(12) 72.20(10)
0(2)—Mo(1)—0(12) 71.37(10)

in aqueous solution to yield a mixture of mixed
ruthenium-rhodium complexes, from which [(n°-p-
MeC H,iPr)Ru(n*-CsMe;);Rh;Mo0,0,4] (2) and [(#°-
p-MeC¢H,iPr),Ru,(n*-CsMe;),Rh,Mo0,0,4] (3) can be
isolated by thin-layer chromatography.

1/2[n®-p-MeC4H,iPr),Ru,Cl,]
+3/2[(n°-CsMes).Rh,Cl,]+4Na,MoO,Na, —
[(n®-p-MeC¢H,iPr)Ru(n*-CsMes); Rh; Mo, 0 4]
+8NaCl (2)
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[(n°-p-MeC,H,iPr),Ru,Cl,]
+ [(n°-CsMes),Rh,Cl,] +4Na,MoO,Na, —
[(7°-p-MeC4H,iPr),Ru,(1°-CsMe;),Rh,Mo,0, ]
+8NaCl (3)

The two mixed ruthenium-rhodium clusters 2 and 3
have a very similar infrared spectrum which, however,
differs significantly from that of 1 but resembles the
Mo—O absorption pattern of the known [4a] rho-
dium cluster [(7>-CsMes),Rh,;M0,0,,]. Both 2 and 3
show two strong bands at 925, 898 ¢cm™' and 927,
901 ¢cm ™' respectively, which can be assigned to the
vibrations of the terminal Mo=—0O bonds. Charac-
teristic absorptions at 689, 642, 584, 538 cm~' (2)
and 692, 641, 587, 538 cm™' (3) are attributed to the
Mo—oO vibrations of the internal oxygen atoms, in
line with the assignment proposed by K. Isobe et al.
for [(7°-CsMe;),Rh,Mo0,0,] [4a]. On the basis of the
infrared spectra, it can be concluded that the mixed
ruthenium-rhodium clusters 2 and 3 do not adopt the
structure of the windmill-like ruthenium cluster 1, but
the triple cube-like structure of the rhodium cluster
[(#*-CsMeg),Rh;Mo0,0,¢]. Accordingly, the 'H NMR
spectrum of 2 shows a 1 :3 ratio of the p-cymene and
pentamethylcyclopentadienyl signals. However, there
are three possibilities of replacing two (CsMes)Rh
units in [(n’-CsMes),Rh,Mo0.,0;s] by two (5°p-
MeC H,/Pr)Ru fragments, so that three isomers can
be expected for 3. Indeed, the 'H NMR spectrum
reveals 3 to be a mixture of at least two isomers,
because, instead of one CH; doublet of the isopropyl
substituent of the p-cymene ligand, two doublet sig-
nals centrered at 6 = 1.38 and 1.37 ppm are observed.
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Fig. 3. 7O NMR spectrum of [(7°-p-MeCsH,iPr),Ru,Mo0,0,] (1) in CDCI, (*excess of MoO?").
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Fig. 4. Proposed molecular representation of [(#°-p-MeC,H.iPr)Ru(>-CsMe;);Rh;Mo,0,] (2) with the triple-cube geometry
of the RuRh;Mo0,0; framework.

With sodium vanadate, p-cymene ruthenium
dichloride dimer reacts in aqueous solution to give
organoruthenium oxovanadium cluster [(55-p-
MeCH,iPr),Ru,V40,4] (4). Complex 4 is also soluble
in both, dichloromethane and water.

21(1°-p-MeCH,Pr), Ru,Cly] + 6NaVO; + H,0 -
[(n®-p-MeCH,iPr),Ru, VO]
+6NaCl+2HCl (4)

The 'H NMR spectrum of 4 shows the four p-
cymene ligands to be equivalent, since there is only one
set of signals for the methyl, isopropyl and aromatic
protons with correct integral ratio. In the IR spectrum
of 4, the absorptions at 1089, 1037, and 944 cm™'
correspond to the stretching vibration of the terminal
V=0 bonds. Bands at 677 and 568 ¢cm™' can be
assigned to the vibrations of bridging (i) oxygen
atoms, while an absorption at 493 cm~! is attributed
to the vibration of a central (i) oxygen atom.

