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Abstract

Use of aqueous conditions and the ROOH (R = tBu or H) compounds as oxidizing agents affords a simple two-step, one-pot synthetic
procedure leading to [Cp�2M2O5] (M = Mo, W) from [M(CO)6] selectively and in high yields. The hexacarbonyl compounds are converted
to Na[Cp*M(CO)3] in refluxing THF, then the mixture is diluted with water (W) or aqueous NaOH (Mo) and directly treated with
6 equiv. of ROOH. Acidification of an aqueous solution of the Na[Cp*MO3] product affords spectroscopically pure [Cp�2M2O5] in high
isolated yields (global yields from [M(CO)6], for R = tBu: Mo, 91%; W, 87%). The X-ray structures of Na[Cp*MoO3] Æ 5H2O and
[Cp�2W2O5] are also reported.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

High oxidation state organometallic compounds have
found useful applications in a variety of catalytic processes
[1,2], mostly related but not limited to oxidations processes
[3]. In particular, the catalytic activity of organometallic
oxo molybdenum compounds in olefin epoxidation [4]
has recently attracted renewed interest [5–12]. Together
with other derivatives, compound [Cp�2Mo2O5] was found
an excellent catalytic precursor for the epoxidation of cyc-
looctene by tBuOOH in CHCl3, even in the presence of
water [12]. To the best of our knowledge, the analogous
[Cp�2W2O5] derivative has not been tested as an oxidation
catalyst, although high oxidation state tungsten derivatives
are often found to possess comparable or greater catalytic
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activity than the molybdenum analogues [13]. The synthe-
sis of these compounds, however, suffers from time invest-
ment and/or moderate global yields.

Compound [Cp�2Mo2O5] was first obtained in 40% yields
by aerial oxidation of Cp*Mo(CO)2(NO), a precursor that
must itself be prepared from commercially available start-
ing materials [14]. Similar considerations apply to subse-
quently reported syntheses, starting from [Cp*Mo(CO)2]2
(69% yields) [15,16], [{Cp*Mo(CO)2(OMe)}n] (7.5% yields)
[17], and [Cp*MoBr(CH3)(NO)]2 (unspecified yields) [18],
again by aerial oxidation. The analogous aerial oxidation
of [Cp*W(CO)2]2 afforded [Cp�2W2O5] in 14% yield [15].
Using a different strategy, basic (NaOH) hydrolysis of
Cp*MoCl4 in air yields the product in two-steps via the
Cp*MoO2Cl intermediate, the reported yield of each step
being 78% and 82% [19]. The alternative hydrolysis using
tBuNH2 yields the same final product in two-steps via the
[tBuNH3][Cp*MoO3] intermediate, with yields of 68%
and 58%, respectively (the tungsten analogue is similarly
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prepared via the [tBuNH3][Cp*WO3] intermediate in 80%
and 67% yields for the two-steps) [19]. An alternative
hydrolytic approach by protonolysis of [Cp*M(NtBu)2Cl]
(M = Mo, W) with aqueous HCl was reported by Sunder-
meyer [20]. The synthesis affords the final pentaoxo
complex in high yield (98% yield for Mo or 81% yield for
W) but requires again a preliminary synthetic effort to
access the starting material (two-steps from commercially
available starting materials) and the sacrificial use of
tBuNCO.

Our current exploration of Cp*MoVI aqueous chemistry
[21–25] has required the frequent preparation of compound
[Cp�2Mo2O5] in substantial amounts. Until now, we have
opted for the hydrolytic approach via the [Cp*MoCl4] com-
pound, which we have recently improved [26]. The synthe-
sis of this starting material is high yield, but requires three
steps from commercially available [Mo(CO)6] [27,28] with
isolation of the Cp*Mo(CO)3(CH3) intermediate. Further-
more, the oxidative hydrolysis step is delicate since the
rates of oxidation and hydrolysis are similar; a com-
plete hydrolysis before oxidation yields the dinuclear
[Cp�2Mo2O4] by-product, which is relatively resistant to fur-
ther oxidation and lowers the final yield [26]. This synthesis
is summarized in Scheme 1. The considerable time invest-
ment required for this synthesis, in addition to the need
of sacrificial reagents (MeI and PCl5 or PhICl2) has encour-
aged us to find a more direct and simpler preparative
method.

