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The reaction of [(CsHs)Mo(CO),(CH3CN),Cl], 2, with [Bi(OCH,CH,OCHj;)3], on a large scale leads to the novel
molybdenum/bismuth alkoxide [(C3Hs)Mo(CO),(u-«0,2k0"-OCH,CH,0CHs),(1-k0-OCH,CH,OCH3)BICl], 6, as the
main product as well as to [(CsHs)Mo(CO)y(u-x0,2k0'-OCH,CH,0CH;),(1-CI)BICI], 4, as a byproduct. Both
compounds were characterized by elemental analysis, IR, and NMR spectroscopy as well as by X-ray diffraction.
If 6 is brought into contact with a large excess of silica gel, aggregation and condensation reactions are initiated,
which led to clusters of ca. 200 nm size spread over the silica surface. When the resulting material is calcinated
at 350 °C in the presence of O, all organic ligands are eliminated and the metal oxo units rearrange: SEM/EDX
measurements showed afterward Mo-free bismuth oxo clusters with sizes between 30 and 1000 nm, which are
distributed together with molybdenum oxo particles of lower nuclearity over the silica surface. If such a material is
employed as a potential catalyst for the propene oxidation under technical conditions, no activity is observed. If,
however, the process is performed under very low pressures, a conversion of 5% is found. This result is discussed
in the context of the mechanism proposed for the technical oxidation of propene to acrolein on bismuthmolybdate
catalysts.

Introduction being linked by oxygen-containing, or ideally “pure”, oxo

The unique property 0hMoOy/Bi,O; phases to act as ligands® In this cont_ext we have recently reported the first
catalysts for the allylic oxidation of propeheemains a heterom_etalllc MO/BI alkoxide complexé8Their syntheses
subject of intense discussidiThe results of recent investiga- Was achieved starting from molybdenum organyls, where a
tions concerning heterogeneous oxidations on Mo/Bi oxide Part of the coordination sphere at Mo is shielded by tightly
surfaces suggest that the oxygen atoms found in the organid®0und organic ligands: [GMoCl,] was chosen to be treated
oxidation products have their origin in previouglyidging ~ With in situ prepared [Bi(OEg);, yielding [CpMo(u-
positions?5 so that Bif-O)Mo moieties are currently OEt),BIi(OE):CI], L with a Mo gnd a Bi center being bridged
thought to be the active oxo transfer sites also during the PY two ethanolate ligandskeaction of [((CH)CaH,)Mo(CO)-
propene oxidation. This encourages research with the aim(CHCN):CI], 2™ (the suffix “me” denotes the methyl

of preparing molecular species containing both Mo and Bi Substitution at the allyl ligand), with [Bi(OE) provided
the heterotetranuclear complex [((€BsHs)Mo(CO)(u-
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AgBF, and subsequent reaction with [Bi(OGEH,OCHs)3]» Scheme 2

further led to the chloride-free complex [((CHCsH4)Mo- /|/‘\
(COX(u-x0O,2¢0'-OCH,CH,OCHg)3BI(thf)][BF 4], 5™e. MeCN-..,, } .NCMe )

Hence, organomolybdenum/bismuth alkoxides (that bring oc™ Nio\co + 1/2 [BI(OCH,CHOCHg)slo
together main group and transition metal chemistry as well al
as organometallic and coordination chemistry) are accessible 2
now.

At this stage it seemed reasonable to contemplate the l
following: It is known that only thecombinationof Bi and -
Mo effect the heterogeneous propene oxiddtidiineither (\o
neat MoQ nor neat BjOs is capable of producing acrolein), cl 0 o
and metal alkoxides have established themselves as useful O%C';,M/" ...XTB?O\ o%Ci’M 0/" O\\B’r ~
starting materials for the deposition of the parent metal °\ O/' \'\ + A W \\
oxides Considering that for the first time (and uniquely) we D% OO __)_‘ 0= O~c
had molecular compounds at hand that are composed of Mo - 4 6

as well as Bi centers being linked by alkoxide ligands,
naturally the question arose, whether such complexes can,e hanjcally in a glovebox, recrystallized independently, and
also serve as suitable single-source precursors for thesubsequently investigated by means of IR and NMR spec-
deposition of novel molybdenumoxo/bismuthoxo structures

nert s, Thi to be | tiated. h ttroscopy, single-crystal X-ray diffraction, and elemental
on Inért supports. 1his was 1o be investigated, Nowever, no analyses: the minor product was identified as the expected
with the target of developing an improved catalyst for the

7 e ] n )
propene oxidation: even if this were possible, such a catalystdenvatlve Of 4™, [(CsHgMO(CO)(u-+O,2<0-OCHCH,