The structure analysis of a single crystal of 4 reveals
a Ru,V,O,; framework which can be described as a
quadruple-cube with a us-oxygen atom at the centre.
This structure can be derived from that of the hypo-
thetical V4O%; anion, isostructural with the well-
known Nb,O%y [11], Ta,0%; [12], Mo,O?; [13] and
W,O15 [14] anions. It is also found in the known
clusters [(CsMe;),Rh,V,0,0] and [(CsMe;),Ir, V(O]
reported by K. Isobe er al. [4¢,15). The structure of 4
is shown in Fig. 5. Selected bond distances and angles
are listed in Table 4. The cluster presents a quadruple-
cube framework that contains four RuV;0, cubic
units alternatively fitted through V—O bonds at the
three edges of the cube. The central oxygen atom of
the V40,4 group is common to all four RuV,0, units,
thus all oxygen atoms of the V40,4 group, except for
the terminal oxygen atom, participate in the quad-
ruple-cube cluster. Each vanadium atom carries a ter-
minal oxygen atom [Q(6)—V(4) 1.607(4) A], and each
ruthenium atom is coordinated to a #°-p-cymene
ligand. In an alternative view, 4 can be considered as

comprising one V,O%; unit and four (n°%p-MeC4H,
iPr)Ru** groups, sitting on alternating faces of the
octahedron formed by the hexavanadate unit through
oxygen bridges. The vanadium atoms can be described
as octahedrally coordinated. The ruthenium atom in
the (1%p-MeC¢H,iPr)Ru’* group is bound to three
adjacent bridging O atoms [Ru(4)—O0(8) 2.103(4) A].

Whereas sodium molybdate does not react with the
hexamethylbenzene analogue [(7°-CsMeg),Ru,Cl,] to
give a complex analogous to 1, sodium vanadate reacts
to give [(1°-CeMe;),Ru,V,Oy4] (5), analogous to 4.
Like 4, complex 5 is soluble in both water and organic
solvents, but it forms blue crystals, while 4 has a violet
colour. The IR, MS and '"H NMR data of 5§ suggest
the compound to have the same structure as the p-
cymene analogue 4.

EXPERIMENTAL

The following chemicals were purchased from com-
mercial sources and used without further purification :
RuCl;*n H,O (Johnson Matthey); RhCl;-3H,0
(Métaux Précieux); (R)-(—)-5-Isopropyl-2-methyl-
1,3-cyclo-hexadiene (Merck) ; hexamethylde-
warbenzene (Aldrich); hexamethylbenzene (Lanc-
aster), Na,MoO,-2 H,O (Fluka); NaVO, (Fluka).
The organic solvents were refluxed over appropriate
desiccants, distilled, and saturated with nitrogen. The
bidistilled water degassed and saturated with N, prior
to use. The 'H NMR spectra were recorded on a
Varian Gemini 200 BB instrument. 'O NMR spectra
were measured on a Bruker AM 360 spectrometer
working at 48.82 MHz and using 10 mm o.d. sample
tubes, the solvent was CD,Cl,. Total spectral width of
55.6 kHz with 8 K data points for the FIDs (10*-10°
transients added) were used. '’O chemical shift were
measured with respect to bulk water (external refer-
ence, 0 ppm). To flatten the baseline larger pre-scan-
delay values (DE) were used causing some first order
phase errors. The IR spectra were recorded on a Per-
kin—Elmer FTIR 1720 X spectrophotometer (4000
400 cm™') as KBr pellets. The mass spectra (FAB)
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P

Fig. 5. Molecular representation of [(#*-p-MeCH,iPr),Ru, V0 ,] (4).

were performed by Prof. Titus A. Jenny, University
of Fribourg. Microanalytical data were obtained from
the Mikroelementaranalytisches Laboratorium ETH
Zurich. The starting materials [(%-p-MeC4H-
4iPr);Ru,CL] [16], [(1°-CsMee),Ru,Cly] [16] and [(r’-
CsMe;),Rh,Cl] [17] were synthesised according to the
literature procedures.