In this contribution, we report a substantial improve-
ment of the synthetic method, affording both [Cp�2M2O5]
(M = Mo, W) compounds in excellent yields from the cor-
responding [M(CO)6] starting material, in three simple
steps without isolation of any intermediate and using
inexpensive oxidants (tBuOOH or H2O2). We also describe
the molecular structures of Na[Cp*MoO3] Æ 5H2O and
[Cp�2W2O5].

2. Results

2.1. Syntheses

We wondered whether compound Na[Cp*Mo(CO)3]
could be transformed directly into Na[Cp*MoO3], there-
fore by-passing three steps and the isolation of two inter-
mediates with respect to our traditional synthetic scheme
outlined in Scheme 1. In addition, the Na salt of the trioxo-
Mo(CO)6
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THF/
Na[Cp*Mo(CO)3]

MeI
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Scheme 1.
molybdate(VI) complex, as obtained from the hydrolytic
procedure from [Cp*MoCl4], can be converted to the final
product by direct acidification of an aqueous solution with-
out isolation. It is also possible to envisage a direct oxida-
tion of the first intermediate, the sodium salt of the
tricarbonylmolybdate(0) complex, without isolation.
Therefore, the potential exists for a simple one-pot
synthesis.

The new method that we report in this contribution has
been inspired by the following considerations, partly
extrapolated from previously published observations. The
Cp* tricarbonyl anion may be oxidized monoelectronically
by Fe2(SO4)3 (1 equiv.) to produce [Cp�2Mo2ðCOÞ6] [29,30],
and by FeCl3 (2 equiv.) to afford the corresponding
[Cp*Mo(CO)3Cl] [30]. Although a synthesis of the latter
compound from [Cp*Mo(CO)3]� and Cl2 does not seem
to have been described, the corresponding bromo com-
pound has been prepared from [Cp*Mo(CO)3]� and Br2

(Eq. (1), X = Br) [31]. The MoIV compounds [Cp*Mo
(CO)2X3] (X = Cl, Br) have been prepared from
[Cp�2Mo2ðCOÞ6] and 3 equiv. of X2 [32,33]. Thus, the stoi-
chiometry of Eq. (2) can be deduced, as well as a possible
direct synthesis of [Cp*Mo(CO)2X3] from [Cp*Mo(CO)3]�.
Further oxidation yields [Cp*MoX4] (Eq. (3)) [28]. An
analogous process has also been described for the Cp sys-
tem: stepwise generation of [CpMoCl4] from [Cp2Mo2

(CO)6] via [CpMo(CO)3Cl] and [CpMo(CO)2Cl3] [34].

½Cp�MoðCOÞ3�
� þX2 ! ½Cp�MoðCOÞ3X� þX� ð1Þ

½Cp�MoðCOÞ3X� þX2 ! ½Cp�MoðCOÞ2X3� þ CO ð2Þ
½Cp�MoðCOÞ2X3�2 þX2 ! 2½Cp�MoX4� þ 2CO ð3Þ

The halogen nature determines the maximum allowed
oxidation state of the [Cp*MoXn] system (n = 4 for
X = Cl and Br; 3 for X = I in the anionic complex
[Cp*MoI4]�) [33]. The corresponding fluoride system has
not been investigated for molybdenum, but Cp*WF5 (pre-
pared by aerial oxidation from Cp*WF4) is a stable com-
pound [35], whereas the highest oxidation state attainable
for X = Cl appears to be the same as for the Mo system,
[Cp*WCl4] [27]. On the other hand, the maximum oxida-
tion state (+6) is reached once again with oxo ligands,
[Cp*MO3]� (M = Mo, W). Since an oxo ligand is readily
obtained from two hydroxo ligands by elimination of
H2O, we have imagined that a direct transformation of
[Cp*M(CO)3]� to [Cp*MO3]� could be accomplished with
X = OH, namely by using the easily available and inexpen-
sive ROOH (R = tBu or H) compounds as oxidants. Fur-
ther results suggesting that this idea has solid
foundations are the good yield synthesis of [Cp*MoO2Cl]
by oxidation of [Cp*Mo(CO)3Cl] with tBuOOH [5], as well
as that of [Cp*MoO2(CH3)] and other similar cyclopenta-
dienyl derivatives by oxidation of the corresponding tricar-
bonyl methyl precursors with the same oxidizing reagent
[6].

