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The reactions of the binuclear oxomolybdenum(V) complex(fCIMo(«-OEty(u-HOEt)Mo(O)C}] (1) with Mes-
Si(allyl) and Sbk produce the compounds [MOsCls(3-O)2(u2-OEt)s(1e2-Cl)2] (2) and [MasOsCle(te3-O)a(OH),-
(u2-OH)a(u2-OEW(HOEL)] (3), respectively. Treatment df with the Lewis base PMgaffords the tetrameric
complex [MaO4Cla(uo-OEtu(HOEL(us-O),] (4), which represents another link in the chain of clusters produced
by the reactions ol and simulating the build-up of polymeric molybdenum oxides by-g@ll methods. The
crystal structure off has been determined {§13:ClsM0401, triclinic, P1, a= 7.376(2) Ab=8.807(3) Ac =
11.467(4) Ao =109.61(1), B = 92.12(3}, y = 103.75(2), Z = 1]. By contrast, reaction df with the nitrogen
base NEj, followed by treatment with [PPN]&H,O ([PPNJ" = [PhP=N=PPh]™), gives the complex
[PPNJT[EtaNH]H[Clx(O)Mo(u2-0),Mo(O)Cl]2~ (6) in 90% vyield. Its crystal structure fgHz0Cl4MoNOP;, triclinic,
Pna2;, a = 21.470(6) Ab = 16.765(2) A,c = 9.6155(14) Aa = 90°, f = 90°, y = 90°, Z = 16] includes the
anion [Ch(O)Mo(u2-0)Mo(O)Cl;]?~, which is a charged derivative of the species forming the gels irgsll
processes starting from chloromolybdenum ethoxides. Furthermore, comfiasnidund to be catalytically
active in esterification and dehydration reactions of alcohols.

Introduction lecular aggregates present in these intermediates can be regarded
as small fragments of the extended structures characteristic of
the parent oxides; they still mimic some of the important
é)roperties of typical inorganic oxide€D, activation, for
instance-and represent attractive model systems at the frontier
between homogeneous and heterogeneous catalysis.
Amorphous films of MoQ obtained by vacuum evaporation
show both photo- and electrochromidrand the color center
phenomenon has been observed in crystalline and amorphous
M(OR), + 2H,0 — MO, + 4ROH (M= metal) (1) forms of HMoOs; with absorptions appearing at 870 AnThese
and other exploitable properties of the molybdenum oxides have
On the other hand, the mechanism by which the al- already prompted two groups to investigate-sg¢l methods
koxide—typically an oligomer, [M(OR)]n—is converted to the ~ Of production. In 1967 Ananét al. synthesized molybdenum
macromolecular [MOy], oxide network is relatively obscure. — alkoxides from molybdenum oxide tetrachloride (OMgGind
Selective decomposition of an alkoxide to an oxo alkoxide the appropriate alcohofs Alkoxide hydrolysis and condensation

can occur for an oxophilic metal such as tungsten or molyb- reactions were shown to occur in the course of—gull
denum? operations. The results of a spectroscopic analysis lawtkete

Hence it is important to investigate the nature of the Vivar etal.to conclude that the final product of the hydrolysis
metal oxide alkoxides so as to bridge the gap between theis a dimer (), which, after being calcined at 40C, transforms
oligomeric metal alkoxide, [M(OR)m and the macromolec-  into MoOs; on heating at 900C, this becomes M@®,3.” The
ular metal oxidé. The oxide alkoxides hold significance not reactions can be written as in Scheme 1.
only in relation to the reaction mechanisms operating at a  Greenblatt and Nagano hydrolyzed compounds of the type
molecular level in setgel processes but also for their much MoCls—(OEt) to give colloidal products. These could be
enhanced solubility in common solvents compared with that converted to Mo@ by heating to 300°C in air, to MoQ, by
of the corresponding parent oxides, the metal oxide core beingheating to 400C in vacuo,and to a mixture of MgO11, MoOs,
surrounded by a lipophilic layer of alkoxy groups. The mo- and MoQ by heating under a helium atmosphére.

The ultrastructural control of materials through -sgkl
processes offers significant promise for the achievement of
reliable performance in glasses, glass ceramics, ceramics, an
composited. The most versatile way of making oxide gels
undoubtedly entails the hydrolysis and condensation of metal
alkoxides, since the latter are renowned for their susceptibility
to hydrolysis to form the corresponding metal oxides?
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Scheme 1. Production of Oxomolybdenum Chloride Gels
from Oxomolybdenum Chloride Ethoxides

OMoCl; + n HOEt —— OMoCl, ,(OEt),

appears that is of some relevance to these proposed reaction
sequences. In additionl provides the first authenticated
example of an EtOH bridge between two transition metal atoms,
and this feature invites further investigation as a potentially labile
leaving group or reaction center.

1. Catalytic Properties of 1. The presence of the EtOH
bridge, with its potential lability as a leaving group, suggests
that 1 may show catalytic activity. The most obvious reac-
tions for which this activity might be tested involve the
cl EtOH molecule itself, viz. esterification, dehydration, and

I oxidation.
Esterification. A control experiment showed that heating a

The studies described here had as their basis the stepwisel:1 mixture of EtOH and CBCO,H to 80 °C for 1 h in the
preparation, isolation, and characterization of compounds which presence of an excess of Mg&@iled to bring about any
might emulate intermediates in such-sgkl processes. Hence detectable reaction. Introduction of catalytic amountslpf
it was hoped to elucidate the nature of the bonding and together with an excess of Mg@Qinto the 1:1 mixture,
polycondensation in the species of interest. The intention was followed by heating to 80C for 1 h, led to the generation of
to start from a novel precursor superior to those used in previousethyl acetate irca. 95% yield.
studies and then pursue a systematic exploration of its chemistry. The same result can be achieved by heating a 1:1 EtOH/
This needs ideally to be a simple reagent containing (EtO)- CH;CO,H mixture saturated with HCI. It is remarkable,
MoCl or (O)Mo(OEt)CI units and therefore resembling the sort nevertheless, thdt promotes this reaction so efficiently in the
of molecules which have been postulated as intermediates inabsence of a significant concentration of HCI, albeit functioning
the sot-gel processes mentioned above. It should also containonly as a precatalyst which is modified by the §£DH, so
a reactive center bearing a good leaving group so that interactionthat it cannot be recovered. The possibility that the observed
with a simple reagent is likely to release highly reactive catalytic activity is merely a result of protonation bby CHs-
fragments capable of rearranging to the most stable complexesCO,H, thereby delivering HCI as the active agent, is ruled out
or clusters which the conditions will allow. By varying the by the reaction ol with an excess of CCO,H, which yields,
reagents and the reaction conditions, it should be possible toafter removal of the volatile components, a brown solid.
generate clusters which have different sizes and bonding patternglemental analysis showed that the brown solid retains molyb-
and which may afford insights into the course of events under denum and chlorine in the proportion 1:2, thereby arguing

+ n HQ
OMoCl,_,(OEt), + x H,O —— OMoCl,(OH), + (x-n)HCl + n EtOH

o

al ol _a
Mo Mo

OMoCl,_,(OH), o
P VRN
o

THO
Cl

the more drastic conditions operating in-sgel processes.

Results and Discussion

against the formation of HCI during the reaction and implying
that the Moe-ClI bonds inl resist protonation. This does not
of course prove that HCl is totally absent whkis used as the

Since the speed of hydrolysis and polycondensation reactionscatalyst.
has made it impossible to isolate intermediates under the reaction Other molybdenum oxo compounds, like (§kMoO, and

conditions of the sotgel synthesis of molybdenum oxides,

MoQOs, show no such catalytic activity. Evidently, therefore,

access to such intermediates has been sought under rigorouslyhe presence of MsO bonds is not sufficient to catalyze

anhydrous conditions.

lybdenum(V) complex [G{O)Mo(u-OEt)(«-HOEt)Mo(O)Clh],

A starting material possessing the esterification. The results of the present experiments suggest
desiderata outlined above was found in the binuclear oxomo-

that 1 might be useful as a catalyst in esterification reactions
where one of the substrates is susceptible to acid attack.