. ) , . >~ OCHg)(u-CI)BICl], 4, while the major product proved to
would not be capable of competing with the easily accessible, ; i . i
cheap bismuthmolybdates employed so far. The goal was o>/t of [(GHs)Mo(CO)(u-«0,2c0'-OCH,CH,0CHg) (1

primarily to modify such catalysts in order to possibly obtain KO'OCI_.iZCHZO.CHS)B'C”’ 6, which rep resents a Tew type
information concerning their function. of Mo/Bi-alkoxide complex6 actually is the more “reason-

able product” of a 1:1 stoichiometry reaction &fand the
Results and Discussion monomeric [Bi(OCHCH,OCH)s] unit (as employed), since
it contains all their components (except for the acetonitrile
ligands) in an exact 1:1 ratio (note that due to its two ClI
ligands,4 can only form in a 2:1 reaction). The solubility of
6 at —30 °C in thf is far lower than that off, which much
facilitates their separation. Why has a product corresponding
high sensitivities, an6™ was excluded because of its ionic t© & (6™) not been isolated after the experiments that had
character. This led us to perform the synthesis that had'®d 0 4™? As reported, in the former experiments three
provided4™ on a larger scale but with aailyl instead of a different aIIyImonernum species formgd, whose ratio
methallyl ligand, as previous studighiad suggested that deper?ded on the ratio of the startln'g ma.terlal's. employed and
methyl substitution on the allyl ligand has no influence on ©f which only 4™ could be crystallized/identified. In light
the product formation2 was thus reacted with [Bi(OGH of the present findings one of the two other species might
CH,OCHs)4] in a 2:1 ratio on a 0.18 molar scale (Scheme have beer6™, the methallyl derivative ob. A possible
2). An orange solution and a brown precipitate formed (in reason for the failure to isola™ in the former experiments
close analogy with the reaction that had led4%s), which might be a potentially higher solubility in thf, leading to a
were separated via filtration. On cooling of the solution, large Situation wherel™ crystallizes first (as opposed 4 which
amounts of a yellow-orange microcrystalline material pre- is more soluble thaf). In addition, a scale-up of the reaction
cipitated together with smaller quantities of orange-red seems to shift the product ratio significantly into the direction
crystals. Both compounds were separated from each otherof the product of stoichiometrical conversion (see above).
- . . Naturally, the crystal structure &f (Figure 1) is not so
() (@ Compare: Boraman, C: Lberd G 2soiel LiHENZeZK.  much different from the orfeadopted byd™, where the
Heidelberg, 1999. arrangement of ligands around the Mo center is comparable

Synthesis of a Suitable Molybdenumbismuth Alkoxide
In the first step of this investigation it was necessary to scale-
up the synthesis of a suitable MoBi alkoxide, so that it would
be employable in a series of experiments in sufficient
quantities. Compound®" and1 were excluded due to their
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Figure 1. Molecular structure of4-0.8thf with partial atom-labeling
scheme. The thf solvent molecule has been omitted for clarity.
to that found in the anidf [(CsHs)Mo(CO)(u-OMe)Mo-
(COX(CsHs)] ™, leading to similar (slightly longer) MeO Figure 2. Molecular structure o6 with partial atom-labeling scheme.

bond distances. The conformation of the allyl ligand con-

cerning a plane constructed from the two carbonyl carbons four donor functions provided by the alkoxide ligands force

and the terminal carbon atoms of the allyl liganeigy an

the Bi center into a coordination sphere that could be

arrangement that is often found to be more stable in described as a distorted pentagonal bipyramid, if the lone

comparison with the correspondirgdoconformatiod® and
that is frequently accompanied by a decreased M{@@gle
(<90°), while the angle inendo structures is increased
(>90°).11 Accordingly, the Mo(CO) angle in4 amounts to
only 75.9(2J. The bridging CI ligand is found irtrans
positions to the allyl group at the Mo center and to the
terminal Cl ligand at the Bi center [EBi—Cl = 159.2-
(1)°]. The Bi—CI(2) bond length of 2.527(4) A is quite sim-
ilar to the average of 2.532 A found in a#I(u-O(R)—)3
moiety*? and typical for terminal B+Cl bond distances,
which are usually about 2.6 &.The Bi—CI(1) bond, 2.876-
(4) A, is comparatively long (even for a bridging Cl ligand),
and it should therefore be regarded as wddke additional

(10) Curtis, M. D.; Eisenstein, Grganometallics1984 3, 887.

(11) Frohnapfel, D. S.; White, P. S.; Templeton, J. L.;eBger, H.;
Pregosin, P. SOrganometallics1997, 16, 3737.

(12) Pell, J. W.; Davis, W. C.; zur Loye, H. @norg. Chem.1996 35,
5754.

(13) Norman, N. CPhosphorus Sulfur Silicon Relat. Ele®94 87, 167.
Carmalt, C. J.; Norman, N. C. l@hemistry of Arsenic, Antimony and
Bismuth Norman, N. C., Ed.; Blackie Academic & Professional:
London, 1988; Chapter 1.