A word of caution relates to a possible over-oxidation to
afford peroxo derivatives. Indeed, excess tBuOOH converts
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[CpMo(CO)3(CH3)] to [CpMoO(O2)(CH3)], although the
intermediacy of [CpMoO2(CH3)] in this reaction was estab-
lished [6]. It has also been reported that the reaction of
[Cp*MoO2Cl] with tBuOOH leads to the corresponding
peroxo derivative, [Cp*MoO(O2)Cl] [4]. Another point to
be clarified concerns the release of the three CO ligands
as either CO or CO2, the two extreme cases requiring the
use of either 3 or 6 equiv. of ROOH (R = tBu or H)
according to the stoichiometries shown in Eqs. (4) and
(5), respectively. Obviously, an intermediate stoichiometry
may also be followed. Finally, the pH is also to be consid-
ered as a variable. At neutral pH, both starting material
and reaction product are present in anionic form, whereas
at lower pH the tricarbonyl anion is protonated to
[Cp*Mo(CO)3H] (pKa = 17.1 in MeCN [36], from which
the aqueous pKa may be estimated [37] as �9), whereas
the trioxo anion affords the unstable complex
[Cp*MoO2(OH)] (pKa = 3.65) [38], followed by rearrange-
ment to [Cp�2Mo2O5]. Although protons are not directly
consumed during the oxidation process, the reaction may
be catalyzed by acids or bases

½Cp�MoðCOÞ3�
� þ 3ROOH

! ½Cp�MoO3�� þ 3ROHþ 3CO ð4Þ
½Cp�MoðCOÞ3�

� þ 6ROOH

! ½Cp�MoO3�� þ 3ROHþ 3CO2 ð5Þ

Because of the above-mentioned precedents of the
[Cp*Mo(CO)3X] oxidation (X = Cl, CH3) with tBuOOH
[5,6], this oxidizing agent was selected for our initial syn-
thetic studies. The synthetic procedure was carried out sev-
eral times at various tBuOOH/Mo ratios and pH values.
The optimized conditions are given in the experimental sec-
tion. First, we have observed the need of 6 equiv. of oxi-
dant to complete the reaction. A MnO2 test on the final
reaction mixture did not show any gas evolution, indicating
the complete consumption of the oxidant. On the other
hand, we did not observe any evidence for the formation
of peroxo derivatives. It must be remarked that we have
not tested the reaction with >6 equiv. of oxidant and that
a complex having the stoichiometry [Cp*MoO2(O2)]� has
not been described. The 1H NMR spectrum of the crude
reaction mixture only showed the resonance of the
[Cp*MoO3]� ion when 6 equiv. of oxidant were used,
whereas impure mixtures were obtained when using lower
tBuOOH/Mo ratios. The reaction worked best (selective
oxidation and cleaner product) under basic conditions,
although the product was also formed upon working at
neutral pH. It is interesting to note, however, that the oxi-
dation of [Cp�2Mo2O4] (as a pure starting compound, pre-
pared separately) with tBuOOH does not occur at a
significant rate at neutral pH (no observable oxidation
overnight at room temperature; slow oxidation upon heat-
ing). Oxidation to Na[Cp*MoO3], on the other hand, takes
place under basic (NaOH) conditions (this is the predomi-
nant species after stirring overnight at room temperature).
At acidic pH, compound [Cp�2Mo2O4] did react with
tBuOOH, but the colour changed to orange-brown instead
of the known [38] bright yellow colour of
[Cp*MoO2(H2O)]+ (the stable acidic form of ‘‘Cp*MoVI’’)
and an 1H NMR analysis indicated that a different product
was obtained.