1, whose synthesis and structure have been described previ- Dehydration and Oxidation. Experiments trying to employ

Et\ \\\_H
Et
a., /.o.\ .
‘Mo Mo
a” | o7 [ N
O Et O

1

ously? One class of intermediates in the sglel synthesis of
molybdenum oxides, as performed by iMiez-Vivar et al.
(Scheme 1), was found to consist of compounds with the
composition OMoCJ-,(OEt),. The product witm = 2 is then
very similar to1 in relation to the environment of just one of

1 as a catalyst for the dehydration of alcohols gave the
corresponding alkenes in low yields, whileappeared to be
completely inactive in promoting the oxidation of alcohols.

2. Hydrolysis of 1. To test the potential of as a starting
material for the synthesis of molybdenum oxide gels by-sol
gel methods, its hydrolysis was investigated. For this purpose,
a solution ofl in CH,Cl, was allowed to stand for 1 week in
air at ambient temperatures and with continuous stirring.

Dissolution ofl in dry CH,Cl, gave at first an orange-brown
solution. Subsequently, within 5 days under the action of the
moist air, a fine blue powder precipitated. The blue color
suggests the formation of mixed-valent compounds\{(iWi“").
After drying overnightin vacuq the powder had the composition
Mog 5031 AOEt)Cly eH1s.30n the basis of elemental analysis. Our

the Mo centers. Intermediates in the Greenblatt and Nagano€xperiments gave no sign of a clear sol-to-gel transition.

process starting from Moglare of the type MoGl«(OEt)..
Again, withx = 2, the product is one which has been mooted
as an intermediate during the formation &fand which
subsequently loses EtCl to form an @ bond? Hence it

(8) Nagano, M.; Greenblatt, Ml. Non-Cryst. Solid4988 101, 255.

(9) Limberg, C.; Parsons, S.; Downs, A. J.; Watkin, DJ.JChem. Soc.,
Dalton Trans.1994 1169.

(10) Sanders, W. H., Jr. IThe Chemistry of Alkeng#atai, S., Ed.;
Interscience: London, 1964; Vol. 1, p 149.

The production of a powder rather than a gel under these
conditions is not unduly surprising since the-sgkl process is
highly mutable, and fine control of the hydrolysis parameters
and/or the drying procedures is liable to lead to quite different
products. For instance, fast hydrolysis yields reactive powders
which, on sintering, give ceramics, whereas slow hydrolysis can
lead to transparent films and whiskérsAccordingly, the
hydrolysis ofl1 was also performed slowly by using a valve to
control the access of air to a GEl, solution ofl. Within about
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8 weeks, a blue oil was observed to separate and collect at the
bottom of the container, where it became relatively hard over
an additional period of about 2 weeks. This product, being
transparent in thin layers, corresponded to a gel in the general
sense. The solid products obtained by slow and fast hydrolysis
probably consist of different molybdenum oxides and hydrates
resulting from variations in the extent of hydrolysis and
polymerization.

Our results are in excellent agreement with those of Nagano o,
and Greenblatt, who hydrolyzed Mo(OEt)Cl compounds of
unknown composition. It appears, then, tHais indeed a
possible source of molybdenum oxides by way of-sysl
methods.

3. Generation of Ethoxomolybdenum Oxide Clusters.
Alkoxides of metals or metalloids other than silicon are subject
to hydrolysis and condensation reactions which are so fast as()
to make it difficult to gain microstructural control over the
resulting gelt! In an attempt to achieve better control over
microstructural evolution of the metal oxide, attention has been Figure 1. Molecular structure of MgDeCle(ts-O)z(u2-OEt)s(ui2-Cl)2],
drawn to alternative, nonhydrolytic routes to these matetals. 2 Hydrogen atoms have been omitted for clarity.

The highly reactive compountl could be an ideal precursor | .

for such investigations, since it can be expected to respondin Solution, as shown by théd NMR spectrum of a CEC,
differently to various types of reagent through one functional splutlon; distinct sets of signals were observed for 'Fhe three
group or another. Thus, Fuchs was able to produce new typesdifferent types of EtO groups presentn Corresponding to

of tungstate by performing the hydrolysis and condensation the three different Me groups, three triplets occubatl.56
reactions of alkoxides in the presence of soluble bases in an[*J(HH) = 6.8 Hz], 1.73 f)(HH) = 6.8 Hz], and 2.089)(HH)
organic solvent, rather than in wa#ér.By totally excluding = 7.0 Hz]. Instead of the three quartets expected for the CH

water from the aggregation stages, it should be possible to isolated"OUPS; there appear (at 300 MHz) three signals of higher order

derivatives of the polyanions which still contain alkoxide &tox 4.86,5.57, and 5.95. Since NMR properties of this sort
functions. are unprecedented for EtOMo compounds, several decoupling

(a) Reaction with an Organic Nucleophile. First, the experiments were undertaken in an attempt to seek an explana-
reactivity of the Cl atoms ofl was studied in experiments tion for the additional coupling, and it appears thag ifias a

focusing on possible exchange pathways involving organic and "9id strlicture, the Chiprotons are diastereotopic, showing
inorganic nucleophiles. Because of itsdonating alkoxy d|ffergnt H resonances and being coupled to each other. Every
ligands, 1 constitutes a potentially useful starting material for chemically distinct G-CH, group should show a set of two
the synthesis of organomolybdenum oxides. Treatment with doublets which are subject to additional coupling with the
allyltrimethylsilane, MeSi(allyl), at room temperature, with the ~ N€ighboring CHgroup, giving rise to higher order signals. The
aim of making the corresponding allylmolybdenum compound spectrum is com_phcated because the three multiplets arise from
via metathesis, resulted in the evolution of 1 mol of propene/ the protons of different EtO groups and overlap one another.
mol of 1 taken. Hence, it appears that the first step in the In every case, the coupling constant between the two diaste-

reaction of1 with MesSi(allyl) involves the EtOH bridge: reotopic methylene protons amounts to 11.7 Hz and the three
sets of two protons absorb &t 5.64 and 6.01, 4.87 and 5.71,

: . : — and 5.62 and 6.02. It is not possible, however, to determine
EtOH + Me,Si(allyl) —~ EtOSIMe; + CH,CH=CH,  (2) which of the three different sets of signals belongs to which of
o the EtO groups ir.
That the allyl group is indeed protonated by the EtOH  1ne injtial reaction of MeSi(allyl) with the EtOH bridge to

molecule has been confirmed by the reaction of thElOD form propene probably produces an intermediate from which
version of1 with MesSi(allyl), which yields CHDCH=CH,. the reactive fragments composed o=@10CI(OEt) units are

After removal of the volatile components of the reaction generated by decomposition. These fragments then react with
mixture, an oily red residue remained. From this a bright orange one another and with other species present in solution to yield
microcrystalline material with the composition [MgQHs 2= the most stable clusteia Mo—Mo bond formation, in this case
Clz]n could be obtained by extraction with petroleum ether (40: ihe six-membered metallacyck
60). _Once thg propert_ies of this solid made it clear that the (b) Reaction with SbFs. The inherent Lewis basicity of
reaction ofl with MesSi(allyl) at room temperature does not  4n alkoxy ligand bonded to molybdenum has prompted us
cleave the Me-Cl bonds, attempts were made to force their 5150 to examine the response dfto electrophilic attack,
replacement by heating the mixture overnight at®C5 This having as a target the initiation of fragmentation and cluster
caused the precipitation of red crystals of the compound®40  formation by opening the ethoxy bridges. The reactiort of
Cle(u3-O)z(u2-EtO)s(u2-Cl)2], which, as_descnt_)ed_ previously,  ith SbF; in toluene, followed by overlayering with petroleum
consists of a cyclic array of six (€Mo=0) units in a unique  giher has been found to lead (after 3 months) to the formation
chair configuration (see Figure ¥). The same structure survives o the Mas complex [MaOsCle(uz-O)a(OH)(tiz-OH)a(uiz-
OC;Hs)4(HOGC,Hs)4], 3.5 The crystal structure dd reveals a

(11) Day, V. W.; Eberspacher, T. A.; Klemperer, W. G.; Park, C. W.;

Rosenberg, F. SI. Am. Chem. Sod991 113 8190. Day, V. ., unique, centrosymmetric M@us-O)a(u2-O)g core encapsulated

Eberspacher, T. A.; Klemperer, W. G.; Park, C. W.Am. Chem.