Preparation of [(n%-p-MeC(H,iPr),Ru,Mo0,0,4] (1)

A suspension of [(p-MeC(H,iPr),Ru,Cl,] (200 mg,
3.27+ 107 *mol) in 20 cm® of water was added dropwise
to an aqueous solution (10 cm®) of Na,Mo0Q, - 2H,0
(790 mg, 3.3-10~° mol). The mixture was stirred for
4 h at 25°C. After evaporation of the water, the prod-
uct was extracted with CH,Cl, (20 cm®) and dried
over MgSO,. (1) was recrystallised from a mixture of
dichloromethane and toluene (1:1) to give ana-
lytically pure orange crystals (155 mg, 60% yield). IR
(KBr): v[em™'] = 921, 874 (terminal oxygen atom) ;
785, 739, 642 and 602 (bridging oxygen atom). MS
(FAB+): mjz: 1581 (""Ru, **Mo). '"H NMR (200
MHz, CD,Cl,) : 6 = 1.39 (d, 6H, CH(CH),), 2.27 (s,
3H, C,H,CH,), 2.97 (sp, 'H, CH(CH,),), 5.30 (d, 2H,
CeH,), 5.37 (d, 2H, C,H,). Found : C, 30.33; H 3.51.
Calc. for C,4HMo0,0 (Ru,: C, 30.39; H, 3.57%.

Preparation of [(n°-p-MeC4H,iPr)Ru(n’-CsMe;),Rh;
Mo,O¢] (2) and [(#*-p-MeC.H,iPr),Ru,(1*-CsMes),
Rh,Mo,0,] (3)

[(#>-CsMe;),Rh,Cl,] (200 mg, 3.24- 10~* mol) and
[(n*-p-MeC¢H,iPr),Ru,CL,] (200 mg, 3.27-10~* mol)
were suspended in 50 cm® of water and treated with
an aqueous solution of Na,MoQ,-2H,0 (1.57 g,
6.5-107° mol) in 20 cm® of water. The mixture was
stirred for 12 h. The resulting red-orange solution was
extracted with 30 cm® of dichloromethane, then the

organic layer was collected and dried with MgSO,,
giving a crude red-orange powder product on evap-
oration of the solvent. The crude product was dis-
solved in a minimum of dichloromethane and
separated by thin-layer chromatography on silica
(CH,Cl,/acetone/methanol, 5:10:3). The products 2
and 3 were isolated from the two main bands by elu-
tion with CH,Cl,/aceton/methanol (5:10:3) and
evaporation to dryness after filtration of MgSO,. (a)
[(n°-p-MeC H,Pr)Ru(i’-CsMes);Rh;Mo0,0,¢] (2) : IR
(KBr): v[em™'] = 925, 898 (terminal oxygen atom):
689, 642, 584 and 538 (bridging oxygen atom). MS
(FAB+): m/z: 1590 (**'Ru, '""Rh, *Mo). 'H NMR
(200 MHz, CD,Cl,): § =1.38 (d, 6H, CH(CH.),).
1.68 (s, 45H, C5(CHs);), 2.25 (s, 3H, C.H,CH3), 2.99
(sp, 'H, CH(CHs,),), 5.31 (d, 2H, C,H,), 5.37 (d, 2H,
CiH,). Found: C, 3522; H 4.36. Calc. for
CpoHssMo,0,(RuRh; - 2CH,2: C, 35.45; H, 4.97%
(20%  yield). (b)  [(n°-p-MeC(H,iPr),Ru,(n*-
CsMe;),RhhMo,0¢] (3): IR (KBr): viem™'] =927,
901 (terminal oxygen atom); 692, 641, 587 and 538
(bridging oxygen atom). MS (ES): [M+H]" = 1588
("'Ru, '"Rh, **Mo) 'H NMR (200 MHz, CD,CL.):
6 = 1.38, 1.37 (2 doublets, 12H, CH(CH,),), 1.67 (s.
30H, C5(CH,)s), 2.25 (s, 6H, C,H,CHS), 2.99 (sp, 2H,
CH(CHs;),), 5.35 (m, 8H, C4H,). Found: C, 32.57:
H, 3.81. Calc. for CyHssMo0,0,(Ru,Rh,-CiH,,: C,
33.03; H, 4.34% (15% yield).