Using the optimized procedure, the final [Cp�2Mo2O5]
product was recovered in high yields and in a spectroscop-
ically pure form, notably without any sign of contamina-
tion by the tetraoxo MoV derivative, [Cp*MoO2]2, which
systematically accompanies our previously reported syn-
thetic protocol [26]. After the tBuOOH addition, an imme-
diate colour change occurs from orange to red, followed by
slow bleaching to the final yellow colour of [Cp*MoO3]�

over 3 days. The intermediate red colour is due to
[Cp*Mo(CO)3]2, as verified by its isolation and spectro-
scopic (IR, 1H NMR) characterization when the reaction
was stopped at earlier conversions. During the entire syn-
thetic procedure, no isolation of intermediates is required
because water and tBuOOH can be added directly to the
THF solution of Na[Cp*Mo(CO)3] that results from the
first step. However, the solvents must be completely
removed after the oxidation step and replaced with neat
water in order to optimize the precipitation of [Cp�2Mo2O5].

We have also tested the same synthetic protocol using
the ‘‘greener’’ hydrogen peroxide as oxidant. Formation
of the desired product was observed under the same condi-
tions used for the tBuOOH oxidation (6 equiv., high pH).
In fact, the transformation is faster, the observed colour
bleaching indicating that a complete conversion required
only a few minutes, rather than 3 days. Conversely, the
yields of isolated product were lower and less reproducible.
The best yield (66.3%) is reported in the experimental sec-
tion but much lower yields have also been occasionally
obtained. We therefore recommend use of the tBuOOH
oxidant for reliable results.

We have subsequently adapted the same procedure to
the preparation of [Cp�2W2O5]. The oxidation step works
much the same way as for the molybdenum analogue
(6 equiv. of oxidant are required). However, in this case
the best results were obtained by working at neutral pH,
whereas the use of basic conditions led to less satisfactory
and erratic results. Dissolution of an authentic sample of
[Cp�2W2O5] in basic MeOH–H2O (presumably yielding
[Cp*WO3]�) and monitoring by 1H NMR against an inter-
nal standard showed a slow decomposition (ca. 50% over 2
days). This decomposition may be pH dependent, explain-
ing the erratic results in synthesis, but we have not pursued
a study of this decomposition process any further.

We should also underline two additional and subtle dif-
ferences between the W and the Mo systems, not clearly
described in the previous literature. The [Cp�2W2O5] com-
pound has a non negligible solubility in water, whereas
the Mo analogue is essentially insoluble. On the other
hand, whereas [Cp�2Mo2O5] is relatively soluble in diethyl
ether, the W analogue is not. Therefore, extraction of the
neutral precipitate with ether, which constitutes a conve-
nient work-up procedure for the Mo compound, cannot



Fig. 1. ORTEP view showing two asymmetric units of the structure of
Na[Cp*MoO3] Æ 5H2O. The aqua ligand and interstitial water H atoms
have been omitted for clarity.
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be used for the W analogue. Another noticeable difference
is the precipitation of the W product in the form of a very
fine colloidal suspension, which does not settle even upon
heating. Increasing the solution ionic strength did not show
any apparent beneficial effect. Thus, the most effective pro-
cedure, though a bit more tedious, consists of dissolving
the Na[Cp*WO3] residue into the minimum amount of
water, followed by acidification and extraction of the
resulting [Cp�2W2O5] product with CH2Cl2, in which the
compound is readily soluble. Like for the synthesis of the
Mo compound, the oxidation of Na[Cp*W(CO)3] also
occurs when using 6 equiv. of H2O2, though once again
the overall yield is less satisfactory and not always
reproducible.

We would also like to briefly mention a few attempts to
synthesize [Cp�2M2O5] from Na[Cp*M(CO)3] using bleach
(ClO�) as oxidant. Although this reagent is not as ‘‘green’’
as H2O2, its ready availability and low cost made it an
interesting candidate for our study. The Mo system was
investigated more in detail. Use of just 1 equiv. of the
reagent led rather selectively to Cp*Mo(CO)3Cl (as indi-
cated by comparing the IR spectrum with the literature
[39]; the compound was not isolated). Use of a higher
amount of ClO� led (after acidification with CH3COOH
as described above) to a mixture of the expected
[Cp�2Mo2O5] product and significant amounts of
[Cp�2Mo2O4] and [Cp*MoO2Cl] (1H NMR signals at d
2.02 [19], 1.99 [26] and 2.09 [19], respectively, in CDCl3),
the chloro derivative being the major product. A separate
procedure starting from pure [Cp�2Mo2O4] shows that this
is oxidized by bleach in THF, but once again both
[Cp�2Mo2O5] and [Cp*MoO2Cl] are obtained and the tetra-
oxo starting compound was not completely consumed,
even when using a large excess of oxidant. Analogous
results (several products according to the 1H NMR spec-
trum) were obtained for the W system. Therefore, this
reagent was abandoned in favour of tBuOOH.