So0c.1993 115 8469. (14) Limberg, C.; Parsons, S.; Downs, AJJChem. Soc., Chem. Commun
(12) Goel, S. C.; Chiang, M. Y.; Gibbons, P. C.; Buhro, WMater. Res. 1994 497.

Soc. Symp. Prod 992 271, 3. (15) Blake, A. J.; Downs, A. J.; Limberg, C.; ParsonsJSChem. Soc.,

(13) Fuchs, JZ. Naturforsch.1973 28B, 389. Dalton Trans.1995 3263.
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Figure 3. Molecular structure of [MgO4Cla(uo-OEtW(HOEt)(13-O)y],
4. The diagram shows 50% probability ellipsoids.

Table 1. Selected Bond Lengths (A) for
[MO404C|4(L{2'OEt)4(HOEt)z(‘ug-o)z], 42

Figure 2. Molecular structure of [MgOsCle(ti3-O)a(OH)o(e2-OH)a(ue2-

OEtu(HOELt)], 3. Hydrogen atoms have been omitted for clarity. mg%:gg)ﬂ) 11(3%%((?) m%((%gl(é%) ggg(é))
_ _ Mo(1)—-0(12) 2.010(3) 0(20C(201) 1.438(6)
by terminal oxo, ethoxy, hydroxy, chloro, and ethanol ligands  Mo(1)-0(21) 2.068(3) C(20BC(202) 1.499(8)
(see Figure 2). The framework is strongly reminiscent of the Mo(1)-0(121) 2.237(3) O(121yMo(1) 2.237(3)
distorted rutile structure of Mog} providing a clear indication Mo(1)—-CI(1) 2.406(2) O(12)C(121) 1.463(6)
of the preassembly of a fragment of molybdenum dioxide, as mg%:g&()z) i'ggig)lo) ggﬁcélﬁ? i'iggg;
may occur during the synthesis of molybdenum oxides by the Mo(2)—0(121) 1'_986(3) 02HMo(2) 2_'190(3)
sol-gel methods described, for example, by Nagano and Mo(2)-0(12) 1.995(3) C(21BHC(212) 1.497(7)
Greenblatt. Accordingly3 may well be representative of key Mo(2)—0(20) 2.144(4)
intermediates formed on the microscopic scale during other sol a Symmetry transformation used to generate equivalent atoms: (i)
gel processes. —x, —y+2 -2+ 1.

(c) Reactions with Lewis Bases. (i) PMg It was natural
also to explore the responselofo a Lewis base. An additional Mo—O—Mo angles [viz. 105.27(13), 108.58(14), and 84.21-
stimulus to such a study came from the possibilities (i) of (12)° about O(121)]. The Mgus-O) interactions contrast
hydrogen abstraction from the EtOH bridge and (ii) of coordina- therefore with the Mg(us-O) interactions in2 and 3 in that
tion of the base at one Mo, thereby confining the EtOH to the they afford a nonplanar OManoiety. As in2 and3, however,

second Mo center. The reaction bivith 1 equiv of PMg in the smallest angles and shortest bridges are associated with
toluene led, after workup, to the formation of a red sofidA singly bonded Me-Mo interactions, while the longest bridging
single crystal of4 obtained by cooling a C¥Cl, solution was bonds [O(121}Mo(1') and O(121)—Mo(2)] are formedrans
shown by X-ray crystallography to be [MO4Cla(uo-OEt)- to terminal Me=0O bonds, in a manner consistent with thens

(HOEt)(us-O)] (Figure 3). Tables 1 and 2 list the principal influence of such bonds. The unit formed by the atoms Mo-
bond lengths and angles. The structure consists of a tetrameriq1), Mo(2), O(12), and O(121) is a folded bridge. Each Mo
arrangement of 4 &Mo—Cl units. Each &Mo—Cl unit is atom is bonded to a terminal O atom [O(1) and O(2)] at 1.660-
linked by an Me-Mo bond [2.6647(10) A] and a-OFEt bridge (3) and 1.667(3) A, the bond lengths being almost identical with
to a second unit to form two dimers in the first place. those found previously il—3. These oxygen atoms are, like
Additionally, each Me-Mo bond is spanned by&-O ligand,; O(3) and O(4) in2, in eclipsed positions and the fold in the
this links one dimer by its vacant coordination site to one Mo bridge decreases the contact between them. The-®o
atom of the second dimer, whose other Mo atom is in turn linked distances of the bridge are 1.983(3), 2.010(3), 1.986(3), and
via a u-OEt bridge to one of the Mo atoms of the first dimer. 1.995(3) A, the Me-O—Mo angles are 84.21(12) and 83.39-
Hence, the average oxidation state of molybdenum in the (13)°, and the ©-Mo—O angles are 93.46(13) and 93.97(13)
complex is+5, and the four Mo atoms yield a total of four It appears, then, that the bridge is remarkably symmetrical,
electrons for metatmetal bonding. These are evidently used despite the fact that O(12) belongs to an ethoxy ligand, whereas
to form two localized metatmetal single bonds (i) between 0O(121) is an oxide ligand.
Mo(1) and Mo(2) and (ii) between Mo(jland Mo(2), so that Whereas, according to Green’s terminold§ consists of
4 is diamagnetic. an assembly of 2 Mogl and 4 MoXsL, units, 4 is composed

In general terms, this array is very similar to the molecular 0f 4 MoXeL> units which are very common and particularly
structure of2 in terms of bonding modes, bond |engthsy and stable in molybdenum chemistry. The bU|Id|ng blocks are most
bond angles. The bridging-OEt units are, as i and3, al- aptly described as distorted octahedra since the-Mo bond
most planar in the immediate environment of the O atom. The

i idai i di (16) Green, M. L. H. InMolybdenum: An Outline of its Chemistry and
geometry around the triply bridging oxygen atoms is distorted Uses Braithwaite, E. R. Haber. J. EdsStudies in Inorganic

with three different O(121)Mo(1,2,1) bond lengths IViZ- Chemistry,Vol. 19; Elsevier: Amsterdam, 1994; Chapter 2. Green,
1.983(3), 1.986(3), and 2.237(3) A] and three different M. L. H. J. Organomet. Cheni995 500, 127.
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Table 2. Selected Bond Angles (deg) in
[MO404C|4(/42—OEt)4(HOEt)2(,M3-O)2], 42

O(1)-Mo(1)-0(121)  102.3(2) O(12BMo(2)-0(21) 73.21(12)
O(1)-Mo(1)-0(12)  104.2(2) O(12Mo(2)-O(21)  90.45(13)
O(121)-Mo(1)-0(12)  93.46(13) O(20)Mo(2)-0(21)  79.73(12)
O(1)-Mo(1)-0(21) 93.4(2)  O(2rMo(2)—CI(2) 96.88(13)

0(121)-Mo(1)-0(21) ~ 85.99(13) O(12HMo(2)—CI(2) 160.05(10)

O(12-Mo(1)-0(21)  162.07(13) O(12Mo(2)~Cl(2)  89.03(10)
O(1)-Mo(1)-0(121) 163.9(2) O(20¥Mo(2)-Cl(2)  87.76(11)
O(121)-Mo(1)-0(121) 74.73(13) O(21)-Mo(2)-CI(2) ~ 87.06(10)
O(12-Mo(1)-0(121)  91.82(13) O(2}Mo(2)-Mo(1)  95.34(12)

0(21)-Mo(1)-0(121)  70.72(12) O(125Mo(2)—Mo(1) 47.92(9)

O(1)-Mo(1)-ClI(1) 97.86(12) O(12YMo(2)—Mo(1)  48.54(10)
O(121)-Mo(1)~Cl(1)  159.39(9) O(20yMo(2)—Mo(1) 133.38(10)
O(12-Mo(1)-Cl(1)  85.79(10) O(21}-Mo(2)~Mo(1)  90.26(9)
O(21-Mo(1)-CI(1)  88.48(10) CI(2*Mo(2)—Mo(1)  137.49(4)