Preparation of [(n°-p-MeC¢H,iPr),Ru,V,0,,] (4)

A suspension of [(p-C,H,iPrMe);Ru,Cl)] (200 mg,
3.27-10"*mol) in 20 cm’ of water was added dropwise
to an aqueous solution (35 cm®) of NaVO; (398 mg,
3.27-107* mol). The mixture was stirred for 4 h at
25°C. After evaporation of the water, the solid was
extracted with CH,Cl, (20 cm®). The dichloromethane
solution was dried over MgSO,, and evaporated to
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Fig. 6. Molecular structure of [(n“-p-MeCGH4iPr)4Ru4VGO,9] (4). (a) Hydrogen atoms and two water molecules have been
omitted for clarity. (b) Ru,V¢0,; framework with labelling scheme.
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Table 2. Selected bond lengths (A) and angles (*) for [(7*—p—MeC H,iPr),Ru,V,0,,] (4)

2.235(4)
1.610(4)
1.890(4)

V{6)—0()

2.240(4)
1.607(4)
1.928(4)
1.924(4)
1.916(4)

V(4)—0(1)

1.607(4)
1.905(4)
1.922(4)
1.912(4)
2.239(4)

V(1)—O(7)
V(1)—O0(8)

V(1)-—0(10)
V(1)—O(11)

V(2)—0O()

2.082(4)
2.103(4)
2.108(4)
2.103(4)
2.232(4)

Ru(h)—O(11)

V(6)—O0(3)
V(6)—O0(9)

V(4)—O(6)
V(4)—O(8)
V(4)—0(9)

Ru(4)—O(8)

Ru(4)—O0(9)

Ru(4)—0(10)

V(1H—O(1)

V(5)—O(11)

90.40(14)
89.81(14)

112.6(2)

V(H—O(1)—V(4)
V(6)—0(1)—V(3)

90.24(14)
179.8(2)

V(6)—O(1)—V(2)
V(1) —O(1)—V@3)

89.86(14)
179.4(2)

V(H—O(1)—V(2)
V(2)—0(1)—V#)

90.27(13)
90.34(13)
179.5(2)

V()—0(1)—V(6)
V(6©)—0(1)—V(4)

V(6)—0(9)—V(4)

97.0(2)

111.3(2)

V(4)—O(8)—Ru(4)
V(6)—O0(10)—V(1)

96.6(2)
96.9(2)
93.7(2)
86.9(2)
100.5(2)

V(1)—O(8)—Ru(4)
V(4)—O0(9)—Ru(4)
O(7)—V(1)—Ru(4)

V(6)—0(1)—V(5)

95.0(2)
101.7(2)
157.3(2)
158.2(2)

V(6)—0O(10)—Ru(4)
0O(3)—V(6)—0)

95.5(2)
96.1(2)
101.3(2)

V(6)—0(9)—Ru(4)

174.08(4)
101.0(2)

Ru(3)—V(4)—Ru(4)
O(3)—V(6)—0(18)

V(1)—O(10)—Ru(4)
0(3)—V(6)—0(10)

0O(9)—V(6)—0O(18)

0(9)—V(6)—0(10)
0(3)—V(6)—0(17)
O(9)—V(6)—0(1)

01—V (6)—O(17)
0(18)—V(6)—0(1)
O(8)—Ru(4)—0(9)

90.3(2)
79.3(2)
76.8(2)

O(9)—V(6)—0O(17)
O(10)—V(6)—O(1)

89.4(2)
179.2(2)

O(10)—V(6)—0O(18)
O(3)—V(6)—0O(1)

Georg Suss-Fink er al.