2.2. Molecular structures

Compound Na[Cp*MoO3], obtained as a crude product
from the oxidation procedure under basic conditions, could
be crystallized from hot THF. The structure of the related
[Cp*WO3]� ion has already been described in three differ-
ent salts, [tBu(EtC{O}CH2CH2)NH2][Cp*WO3], [tBuN-
H3][Cp*WO3] Æ 1/2[tBuNH3]C1, and [(Ph3P)2N][Cp*WO3] Æ
2H2O [19], but no salts of the [Cp*MoO3]� has previously
been structurally characterized to the best of our knowl-
edge. The compound crystallizes with two independent
[Cp*MoO3]� ions in the asymmetric unit. The correspond-
ing Na+ ions are octahedrally surrounded by water mole-
cules, three of which (defined by atoms O1, O3 and O5)
are shared by the two Na atoms in a face-sharing bioctahe-
dral (FSBO) arrangement. In addition, the sodium atoms
Na1 and Na1i of two different asymmetric units, related
to each other by an inversion center, share two additional
water molecules (those defined by O2 and O2i), forming a
central edge-sharing bioctahedral (ESBO) unit. This
arrangement gives rise to an overall tetraoctahedral
[Na4(H2O)16]4+ cluster, see Fig. 1. Similar chains of aqua-
bridged sodium cations have been described before [40–
43], but a discrete tetranuclear unit with a FSBO-ESBO-
FSBO arrangement, as observed in the present structure,
is unprecedented according to the Cambridge Crystallo-
graphic Data Centre’s database. This cluster is hydrogen
bonded to additional, symmetry related Na4 clusters to
form a one-dimensional infinite sodium chain, which is
linked to other chains by additional hydrogen bonding to
form two-dimensional sheets (two views are provided in
the Supporting Information). The two-dimensional sheets
are separated from each other by two hydrophobic layers
of organometallic anions. The anion layers are linked to
the cation layers by hydrogen bonds, both directly (e.g.
O11� � �O8 0, O12� � �O1 0, O22� � �O5) and indirectly via two
additional interstitial water molecules in each asymmetric
unit, O9 and O10. All H atoms of the water molecules have
been directly located from the difference Fourier map,
unambiguously establishing the chemical composition as
a sodium salt of the [Cp*MoO3]� ion, rather than a co-
crystallized hydrated NaOH network and neutral
Cp*MoO2(OH). Note that, although the crystallization sol-
vent is neat THF, only water molecules from the oxidation
reaction medium are retained for sodium coordination and
for networking (see Fig. 1).

Significant distances and angles are shown in Table 1.
The Mo–O distances average 1.752(12) and 1.747(30) Å
for the two crystallographically independent anions (cf.

1.751, 1.746 and 1.758 Å in the three above-mentioned salts
of [Cp*WO3]�). As discussed in that contribution [19],
hydrogen bonding is probably responsible for the signifi-
cant lengthening relative to a typical Mo–O double bond
(for instance, 1.69(2) Å in [Cp�2Mo2O5], average over three
different polymorphs [16]). The average O–Mo–O angles



Fig. 2. ORTEP view of compound [Cp�2W2O5].