0(121)—Mo(1)—Cl(1)
O(1)-Mo(1)~Mo(2)
0(121)-Mo(1)—Mo(2)
O(12)-Mo(1)~Mo(2)

84.70(9) C(2010(20)-Mo(2) 125.7(3)
97.14(12) O(20yC(201)-C(202) 110.2(5)
47.87(9) Mo(2-O(121)-Mo(l) 84.21(12)
48.06(9) Mo(2}-0O(121)-Mo(1) 108.58(14)

O(21)-Mo(1)-Mo(2)  133.85(9) Mo(1)}-0(121)-Mo(1) 105.27(13)
O(121)—Mo(1)-Mo(2) 92.35(8) C(121-0(12)-Mo(2) 136.7(3)
Cl(1)-Mo(1)-Mo(2)  133.71(4) C(1250(12-Mo(1) 139.4(3)
0(2)-Mo(2)-0(121) 101.7(2) Mo(2)O(12-Mo(l)  83.39(13)
0(2)-Mo(2)-0(12)  102.4(2) O(12YC(121)-C(122) 110.2(4)

0(121)-Mo(2)-0(12)
0(2)-Mo(2)-0(20)
0(121)-Mo(2)—0(20)
0(12)-Mo(2)-0(20)
0(2)-Mo(2)-0(21)

93.97(13) C(21D0(21)-Mo(1) 121.2(3)
87.6(2) C(21B0(21)-Mo(2) 131.1(3)
85.85(13) Mo(1}O(21)-Mo(2) 107.41(14)
169.81(13) O(2BC(211)-C(212) 112.5(4)
166.6(2)
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and the terminal HOEt by terminal'Br ligands. The resulting
arrangement possesses Mo atoms in the oxidation st&te
leading to Me-Mo bonding. However, because of the quite
different ligation afforded, for instance, by the neutral py ligands,
bond lengths and angles differ significantly from thosedjn
although the general appearance of the structure is the same.

The'H NMR spectrum o# in CD,Cl; solution revealed three
distinct triplets of equal intensity aiy 1.70, 1.57, and 1.26,
corresponding to the CGHyroups of two different bridging OEt
and the terminal HOEt ligands. The two resonances of higher
order atoy 4.6 and 4.8 as well as the quartetéat 6.0 are
assigned to the CHragments of the three different Et groups.
The triplet at 7.98 is attributed to the OH groups of the EtOH
ligands. As in the case d, decoupling experiments again
offered a basis for the interpretation of the higher order signals.
Of the two sets of Chisignals, one couples with the OH proton
and must therefore be assigned to the terminal EtOH ligands.
Which of the two kinds of bridging EtO group is more likely
to be responsible for the second higher order signal is not
obvious from the structure. However, the individual chemical
shifts of the two sets of diastereotopic protons @4.65 and
4.69 PJ(HH) = 11.7 Hz] and 4.82 and 4.96)HH) = 10.7
Hz, CH:CH,OH].

In an attempt to elucidate ho#wcomes to be formed in the
reaction ofl with PMe;, we examined the byproducts of the

a Symmetry transformation used to generate equivalent atoms: (i) "€@ction, with due recognition of the fact that the conversion of

=X, -y, —z+ 1.

1to 4 is relatively inefficient (yield typically ca. 17%). First,
we investigated the yellow solid which precipitates after

has little effect on the geometries of the individual coordination Prolonged stirring of the reaction mixture. This proved to be
polyhedra. The four octahedra are linked together through edgegnsoluble in most organic solvents, but thé NMR spectrum

in @ manner similar to that found in ;{TOEt)6,!7 the structure

of a D,O solution showed just one resonance, viz. a doublet at

of which, determined in 1963, afforded the first experimental On 1.69 PJ(PH) = 15.8 Hz], which can be associated with a
evidence in support of Bradley's theory regarding metal P—Me unit. Elemental analysis pointed to the composition
alkoxides (based on the desire of metal atoms to achieve theirMoP2CeH2¢Cl4Os, and the IR spectrum of the solid showed,
preferred coordination environments by the minimum degree apart from the bands attributable to PMgoups, only absorp-

of oligomerization):®

Overall, the complex possesses an inversion center.
compound very similar t@l is [M04O4Cla(uz-O)a(t2-O"Prs-
(O"Pr)], which has been reported previoudfy.4 can be

tions in the region characteristic @{Mo=0) vibrations. It

A has not yet been possible to identify all the volatile products,

but analysis of the IR anéH NMR spectra established that
Et,O is one of these products. The identification of@&twe

conceived as deriving from this compound by exchanging the regard as significant in offering an explanation for the presence
"Pr groups for Et groups and protonating the two terminal ©Of #3-O groups in4, since one possible route involves elimina-
O"Pr groups. On the other hand, the second change makes dion of EtO from two EtO ligands ofl. Such a process must
considerable difference since it causes two Mo atoms in the be responsible for the production dfsince the presence of

"PrO-based complex to adopt the oxidation ste@erather than
+5 as in4. It was claimed that this leads to Md/o bonds

traces of water not only failed to improve the yield but even
inhibited the formation o#t. Only in a few cases reported to

which are slightly longer than usual with the withdrawal of 2d date has it been proved that single oxo ligands formed
electrons from a bonding role. However, the bond length of unexpectedly in metal oxo alkoxides have their origin in@
2.669(2) A which is found is almost exactly the length of the bond cleavage and not in hydrolysis due to traces of moigture.

Mo—Mo bond in4 [2.6647(10) A]. All the other bond lengths

There are precedents, however, for the elimination gDHtom

and angles in the two complexes are quite similar, giving us Molybdenum ethoxideX.

grounds to wonder whether the earlier crystallographic study

(i) NEts. The relatively soft base PMevidently fails to

simply failed to locate two hydrogen atoms, the presence of abstract a proton from the ethanol bridgeliand so produces
which should have been signaled by the IR and NMR spectra; @ dimolybdenum anion with three ethoxy bridgds, (see

unfortunately no such spectra were reported.

Another complex similar t@l is [M04Oa4(u3-O)2(u2-O)2(u2-
O'Pr(OPry(py)s,t” which was produced by Chisholet al.
by the reaction of [Mg(O'Pr)] with molecular oxygen. This

Scheme 2). Nevertheless, it would be highly desirable to
produce and characterize such an anion, which may well be
formed in the first step of many reactions bfand may be

expected also to provide further clues to the mechanism of

cluster is constructed formally by replacement of the Cl atoms formation of the clusterg8—4. Accordingly, attempts have been

of 4 by pyridine (py) ligands, two of the,-OEt byu,-O bridges,

made to generate the anitinfrom 1 by the action of the harder

(17) Chisholm, M. H.; Huffman, J. C.; Kirkpatrick, C. C.; Leonelli, J.;

Folting, K. J. Am. Chem. S0d.981, 103 6093 and references cited
therein.

(18) Bradley, D. CNature (London)1958 182, 1211.

(19) Beaver, J. A;; Drew, M. G. BJ. Chem. Soc., Dalton Tran4973
1376. Also compare: Koch, S. A.; Lincoln, $iorg. Chem.1986
25, 1596.

(20) Poncelet, O.; Sartain, W. J.; Hubert-Pfalzgraf, L. G.; Folting, K;
Caulton, K. G.Inorg. Chem.1989 28, 263. Vaartstra, B. A.; Streib,
W. E.; Caulton, K. GJ. Am. Chem. S0d.99Q 112 8593. Bradley,
D. C.; Chudzynska, H.; Frigo, D. M.; Hammond, M. E.; Hursthouse,
M. B.; Mazid, M. A. Polyhedron199Q 9, 719.