78.4(2)
76.0(2)

78.9(2)

O(10)—Ru(4)—O0(9)

76.49(14)

0(10)—Ru(d)—O0(8)

79.0(2)

O(17)—V(6)—O(1)

dryness to give the product as a dark purple powder
(199 mg, 78% yield). 4 was recrystallised from a mix-
ture of cyclohexane and toluene (1:1) to give purple
crystals. IR (KBr): v[cm™'] = 1089, 1037, 944 (ter-
minal oxygen atom), 677, 568 (bridging oxygen atom),
493 (central oxygen atom). MS (FAB+): m/z: 1551
("*"Ru, *'V). '"H NMR (200 MHz, CD,Cl,): = 1.43
(d, 6H, CH(CH.),), 2.40 (s, 3H, C;H,CH,), 3.09 (sp,
'H, CH(CH,),), 5.75 (d, 2H, CH,), 5.81 (d, 2H,
C¢H,). Found: C, 31.05; H, 3.60. Calc. for C,H;,O-
wRuVe: C,30.98; H. 3.64%.

Preparation of [(n°-CMeg)sRu, V0,4 (5)

A suspension of [(#°-CiMe;),Ru,Cl,] (100 mg,
1.49-10™*mol) in 25 cm® of water was added dropwise
to an aqueous solution (20 cm®) of NaVvO, (181 mg,
1.49-107° mol). The mixture was stirred for 4 h at
25 C. After evaporation of the water, the solid was
extracted with CH,Cl, (20 cm®). The dichloromethane
solution was dried over MgSQ,, and evaporated to
dryness to give the product as a dark blue powder (95
mg, 68% yield). IR (KBr): v[cm '] = 1075, 1024, 939
(terminal oxygen atom), 675, 567 (bridging oxygen
atom), 492 (central oxygen atom). 'H NMR (200
MHz, CD,Cl,): 6 =2.29 (s, I8H, C,(CH,),), MS
(FAB+): m/z: 1663 (" Ru, *'V). Found: C, 31.11;
H, 3.97. Calc. for C;H»,0,,Ru,V,*4CH,Cl,: C,
31.19:; H, 4.03%.

""0-enrichment procedure

A solution of Na,MoQ,-2 H,0 (395 mg, 1.63 10 *
mol) in 1 cm® of 10% enriched H,'’O (Yeda, Israel)
was heated to 90°C for 3 h with stirring and cooled
to 25°C. To the resulting solution, containing '"O-
enriched MoO3 ™, 200 mg (3.27-10* mol) of [(4-p-
MeCH.,/Pr).Ru,Cl,] were added, then the mixture
was heated to 95°C with vigorous stirring during 3 h.
Then the solvent was removed, the residual orange
solid was extracted with dichloromethane (25 cm?)
and crystallised from a mixture of dichloromethane
and toluene (1:1).

X-ray structure determination of 1 and 4

Suitable crystals of 1 and 4 were obtained as indi-
cated in the synthetic section. Selected experimental
crystallographic details of the structure determination
of 1 and 4 are given in Tables 3 and 4. For 1, single-
crystal X-ray diffraction data were collected at — 50°C
on a Stoe-Siemens AED?2 4-circle diffractometer using
Mo-K, graphite  monochromated radiation
(4 =0.71073 A; w/20 scans), whereas for 4, the X-
ray diffraction data were collected at room tem-
perature on a Stoe Imaging Plate Diffractometer Sys-
tem (Stoe and Cie 1995) equipped with a one-circle
goniometer and a graphite Mo-K, monochromated
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Table 3. Crystallographic and refinement data for 1-2(CH,C¢Hy)

Compound

Crystal habit

Crystal size (mm)
Empirical Formula
Formula Weight (g mol~")
Temperature (K)
Crystal system

Space group

a(A)

b (A)

c(A)

a(’)

B

()

U A

Z

Dy (gem™’
Diffractometer

Radiation

/(A

Scan type

Absorption coefficient (Mo-K,, mm ')
F(000)

¢ Scan range(”)

h, k. [ ranges

Reflections collected

Independent reflections
Reflections observed [/ > 2a(])]
Data/restraints/parameters

R\[I > 2a(D)]/R,(all data)’

wRL[I > 2e(D)]/wR-(all data)”
Goodness of fit on F*

Largest diff. Peak and hole (e A%)
Empirical Absorption coorection
Transmission factors : min/max

1

Red-orange rod
0.57%0.27%x0.17
CyHsMo,0 (Ru,* 2CH;CH;
1765.30

223

Triclinic

P1

13.846(2)

15.210(2)

16.104(1)

88.12(1)

78.94(1)

65.47(1)

3023.7(6)

2

1.939

Stoe-Siemens AED2 4-circle
Mo-K, graphite monochromated
0.71073

w-20

1.659

1736

2.01 € 0 <2550
~16<h<16,-18<k<180<I< 19
11234

11234

9940

11234/0/717

0.0324/0.0404
0.0701/0.0736

1.118

0.749 and —0.580
Empirical [DIFABS]
0.667/1.248

“R, = Z|F| = |F/Z|F..
PwR, = [Ew(F;— F2)Y/Zw(F,)"".