Table 1
Selected bond distances (Å) and angles (�) for compound Na[Cp*MoO3] Æ
5H2Oa

Mo(1)–O(11) 1.749(4) Mo(2)–O(21) 1.714(5)
Mo(1)–O(12) 1.765(4) Mo(2)–O(22) 1.751(4)
Mo(1)–O(13) 1.742(4) Mo(2)–O(23) 1.775(5)
Mo(1)–CT01 2.1166(5) Mo(2)–CT02 2.1011(6)
O(11)–Mo(1)–O(12) 105.8(2) O(21)–Mo(2)–O(22) 106.9(3)
O(13)–Mo(1)–O(11) 106.2(2) O(21)–Mo(2)–O(23) 106.7(3)
O(13)–Mo(1)–O(12) 106.1(2) O(22)–Mo(2)–O(23) 102.4(2)
O(11)–Mo(1)–CT01 111.74(14) O(21)–Mo(2)–CT02 115.35(18)
O(12)–Mo(1)–CT01 113.64(14) O(22)–Mo(2)–CT02 113.50(15)
O(13)–Mo(1)–CT01 112.71(14) O(23)–Mo(2)–CT02 110.97(16)

a CT01 and CT02 are the ring centroids of the Cp* ligands bonded to
atoms Mo1 (C11–C15) and Mo2 (C21–C25), respectively.

Table 3
Selected crystallographic and refinement parameters for compounds

Identification code 2{Na[Cp*MoO3]} Æ 10H2O [Cp�2W2O5]

Empirical formula C20H50Mo2Na2O16 C20H30O5W2

Formula weight 784.46 718.14
Temperature (K) 180(2) 160(2)
Wavelength (Å) 0.71073 0.71073
Crystal system Triclinic Monoclinic
Space group P�1 P21/n
a (Å) 8.7340(9) 9.3219(3)
b (Å) 12.5507(11) 16.7198(5)
c (Å) 15.5984(16) 13.8918(5)
a (�) 78.673(8) 90.0
b (�) 78.370(9) 98.568(3)
c (�) 85.901(8) 90.0
V (Å3) 1641.2(3) 2141.02(12)
Z 4 4
Dcalc (Mg/m3) 1.587 2.228
l (mm�1) 0.855 10.763
F(000) 808 1352
Crystal size (mm3) 0.58 · 0.112 · 0.045 0.498 · 0.101 · 0.071
h�, range 2.90–26.31 2.85–28.28
Reflections collected 12944 18790
Independent

reflections [Rint]
6702 [0.0371] 5299 [0.0504]

Absorption
correction

Multi-scan Multi-scan

Maximum and
minimum
transmission

0.9997 and 0.7370 1.00000 and 0.18984

Refinement method F2 F2

Data/restraints/
parameters

6702/0/371 5299/0/254

Goodness-of-fit on
F2

1.050 1.053

R1, wR2 [I > 2r(I)] 0.0586, 0.1485 0.0369, 0.0966
R1, wR2 (all data) 0.0885, 0.1640 0.0583, 0.1072
Largest difference in

peak and hole
3.757 and �2.679 4.163 and �1.722
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(106.0(2)� and 105.3(25)�, respectively) are also close to
those observed in the three [Cp*WO3]� salts (105.2�,
104.6� and 105.3�) [19].

The structure of compound [Cp�2W2O5] has already been
reported, although this also contains an interstitial
C6F5NH2 molecule [44]. Here, we describe a crystal structure
that is devoid of any co-crystallized foreign molecule, see
Fig. 2. This structure is isomorphous with that of
[Cp�2Mo2O5] (polymorph II) described by Rheingold and
Harper [16]. The relevant metric parameters (see Table 2)
are close to those of the previously reported structure [44]:
average W@O, 1.725(9) Å (cf. 1.722); average W–O (bridg-
Table 2
Selected bond distances (Å) and angles (�) for compound [Cp�2W2O5]a

W(1)–O(1) 1.881(6) O(1)–W(2) 1.892(6)
W(1)–O(11) 1.729(6) W(2)–O(21) 1.711(7)
W(1)–O(12) 1.727(6) W(2)–O(22) 1.732(7)
W(1)–CT1 2.0993(3) W(2)–CT2 2.0957(3)
O(12)–W(1)–O(11) 105.2(3) O(21)–W(2)–O(22) 105.7(4)
O(12)–W(1)–O(1) 105.5(3) O(21)–W(2)–O(1) 105.7(3)
O(11)–W(1)–O(1) 104.6(3) O(22)–W(2)–O(1) 104.2(3)
O(12)–W(1)–CT1 115.3(2) O(21)–W(2)–CT2 114.3(3)
O(11)–W(1)–CT1 113.8(2) O(22)–W(2)–CT2 115.3(2)
O(1)–W(1)–CT1 111.4(2) O(1)–W(2)–CT2 110.7(2)
W(1)–O(1)–W(2) 170.1(4)