(21) Turova, N. Ya.; Kessler, V. G.; Kucheiko, SHolyhedron1991, 10,
2617.
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Scheme 2. Reaction ofl with Triethylamine
Et

" [NEt;H]*
/ g\
? cl.., O cl
1 + NEt, “"Mo™ Mo
SR
o >0 Na
(o] Et O
)11
Redoil ~ Touene/ [PPNICL oot (Mo,0,(0B0CI, © +  [NEtHI*CE

5

base triethylamine. The reaction taking place in,Chisolution

at ambient temperatures led, after workup, to an involatile, air-
sensitive red oil whose IR arith NMR spectra showed that an
N—H bond had indeed been formed. However, the other
features in théH NMR spectrum were not wholly consistent

with the spectrum to be expected for the relatively simple species
Il. The IR spectrum included bands implying the presence of

Mo=0 and MoOEt units but otherwise gave no further hints
about the composition of the oil. Cooling caused the oil to

freeze to a glass, and the product has so far defied all attempt

at crystallization.

Experiments were therefore carried out with the aim of con-
verting the oil into a solid by exchanging the cation [AHEt"
for [PPN]" ([PPNJ" = [PhgP=N=PPHh] ™). The oil was found
to react with [PPN]CI in toluene, yielding [Ng]CIl and a solid
orange produch with the composition [PPNJMo,Cl,04C;Hs]~

(Scheme 2). However, the failure to grow crystals and so deter-
mine the crystal structure still made it impossible to reach any A

definite conclusions about the nature5of One option consistent
with the observed properties would be an oligomer of the
fragmentlll formed by elimination of diethyl ether frori,

Et _‘- PPN*
Lo & O LA
Mo /Mo
c1/” \O/ H \Cl
(@] (@]

111

following the precedents already set by the formatiod.ofhe

Limberg et al.

red-brown solid6 in near-quantitative yield (reaction 3).

toluene
-
[PPN]CF2H,0

[PPN]'[NEt,H] *[Cl,(O)Mo(1,-0),Mo(0)CL]*~ (3)
6 (90%)

Single crystals 06 obtained by recrystallization from a GH
Cly/toluene mixture have been characterized by X-ray diffrac-
tion. The results disclose two crystallographically independent
sets of [PPNJ[NEtsH] "[M0,04Cl4]?~ assemblies in the unit cell
(see Figure 4). The bond lengths and angles found for the
constituent ions are listed in Tables 3 and 4.

Each [MaO4Cl4)%~ anion conforms roughly t@,, symmetry,
being composed of two approximately square-pyramidal B4oO
Cl, units linked by two oxygen bridges; two chlorine and two
oxygen atoms form the basal plane, and a terminal oxygen atom
(Oy) completes the apex of the pyramid. As in all known cases
of bis(u-oxo) species, the MgfO),Mo bridge of 6 has a
nonplanar arrangement, with the M®; groups on the same
side of the bridge (i.ecis to each otherj> The complex is
diamagnetic as a result of spin-pairing of the twoetectrons

1+ NEt;— red oll

Sat the Mo centers, with the formation of a strong ™Mdo bond

[2.609(2) A]. A terminal Me&=O group has the ability to
weaken the bonttansto it, and in the extreme, as represented
by 6, thetransligand is absent. The MeO bond, the Me-

Mo bonding, and repulsion between the twpams are then

the primary influences determining the overall geometry of the
[M0204Cl4]%~ anion.

The structure of such an anion was reported previously.
nalysis of the disordered crystals of the trihydrated pyridinium
sale® (prepared by heating a solution ofdsN],J[OMoCls] in

96% ethanol and subsequent addition of dioxane) discloses
pseudo-six-coordinate Mo atoms created by the short=Mo-

Mo interactions between the anions stacked along the short
axis of the orthorhombic unit cell. A more precise determination
has been performed on the same anion in the form of a solvated
tetraphenylarsonium séftt (synthesized by the reaction of
OMoClz-SMe, with [PhyAs]Cl in wet CH,CI;). The dimensions

of the anion in6 do not differ significantly from those in the
tetraphenylarsonium salt. In both cases, the bulky cation
precludes any significant MeO---Mo interactions between the

fragment would then need to aggregate in such a way as toanions, and cqnsequently the Mo atoms are truly pentacoordi-
create three different kinds of ethoxy groups to be consistent Nated. There is known only one other hisfxo) molybdenum

with the IH NMR spectrum of5. Beyond this requirement,
however, the structure & remains a matter for speculation.
During some of the crystallization attempts with mixtures of
5 and [NEgH]CI, it was noticed that traces of moisture caused
the formation of small amounts of red crystals which, according
to their IR spectra, were not identical with the starting material.

complex, which (discounting any M&Vio bonding as part of

the coordination sphere) incorporates pentacoordinated molyb-
denum atoms. This is [M@4(O—Etcys)] [O-Etcys = L-
cysteinato ethyl ester, SGEH(CQGEt)NH,];2® although the
geometry about each Mo center is clearly distorted, it has been
described as being derived not from a square pyramid but from

In particular, the absorptions associated with the EtOMo units @ trigonal bipyramid.

in 5 were absent from the spectrum of the red crystals. This

finding prompted us to study the hydrolysis®in the presence
of [NEtzH]CI. Solutions containindg and [NEgH]CI reacted

For the structural arrangement of the [MRCl4]2~ anion in
6, each Mo center has an electron count of 16, if it is assumed
that the Q@ atom supplies 4 electrons, thereby forming Mo

rapidly with moist air; this led not to an increase in the yield of triple bonds. Molybdenum normally exhibits a marked tendency
the red crystals but to the formation of green crystals suggestiveto obey the 18-electron rule, and moreover, the size of the Mo
of a monomeric species, probably formed by exhaustive atom is such that 6-fold coordination is commonly adopted.
hydrolysis of 5. The green crystals were therefore of less Lower coordination numbers are most likely to arise as a
interest than the red crystals with respect to the characterizationresponse either to the requirements of the 18-electron rule or to
of 5. In order to produce the red crystals in larger quantities, the presence of bulky ligands. Neither of these factors seems
the hydrolysis had to be performed in a more controlled way. t0 apply to [MaeO4Cly>". Itis possible, however, that the two
This was achieved by avoiding the isolation®&nd causing

the initial red oil, from which5 was formed, to react with a
sample having the composition [PPNj2H,0. Following the
procedure leading to the synthesibspbut with [PPN]CI2H,0O

(22) Stiefel, E. .Prog. Inorg. Chem1977, 22, 45.

(23) Mattes, R.; Altmeppen, D.; Fetzer, M. Naturforsch1976 31B, 1356.

(24) Moynihan, K. J.; Boorman, P. M.; Ball, J. M.; Patel, V. D.; Kerr, K.
A. Acta Crystallogr., Sect. B982 38, 2258.

in place of the anhydrous salt, resulted in the precipitation of a (25) Drew, M. G. B.; Kay, AJ. Chem. Soc. A971, 1846.
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Figure 4. Molecular structure of one of the crystallographically
independent [MgO4Cl4]?~ anions in [PPN}[EtsNH]*[Cl(O)Mo(u,-
0)Mo(O)CL]?", 6. The second anion contained in the unit cell has
the same structure. The diagram shows 30% ellipsoids.

Table 3. Selected Bond Lengths (in A) for the Anions in
[PPNJ"[EtsNH] T[Cl,(O)Mo(u2-O),Mo(0)Cl]?~, 6

Mo(1)—O(1) 1.667(7) Mo(3}-0(3) 1.701(9)
Mo(1)-O(121)  1.911(6) Mo(3y0(342)  1.887(7)
Mo(1)-0(122)  1.919(6) Mo(3}0(341)  1.940(7)
Mo(1)-Cl(12)  2.382(3) Mo(3)-CI(32)  2.352(4)
Mo(1)-Cl(11)  2.391(3) Mo(3}-CI(31)  2.375(4)
Mo(1)-Mo(2) 2.6091(12)  Mo(3)Mo(4) 2.590(2)
Mo(2)-0(2) 1.678(8) Mo(4}-O(4) 1.661(8)
Mo(2)-0(121)  1.925(6) Mo(4y0(342)  1.910(8)
Mo(2)-0(122)  1.920(6) Mo(40(341)  1.910(7)
Mo(2)-Cl(21)  2.366(3) Mo(4)-Cl(41)  2.385(4)
Mo(2)-Cl(22)  2.382(4)