°S = [Ew(F2—F2)}/(n—p)]'? (n = number of reflections, p = number of parameters).

radiation (A = 0.71073 A, ¢ oscillation). Data were
collected in one stage: 120 exposures (3 min per
exposure) were obtained at 80 mm with 0 < ¢ < 120°
and with the crystal oscillated through 1" in ¢. The
structure of 1 was solved by Patterson methods and
that of 4 by direct methods using the program
SHELXS 86 [18]. For both compounds, 1 and 4, the
structure refinement, using weighted full-matrix least-
square on F?, was carried out using the program
SHELXL 93 [19]. During the refinement of 1, two
molecules of toluene were located. Two partially occu-
pied H,O positions were found for 4 (occupancies 0.33
and 0.5). For compound 1, an empirical absorption
correction was applied using DIFABS (PLATON)
[20]. Non-H atoms were refined anisotropically, and
hydrogen atoms were included in calculated positions
and refined as riding atoms using the SHELXL 93
default parameters. The figures were drawn using the
programs ZORTEP [21] (thermal ellipsoides, 50%

probability level) and SCHAKAL [22]. Complete
tables of bond lengths and angles and lists of thermal
parameters have been deposited at the Cambridge
Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ (U.K.).

Application of the partial charge model

The partial charge model [9] was applied to the
crystallographic data of 1, using the following par-
ametrization: Electronegativities (Mulliken scale,
values in eV): x(H) = 7.176 . x(C, sp*) = 8.876; x(C,
sp’) = 8.148; x(0) =9.630; x(Ru)=4.11 and
x(Mo) = 8.876. Atomic sizes (covalent radii in A):
r(H) = 0.37; r(C) =0.77; r(0) =0.73;
r(Ru) = 1.25:  r(Mo) = 1.30. Total electrical
charge = 0.0 (neutral complex). The program cal-
culated the minimum interatomic distance to be 0.94
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Table 4. Crystallographic and refinement data for 4:0.83 H,O

Compound 4

Crystal habit dark-brown block
Crystal size (mm) 0.38x0.34x0.23
Empirical Formula CyHsOsRu V- 0.83H,0
Formula Weight (g mol™") 1565.78
Temperature (K) 293(2)

Crystal system Cubic

Space group Pa3

a(A) 31.753(2)

b (A) 31.753(2)

¢ (A) 31.753(2)

o (%) 90

5O 90

7 () 90

U (A 32016(3)

Z 24

D (gem™) 1.949
Diffractometer Stoe Imaging Plate Diffractometer System (IPDS)
Radiation Mo-K,

A (A) 0.71073

Scan type ¢ oscillation scans
Absorption coefficient (Mo—K,, mm™") 2.166

F(000) 18488

0 Scan range(®)
h, k, I ranges
Reflections collected

1.81 < 0 < 24.08

=36 <h<36-36<hk<23.-36</<3l1

119211

Independent reflections 8432
Reflections observed [I > 26(0)] 5677
Data/restraints/parameters 8428/0/646

R\[! > 2¢(D)]/R, (all data)*

wR,[I > 2[gkS1](D]/wR,(all data)®
Goodness of fit on F>

Largest diff. Peak and hole (¢ A%)

0.0366/0.0602
0.0964/0.1076
0.906

1.033 and —0.534

‘R = Z|F|—|Fl/ZIF|.
"WRy = [Zw(F] — FI)Y/Zw(F,)"".

S = [Ew(F; — F2)’/(n—p)])"* (n = number of reflections, p = number of parameters).

A, the mean electronegativity to be 8.03 eV, the
dipolar moment to be 0.07 D and the electrostatic
balance to be —127.7 eV,
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