a CT1 and CT2 are the ring centroids of the Cp* ligands bonded to
atoms W1 (C11–C15) and W2 (C21–C25), respectively.
ing), 1.886(7) Å (cf. 1.882(7) Å). These values are also close
to those of the same polymorph of [Cp�2Mo2O5]: Mo@O,
1.708(9) Å and Mo–O (bridging), 1.882(12) Å. Although
there is no imposed symmetry in this dinuclear molecule,
the W–O–W moiety is close to linear (linearity is symme-
try-imposed in the previously reported structure [44]).

3. Conclusion

We have developed rapid, high yield, and simple one-pot
synthetic procedures to access [Cp�2M2O5] (M = Mo, W)
from commercially available [M(CO)6], needing only
Cp*Na, tBuOOH (or H2O2), and CH3COOH reagents.
With minor adaptations, taking solubility differences into
account, these procedures should be applicable to other
cyclopentadienyl derivatives, the only provision being that
the compounds are stable in water. This is not the case, for
instance, for compound [Cp2Mo2O5] [26]. We expect that
these new syntheses will give further impulse to the
development of high oxidation state organomolybdenum
and -tungsten chemistry and catalysis in water.
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4. Experimental

4.1. General procedures

Unless otherwise stated, all preparations and manipula-
tions were carried out with Schlenk techniques under an
oxygen-free argon atmosphere. All glassware was oven-
dried at 120 �C. Solvents were dried by standard proce-
dures and distilled under dinitrogen prior to use. 1H
NMR spectra were recorded on a Bruker AM 250, operat-
ing at 250 MHz. Chemical shifts are expressed in ppm
downfield from Me4Si. Coupling constants are given in
Hertz. Compound [M(CO)6] (Aldrich), a 70% aqueous
solutions of tBuOOH (Aldrich) and 30% aqueous solutions
of H2O2 (Fluka) were used as received. Pentamethylcyclo-
pentadiene (Cp*H, Acros) was converted to the Na salt by
reaction with NaNH2 in refluxing THF.

4.2. Tetraoxo-l-oxobis(pentamethylcyclopentadienyl)

dimolybdenum(VI), [Cp�2Mo2O5]

(a) By oxidation of [Cp*Mo(CO)3]Na with tBuOOH.
In a flask containing NaCp* (0.521 g, 3.3 mmol) was added
a solution of [Mo(CO)6] (0.792 g, 3 mmol) in THF
(60 mL). The resulting solution was stirred at reflux during
24 h affording the deep orange solution of the correspond-
ing Na[Cp*Mo(CO)3] salt (IR strong peaks at 1886, 1784,
1733 cm�1). To this solution, after cooling to room temper-
ature, was added 40 mL of previously degassed 0.4 M
NaOH, then 2.5 mL of a 70% aqueous tBuOOH solution
(18 mmol), resulting in a colour change to red with vigor-
ous gas evolution. The mixture was stirred at room temper-
ature for 3 days, turning orange and then pale yellow, and
finally evaporated to dryness to yield [Cp*MoO3]Na as a
white solid. 1H NMR (D2O): d = 1.89 (Cp*). This solid
was then extracted with 40 mL of distilled water and
filtered. The pale yellow filtrate was acidified with diluted
glacial acetic acid, causing precipitation of a yellow solid
at pH 3.8–4.0. The acetic acid addition was stopped when
the addition of one further drop did not cause any
additional precipitation. The precipitate was extracted with
4 · 100 mL portions of ether, the last extract being
colorless. The combined organic layers were washed
with distilled water and dried over MgSO4 overnight.
Evaporation of the solvent yielded Cp�2Mo2O5 as a yellow
solid (0.742 g, 1.37 mmol, 91.2% yield). The 1H NMR spec-
trum of this compound (singlet at d = 2.01 in CDCl3)
corresponds to that described in the literature [19].

In a separate procedure, the isolated white
Na[Cp*MoO3] intermediate was recrystallized by slowly
cooling a hot saturated THF solution to room tempera-
ture, yielding suitable single crystals for the X-ray analysis.