Inorganic Chemistry, Vol. 35, No. 15, 199@445

Table 4. Selected Bond Angles (deg) for the Anions in
[PPNT[EtsNH] *[Cl2(O)Mo(u2-O).Mo(O)Cl,)?~, 6
O(1)-Mo(1)—0(121) 112.3(4) O(2yMo(2)—0(121) 110.8(4)
O(1)-Mo(1)-0(122) 108.1(4) O(HMo(2)—0(122) 108.8(4)
0(121)-Mo(1)—0(122) 90.0(3) O(12BHMo(2)—0(122) 89.5(3)

O(1)-Mo(1)-Cl(12) ~ 105.7(4) O(2rMo(2)—Cl(21)  104.7(3)
O(121)-Mo(1)-Cl(12) 141.7(2) O(125Mo(2)—CI(21) 83.2(2)
0(122-Mo(1)-CI(12) 81.8(2) O(122yMo(2)—CI(21) 144.2(3)
O(1)-Mo(1)-Cl(11) = 102.0(3) O(2rMo(2)—Cl(22)  102.7(4)
O(121)-Mo(1)-Cl(11) 84.0(2) O(121Mo(2)—CI(22) 148.2(3)
0(122-Mo(1)—CI(11) 149.3(3) O(122yMo(2)—CI(22) 82.6(2)
Cl(12-Mo(1)—CI(11)  84.45(13) CI(21Mo(2)—CI(22)  85.4(2)
O(1-Mo(1)-Mo(2) =~ 102.8(3) O(2}Mo(2)-Mo(l)  102.2(3)
O(121)-Mo(1)-Mo(2) 47.2(2) O(121)}Mo(2)~Mo(l) 46.9(2)
0(122-Mo(1)-Mo(2) 47.3(2) O(122¥Mo(2)—Mo(1) 47.2(2)
Cl(12)-Mo(1)-Mo(2) 127.39(9) Cl(213Mo(2)~Mo(1) 128.79(10)
Cl(11)-Mo(1)-Mo(2) 130.73(9) Cl(22rMo(2)~Mo(1) 129.20(11)

probability short-lived under these conditions); the compounds
also provide some insight into the polycondensation reactions
giving access to them. The proposed exemplary character of
the new compounds acquires considerable weight from the
finding of an encapsulated, preformed fragment of MaCthe
cluster compound [MgDgClg(tt3-O)a(OH)2(12-OH)a(12-OEt k-
(HOEt)], 3. Furthermore, the produdd derived from the
reaction ofl with NEts, followed by treatment with wet [PPN]-
Cl, contains the anion [@O)Mo(u2-0),Mo(0)Cl;]2~, which
is a charged derivative of the species reported to form the gels
in some sot-gel processes (see Figure 5).

The first step in many reactions of the binuclear oxomolyb-
denum(V) complext is likely to be the deprotonation of the
EtOH bridge. The anion formed by this reaction is noteworthy

bridging oxo ligands contribute to each Mo center more than for its relevance to the decomposition bf but attempts to
the three electrons originally assumed. For this, it must be said, isolate and characterize this species have as yet been to no avail.

there is no definitive experimental criteriéh. On the other

In the reactions affording the compoun@s-4, the stable

hand, some support for increased electron donation from the@rrangment ofl is destroyed, with the formation of fragments
bridging oxo ligands comes from the finding that the analogous Which undergo elimination reactions. Furthermore, the frag-

dihydrated dianion [MgO4Clsy(OHy),]2-,26 in which each hexa-

ments then react with smooth—-©® bond cleavage under

coordination of HO, has bridging Me-O bond lengths of

MoXL, environment¥ for the Mo centers is probably respon-

1.943(4) A, that is, about 0.025 A longer than the average sible for the production, conformation, and stable existence of

of the corresponding distances B [1.916(17) A] and in
[AsPhy]2[M0204Clg] [1.92(1) Al.

Interestingly the dianion is a charged derivative of speties
which forms the xerogels following the seyel process
performed by Madez-Vivaret al” The structure and other
properties of the dianion are therefore of some significance.

Conclusions

The initial aim of the present research was the production o
cluster compounds which might simulate the formation of the

binary molybdenum oxides in sebel processes known to start

from CIMo(OEt) precursors. As a specific precursor, the novel

compound [GJ(O)Mo(u-OEty(u-HOEt)Mo(O)C}], 1, was se-

each of the clusterg@—4.

Experimental Details

All manipulations were carried out with a vacuum line (at a back-
ground pressures10~* mmHg) or else in a glovebox or by means of
Schlenk-type techniques involving the use of a dry nitrogen atmosphere.
Solvents were dried according to standard procedures; microanalyses
were performed by the Analytische Laboratorien GMBH, Gummers-

f bach, Germany. IR spectra were recorded with a Mattson Galaxy FTIR

spectrometer.’H NMR spectra of solutions were recorded using a
Bruker FT Model AM 300 instrument operating at 300 MHz. X-ray
diffraction measurements were made on single crystals at various temp-
eratures either on a 'ttadi-4 four-circle diffractometer with graphite-
monochromated Mo K radiation or on an Enraf-Nonius CAD-4

lected, and this too appears to model possible intermediates indiffractometer, also with graphite-monochromated Ma Kadiation.

the sot-gel process. Reactions of this binuclear species with

Synthesis of [MaO4Cla(u2-OEt) s(HOEL) 2(u3-O),], 4. A glovebox

different reagents under varying conditions have led to the was used to load 1.01 g (2 mmol) & into a flamed-out Schlenk

synthesis of tetranuclead)( hexanuclear2), and octanuclear

tube. A solution of this in 50 ctof toluene, frozen initially with

(3) products (see Figure 5). These are notable for providing 0-15 9 (2 mmol) of PMgat —196°C, was allowed gradually to anneal,
the first clues to the manner of formation of molybdenum oxide the reaction vessel including a stirrer bar and being mounted above a

clusters and, ultimately, of polymeric, homoleptic molybdenum

oxides, viz. the final products of the segel process. The

cluster compounds characterized to date may well display the

magnetic stirrer. As soon as the outer coating of the frozen toluene
block melted, the block started to rotate in the vessel under the action
of the stirrer, thereby mixing the PMeto the liquid phase. At first,

a brown oil appeared and the solution also turned deep brown. After

structural and bonding features of essential intermediates formedine mixture had warmed to room temperature, it was stirred for 15 h,

during the actual selgel process (but which cannot be isolated
from what is liable to be a complex mixture, being in all

(26) Glowiak, T.; Sabat, MJ. Cryst. Mol. Struct1975 5, 247.

yielding a deep red solution and a yellow solid precipitate @0
mg). The solution was filtered, and the volatile components were
evaporatedh vacua The resulting red oil/solid mixture was redissolved
in CH.Cl,, and cooling the solution to-80 °C resulted in the
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Me;,Si(allyl), 75°C | | PMe;, Toluene

(i) NEt;, CH,Cl,

SbF,, Toluene,
(ii) Toluene/[PPN]CI2H,0

3 months

Figure 5. Reactions ofl yielding the cluster compounds-4 and®6.

Table 5. Selected Crystallographic Data fdérand 6 Table 6. Atomic Coordinates % 10*) and Equivalent Isotropic
2 6 Displacement Parameters{A 10%) for
[M04O4CI4(u2-OEt)4(HOEt)g(u3-0)2], 4

empirical formula C1:2H32C|4M04012 C42H45C|4M02N204P2 .
crystal system triclinic orthorhombic atom xa yib ac U(equivy
space group P1 P2:2,2, Mo(1) 1372(1) 1908(1) 5190(1) 12(1)
alA 7.376(2) 15.096(2) Mo(2) 825(1) —131(1) 2814(1) 14(1)
b/A 8.807(3) 16.2885(8) Cl(1) 4059(2) 3144(2) 6772(1) 18(1)
c/A 11.467(4) 37.234(3) Cl(2) 2639(2) —1477(2) 1340(1) 28(1)
a, deg 109.61(1) 90 o) 1261(5) 3624(4) 4922(3) 19(1)
B, deg 92.12(3) 90 0(2) 674(5) 1328(5) 2219(3) 22(1)
y, deg 103.75(2) 90 0(20) —1639(5) —1728(4) 1554(3) 20(1)
VIA3 676.0(4) 9156(2) C(201) —2325(9) —1534(7) 437(5) 36(2)
z 1 16 C(202) —3664(9) —3136(8) —402(5) 37(2)
fw 893.94 1038.43 0(121) —894(4) 227(4) 4115(3) 12(1)
T/°C —120.0(2) 25(2) 0(12) 3153(5) 988(4) 4040(3) 16(1)
MA 0.71073 0.710 73 C(121) 5176(7) 1182(6) 4016(5) 19(1)
R 0.0254 0.0388 C(122) 5991(8) 2508(7) 3508(6) 35(2)
WR,P 0.0577 0.0938 0(21) —335(5) 2299(4) 6594(3) 15(1)

“Ri= 3IIF = [FlISIFol based ot > 20(1). "WRo = {[TWFE  Cio13) ean@)  eiin@)  oloam b

— FA)?ISw(Fe?)? 05 wherew = weighting factor.

aU(equiv) is defined as one-third of the orthogonalizédtensor.
precipitation of orange-red crystals of [M®,.Cl,Ci,Hsz], 4. These
were filtered off under N and amounted to 0.150 g (0.17 mmol), and toluene, but CHgkolutions undergo slow decomposition. Solid
representing 17% conversion bto 4. The outcome of the attempted 4 is reasonably stable in air, under which it can be handled for short
synthesis was found to be extremely sensitive to any deviation from periods.
this procedure. Thus, annealing and mixing too quickly or not stirring ~ X-Ray Crystallography of [Mo 40,4Cl4(u2-OEt) 4(HOEt) 2(u3-O)2],
resulted in the formation of different products. Anal. Calcd foiHs> 4. Crystals obtained by cooling a GEll, solution of4 were sealed in
ClsM04012 (Mr = 893.94): C, 16.12; H, 3.61; Cl, 15.86; Mo, 42.93%.  a matrix of an inert oil, and one of them was loaded on top of a fiber.
Found: C, 16.53; H, 3.32; Cl, 16.74; Mo, 44.55%. The compound Crystal data collection and refinement parameters are collected in
was found to decompose when heated to-1560 °C. Table 5.

The IR spectrum ot shows bands at 3210 (my(O—H)], 1469 The crystal structure was solved by direct methods (SHELX3.86)
(m), 1442 (m), 1396 (m), 1379 (m), 1084 (3)(€—H)], 1016 (vs) and refined again$t? by full-matrix least-squares analysis (SHELXL-
[v(C—=0)], 982 (vs) p(Mo=0)], 667 (vs) p(Mo—O—Mo)], and
511 (m) en™. The solubility properties o# are very similar to those  (27) Sheldrick, G. M. SHELXS-86: Program for Crystal Structure Solution.
of 2. Thus, it is sparingly soluble without decomposition in £t Acta Crystallogr, Sect. A199Q 46, 467.
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Table 7. Atomic Coordinates %10%) and Equivalent Isotropic Displacement Parameters XALGS) for
[PPNJT[EtsNH]*[Cl2(O)Mo(u2-0),Mo(O)Cl;]%~, 6

atom xla y/b Zc U(equivp atom xla yib zc U(equivp
Mo(1) 2436(1) 1317(1) 6644(1) 52(1) C(29) 4973(6) —2062(7) 7117(3) 113(7)
Mo(2) 2788(1) —247(1) 6592(1) 61(1) C(30) 5682(7) —1532(7) 7064(2) 81(5)
Mo(3) —7066(1) —1058(1) —1026(1) 67(1) C(31) 6845(5) 75(4) 6980(2) 47(3)
Mo(4) —7034(1) 451(1) —808(1) 62(1) C(32) 5986(5) 376(6) 7008(2) 68(4)
Cl(11) 1760(3) 2084(2) 7118(1) 81(1) C(33) 5711(5) 1020(6) 6790(3) 97(5)
Cl(12) 1502(3) 2114(2) 6263(1) 85(1) C(34) 6295(8) 1363(5) 6543(3) 93(5)
Cl(21) 2400(4) —1325(2) 6988(1) 108(2) C(35) 7153(7) 1062(6) 6515(2) 90(5)
Cl(22) 2413(5) —1185(2) 6125(1) 127(2) C(36) 7428(5) 418(5) 6733(2) 67(4)
Cl(31) —8174(3) —1781(3) —1348(1) 99(1) C@37) 6103(5) 1061(5) 4739(2) 55(3)
Cl(32) —7004(6) —2274(3) —685(2) 151(2) C(38) 6073(6) 1622(5) 5020(2) 63(3)
Cl(41) —6762(3) 1057(3) —235(1) 94(1) C(39) 5426(7) 2229(5) 5025(2) 78(4)
Cl(42) —8216(3) 1424(2) —846(1) 96(1) C(40) 4808(6) 2274(5) 4749(3) 86(5)
0(1) 3432(6) 1747(6) 6617(3) 71(2) C(41) 4838(6) 1713(7) 4468(2) 84(5)
0(2) 3902(6) —256(7) 6583(3) 95(3) C(42) 5485(6) 1106(6) 4463(2) 72(4)
0O(3) —6178(7) —1101(9) —1306(3) 116(4) C(43) 6511(5) —585(4) 4520(2) 50(3)
Oo(4) —6177(7) 838(8) —1031(3) 102(4) C(44) 5742(5) —892(6) 4676(2) 71(4)
0(121) 2400(6) 435(5) 6982(2) 60(2) C(45) 5393(5) —1635(6) 4560(3) 88(5)
0(122) 2319(7) 545(5) 6258(2) 65(2) C(46) 5812(7) —2073(5) 4288(3) 81(4)
0(341) —6733(7) —558(6) —572(2) 80(3) C(47) 6581(6) —1766(5) 4132(2) 71(4)
0(342) —7775(6) —133(6) —1135(2) 74(3) C(48) 6930(5) —1022(5) 4248(2) 63(3)
P(1) 7815(2) 389(2) 7869(1) 42(1) C(49) 7817(5) 712(5) 4414(2) 49(3)
P(2) 7204(2) —706(2) 7286(1) 47(1) C(50) 8699(5) 720(6) 4521(2) 75(4)
P(3) 6983(2) 320(2) 4714(1) 48(1) C(51) 9344(4) 1030(7) 4291(3) 89(5)
P(4) 7728(2) —540(2) 5339(1) 49(1) C(52) 9107(6) 1332(6) 3956(2) 79(4)
N(1) 7500(6) —405(6) 7675(2) 51(2) C(53) 8224(7) 1324(6) 3849(2) 80(4)
N(2) 7384(7) 204(6) 5105(2) 53(2) C(54) 7579(5) 1014(6) 4079(2) 74(4)
N(3) 2568(7) 428(9) 7743(3) 87(4) C(55) 6851(5) —939(5) 5618(2) 54(3)
N(4) 2716(7) 941(8) 5525(3) 93(4) C(56) 6851(5) —1737(4) 5750(2) 61(3)
C(1) 6957(4) 816(4) 8148(2) 49(3) C(57) 6178(6) —1996(4) 5978(2) 74(4)
c(2) 7055(4) 1581(4) 8309(2) 56(3) C(58) 5505(5) —1457(6) 6074(2) 79(5)
C(3) 6434(5) 1851(4) 8558(2) 60(3) C(59) 5505(5) —658(6) 5942(2) 79(4)
c(4) 5715(5) 1357(5) 8646(2) 68(4) C(60) 6178(6)  —400(4) 5714(2) 70(4)
C(5) 5618(4) 593(5) 8485(2) 71(4) C(61) 8239(5) —1352(4) 5086(2) 54(3)
C(6) 6239(5) 322(4) 8236(2) 56(3) C(62) 9114(5) —1263(5) 4975(3) 74(4)
C(7) 8697(4) 114(4) 8170(2) 44(3) C(63) 9489(5) —1837(6) 4745(3) 94(5)
C(8) 8890(5) —705(4) 8241(2) 54(3) C(64) 8990(7)  —2500(5) 4625(2) 87(5)
C(9) 9594(5) —906(4) 8465(2) 68(4) C(65) 8116(7)  —2589(4) 4736(2) 81(5)
C(10) 10104(4) —288(6) 8619(2) 68(4) C(66) 7741(4) —2015(5) 4966(2) 58(3)
C(11) 9911(5) 530(5) 8548(2) 65(4) C(67) 8537(5) —130(5) 5648(2) 58(3)
C(12) 9207(5) 731(4) 8324(2) 57(3) C(68) 8584(6) 711(5) 5709(2) 68(4)
C(13) 8236(5) 1160(5) 7578(2) 47(3) C(69) 9160(7) 1019(5) 5967(3) 94(5)
C(14) 7718(5) 1810(5) 7459(2) 66(4) C(70) 9690(6) 487(8) 6164(2) 106(6)
C(15) 8051(7) 2356(5) 7206(3) 89(5) C(71) 9644(6) —354(8) 6103(3) 105(6)
C(16) 8903(8) 2252(6) 7072(2) 97(6) C(72) 9068(7)  —662(5) 5845(3) 84(5)
C(17) 9422(5) 1602(7) 7191(3) 99(6) C(73) 2929(15) 1257(11) 7827(4) 120(7)
C(18) 9088(5) 1056(6) 7444(3) 89(5) C(74) 3176(17) 1379(13) 8208(4) 141(9)
C(19) 8092(5) —1253(5) 7073(2) 52(3) C(75) 3168(13) —259(12) 7834(6) 129(8)
C(20) 8912(6)  —1318(6) 7240(2) 70(4) C(76) 4047(11)  —188(16) 7646(6) 155(11)
C(21) 9591(5) —1757(7) 7077(3) 97(6) C(77) 1678(11) 368(14) 7902(5) 125(7)
C(22) 9450(7)  —2131(7) 6746(3) 115(7) C(78) 1102(10) —260(13) 7713(5) 114(7)
C(23) 8630(8) —2066(6) 6579(2) 95(5) C(79) 3359(12) 1650(10) 5560(5) 101(6)
C(24) 7951(6)  —1627(6) 6742(2) 79(4) C(80) 4189(10) 1376(14) 5779(5) 122(7)
C(25) 6285(5) —1393(5) 7339(2) 53(3) C(81) 3087(12) 157(9) 5392(5) 96(5)
C(26) 6179(6) —1784(6) 7668(2) 66(4) C(82) 3606(14) 250(14) 5051(6) 154(10)
C(27) 5470(7) —2315(7) 7721(3) 105(6) C(83) 1933(13) 1235(13) 5320(5) 144(9)
C(28) 4867(6)  —2454(7) 7446(4) 122(8) C(84) 1154(11) 642(13) 5366(5) 125(8)