(a) By oxidation of [Cp*Mo(CO)3]Na with H2O2. This
procedure is identical to that described above, except for
the use of a 35% aqueous H2O2 solution (1.6 mL, 18 mmol)
in place of the tBuOOH solution. The same color changes
described above were observed. However, these took place
within a few minutes rather than over 3 days. Treatment of
a small aliquot of this solution with MnO2 showed no gas
evolution, indicating that complete consumption of H2O2

had taken place. The isolated white [Cp*MoO3]Na interme-
diate had the same 1H NMR properties described above.
Using this procedure, 0.539 g of spectroscopically (1H
NMR) pure [Cp�2Mo2O5] product (0.99 mmol; 66.3% yield)
were recovered.

4.3. Tetraoxo-l-oxobis(pentamethylcyclopentadienyl)

ditungsten(VI), [Cp�2W 2O5]

(a) By oxidation of [Cp*W(CO)3]Na with tBuOOH. In a
flask containing NaCp* (0.521 g, 3.3 mmol) was added a
solution of [W(CO)6] (1.053 g, 3 mmol) in THF (80 mL).
The resulting solution was stirred at reflux during 24 h
affording the dark orange solution of the corresponding
Na[Cp*W(CO)3] salt (IR strong peaks at 1881, 1780,
1729 cm�1). To this solution, after cooling to room temper-
ature, was added 40 mL of degassed water, then 2.5 mL of a
70% aqueous tBuOOH solution (18 mmol), resulting in a
colour change to red with vigorous gas evolution. The solu-
tion was stirred at room temperature for 3 days, turning
orange, then yellow, and finally colourless. The solution
was then evaporated to dryness to yield [Cp*WO3]Na as a
white solid. 1H NMR (D2O): d = 2.04 (Cp*). This solid
was then extracted with the minimum amount of distilled
water and then acidified with diluted glacial acetic acid,
causing a colour change from colourless to yellow with pre-
cipitation of a very fine pale yellow solid (pH around 4),
which did not settle. The acetic acid addition was alternated
by extractions of the product into CH2Cl2, until further
addition of one further drop did not cause any additional
precipitation. The combined organic layers (total: 150 mL)
were washed with distilled water and dried over MgSO4

overnight. Evaporation of the solvent yielded Cp�2W2O5 as
a yellow solid (0.93 g, 1.30 mmol, 87% yield). The 1H
NMR spectrum of this compound (singlet at d = 2.18 in
CDCl3) corresponded to that described in the literature [19].

(b) By oxidation of [Cp*W(CO)3]Na with H2O2. This
procedure is identical to that described above, except for
the use of a 30% aqueous H2O2 solution (2 mL, 18 mmol)
in place of the tBuOOH solution. The same color changes
described above were observed. The isolated white
[Cp*WO3]Na intermediate had the same 1H NMR proper-
ties described above. Using this procedure, 0.50 g of spec-
troscopically (1H NMR) pure [Cp�2W2O5] (0.696 mmol;
46.4% yield) were recovered. Suitable single crystals were
grown by layering a saturated CH2Cl2 solution with pen-
tane at 0 �C.

4.4. X-ray diffraction studies

A single crystal of each compound was mounted under
inert perfluoropolyether at the tip of a glass fibre and
cooled in the cryostream of the Oxford-Diffraction XCAL-
IBUR CCD diffractometer. Data were collected using the
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monochromatic Mo Ka radiation (k = 0.71073). The struc-
tures were solved by direct methods (SIR97) [45] and refined
by least-squares procedures on F2 using SHELXL-97 [46]. All
H atoms attached to carbon atoms were introduced in cal-
culations in idealized positions and treated as riding mod-
els. The H atoms attached to oxygen atoms were located in
the difference Fourier synthesis but they were treated as
riding on their parent O atoms. The drawing of the mole-
cules was realized with the help of ORTEP32 [47]. Crystal
data and refinement parameters are shown in Table 3.
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crystallographic data for this paper. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/
conts/retrieving.html, or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2
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References

[1] W.A. Herrmann, Angew. Chem., Int. Ed. Engl. 27 (1988) 1297.
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