aU(equiv) is defined as one-third of the orthogonalizédtensor.

93)28 Hydrogen atoms were placed in calculated positions on the condensation of 0.4 g (4 mmol) of NEtvith a solution of this in 20
carbon atoms and refined using a riding model With(H) = 1.2Uer cm?® of CH,CI; held initially at —196 °C gave a mixture which was
(C). A further hydrogen atom was allowed to ride on O(20) vidth- allowed to warm with constant agitation. Once the resulting dark red
(H) = 1.2U¢((O). During the final cycles of least-squares analysis, all solution had reached room temperature, it was stirred overnight.
nonhydrogen atoms were refined with anisotropic displacement pa- Evaporation of the volatile material vacuoyielded 2.3 g of a red oil

rameters. that froze at—80 °C to a glass.
Fractional atomic coordinates of all nonhydrogen atoms are listed  To the oil obtainedia this procedure was added 2.4 g (4.0 mmol)
in Table 6. of [PPN]CI2H,0 (on the assumption that all of the NHititially taken
Synthesis of [PPNJ[EtsNH][Cl(O)Mo(u2-0).Mo(O)Cl;]?", 6. had been transformed into [NJE] *, to be exchanged for the [PPN]

A 2 g (4.0 mmol) sample of was loaded, together with a stirrer bar, cation). To this vigorously stirred mixture was added 30C° @h

into a flamed-out Schlenk tube under an inert atmosphere. Co- toluene, causing immediate conversion of the toluene-soluble oil into

a finely powdered orange solid. The resulting suspension was stirred

(28) Sheldrick, G. M. SHELXL-93: Program for Crystal Structure Refine- for 12 h to complete the reaction. After the yellow supernatant solution
ment. University of Gttingen, 1993. had been filtered off, the red-brown solid residue (4.2 g) was dried
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vacuoand proved to be crude [PPNEt;NH]"[Clx(O)Mo(u,-O),Mo- 6 with toluene were loaded into carefully dried 0.3 or 0.5 mm
(0)Ch]?%, 6 (3.7 g, 90% vyield). Lindemann capillaries under dry nitrogen and the capillaries quickly
After the solid had been drieih vacuo, it was dissolved in sealed off. Crystal data collection and refinement parameters are
CD.Cl; to give a solution whoséH NMR spectrum showed signals ~ collected in Table 5. o _
corresponding to the [NBH]* cation{d 1.27 [9H, t,3J(HH) = 7.2 Follqwmg data reduction and the application of an absorption
Hz, NCH,CHg], 3.42 (6H, m, NGi,CH), 9.40 (1H, s, br, ®)]} and correction { scans;Tmax = 0.100,Trmin = 0.080), the crystal structure
the [PPN} cation p 7.48-7.88 (30H, m, Ph)] in the proportion was solved by F_’atterson methods (I_DIRIE?FE()) locate aII_non-H atoms
1:1. No impurities could be detected. Anal. Calcd fopHGeCla- W|th_the exception of_the four ter_mlnal O atoms, which were Ioca_ted
Mo2NO4P; (Mr = 1038.43): C, 48.46; H, 4.46; Cl, 13.45: Mo, 18.83; by difference synthesis. The positions of all non-H atoms were refined

N. 2.69%. Found: C.47.79:H 4.35: Cl. 13.86: Mo. 18.18: N. 2.65%. With anisotropic thermal parameters. During refinement, the Flack
M’p'.171;’C T T e mmE T mEmm T =TT enantiopole parameter adopted a value of 0.5(2), and so subsequent

cycles assumed inversion twinning. H atoms were placed in calculated
positions. There are two crystallographically independent sets of
assemblies 06 in the unit cell.

The IR spectrum of solid was complicated by the presence of
absorptions due to the two cations [PPNihd [NEtH]".2° The only

band which could be clearly identified with the dianion@was one Fractional atomic coordinates of all nonhydrogen atoms are listed
appearing at 980 cm; this is presumed to originate inig§Mo=0) in Table 7.

vibration. One would additionally expect a band between 700 and 750 ) _

cm™! characterizing the antisymmetri§gMo—O—Mo) mode. In the Acknowledgment. We thank the Studienstiftung des Deut-

event, this region was obscured by the absorptions due to the cationschen Volkes and the BASF AG for a postdoctoral scholarship
[PPN]". However, comparison with the spectrum of [PPN]CI showed (to C.L.) and the EPSRC both for provision of a diffractometer
that the band at 723 cthwas more intense than expected, probably (at Edinburgh) as well as other equipment (at Oxford) and for
because of intensity borrowing from an absorption associated with the postdoctoral funding (to S.P.).

antisymmetricv(Mo—O—Mo) fundamental.

The compound could be recrystallized by overlayering a@H
solution with toluene to give a product which showed the same NM
and IR spectra as did the crude material. Althoéghas found to be
soluble in CHCI,, solutions in CHG decomposed slowly at ambient
temperature.6 reacted also with THF, while being insoluble in toluene,

Supporting Information Available: Listings of anisotropic thermal
R Parameters, calculated hydrogen positions and isotropic thermal
parameters, full crystallographic data, and nonessential bond lengths
and angles (15 pages). Ordering information is given on any current
masthead page.

Et,0, and petroleum ether. 1C951468J
X-ray Crystallography of [PPN] *[Et3NH] *[Cl(O)Mo(u.-O).Mo-
(O)Cl,]?, 6. Crystals obtained by overlayering a &, solution of (30) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Garcia-

Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla, C. The DIRDIF
Program System. Technical Report of the Crystallography Laboratory;
(29) Borah, B.; Wood, J. LJ. Mol. Struct 1974 22, 237. University of Nijmegen: Nijmegen, The Netherlands, 1992.