(14) Hodge, P.; James, S. C.; Norman, N. C.; Orpen, Al.&hem. Soc.,
Dalton Trans.1998 4049, and references cited.

pair of the Bi center is assumed to be stereoactive: O(20/
21/30/31) are lying in a plane leaving enough space for the
lone pair to be located within this plane, too, as O(31)
Bi—0O(21) amounts to not less than 148.2(4Jhe axial
ligands of such a bipyramid (or distorted octahedron, if the
lone pair is disregarded) are represented by the two Cl atoms.
A noncrystallographic plane of symmetry can be drawn
through Mo/Bi/CI(1) mirroring O(20) by O(30) and O(21)
by O(31), and consequently it is not surprising that these
pairs of atoms show similar bond distances to Bi.

The crystal structure d (Figure 2) can be derived from
that of4 by exchanging the bridging Cl ligand for a bridging
2-methoxyethoxide ligand with the methoxy donor function
remaining dangling: the distance -BD(41), 2.912 A, is
much longer than the distances—BD(21)/0(31) [2.634(3)
and 2.614(3) A] and should thumt represent a reasonably
strong bond. The CI/OR exchange naturally has an impact
on the terminal Bi-Cl bond distance, being locatedtians
position to that ligand: due to the electron-richness of the
alkoxide ligand (in comparison to Cl i), it is enlarged to
2.698(2) A. All other distances are increased, too, but only
slightly. The Mo—0O bond intrans position to the allyl ligand

Inorganic Chemistry, Vol. 41, No. 13, 2002 3361
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Figure 3. SEM micrograph (backscattered electrons (BSi&js 5.000x) Figure 4. SEM micrograph (mixed secondary electrons (SE) and BSE,

for one of the silica grains after stirrirgjthf over the silica gel; the white = 100x) for some of the silica grains after calcinations at 3&Din the

spots represent the Mo/Bi clusters. presence of oxygen; the white spots represent the bismuth oxo clusters.

[2.085(2) A] in6 is somewhat shorter than the boridans 1000 nm, which can be found spread over the silica surface

to CO [2.221(2) and 2.254(3) A], consistent with a stronger together with molybdenum oxo particles of much smaller

transinfluence of CO. sizes (Figure 4). For the generation of such a surface situation
Of all molybdenum bismuth alkoxides known so &6 dinuclear alkoxidic Mo/Bi moieties being prone to aggregate/

is certainly the one that is most stable to moisture: it can condensate on contact with-S8DH functions as ir6 are,
even be handled in air for short periods of time and thus apparently, prerequisites: # and [Bi(OBu);] (which are
seemed to be the ideal starting material for experiments with known tonot react with each othel) are dissolved in thf,
the aim of compositing Mo/Bi/O structures on inert supports, brought into contact with silica gel, and then treated as
as mentioned in the Introduction. Silica gel was chosen asdescribed above fo6, no bismuth oxo clusters can be
the supporting material, and treatment wélffollowed by observed afterward on the silica suface: instead, both
heating in the presence of;Ocould be imagined to give  molybdenum and bismuth oxides are distributed homoge-
rise to two interesting situations: (i) first of all there was neously on the surfaces (there are only a few points with an
the possibility that such a procedure would lead to dinuclear accumulation of bismuthoxide units).
Mo—O—Bi moieties isolated in a silica matrix, in which case If the material obtained starting frodis employed as a
the chemistry of bare MeO—Bi linkages could have been  potential catalyst for the propene oxidation under technical
studied for the first time; (ii) on the other hand, the acidic conditions, no activity can be observed. This situation
Si—OH functions of the silica could be envisaged to induce changes when the pressure is drastically decreased, i.e., when
aggregation and condensation reactions, finally leading to a propene/oxygen/argon mixture (4/8/88) is sucked at a very
nanoscopic systems on an inert support. low pressure through a tube (30 cm) containing the supported
Reactions of 6 on a Silica SurfaceA 250-fold excess of  oxides (ca. 400 mg of Bi/Mo distributed on 10 g of silica)
SiO; was treated with6 dissolved in thf and the mixture  under high vacuum: a propene conversion of 5% is observed
stirred for 30 min. During this time the silica absofander then, which is remarkable considering that the technical
elimination of 2-methoxyethanol (as evidenced by means of process requires tubes with a lengthdom size and 3 cm
GC/MS measurements), thereby decolorizing the formerly thickness being filled with the neat bismuthmolybdates in
orange liquid phase; the silica itself changes color from white order to reach a 95% conversion.
to yellow-orange. After removing all volatiles in vacuo SEM/ The products of the present conversion were collected in
EDX measurements performed for some representative silicaa trap cooled by liquid nitrogen, an@s expectetthey
grains showed clusters of around 200 nm size stochasticallyconsisted of acrolein and acetaldehyde (the latter has been
distributed over their surface (Figure 3); that is, the contact suggestetto represent alecomposition producof allyl
of 6 with the silica surface initiates aggregation and radicals chemisorbed at Mooxo moieties, which are the
condensation reactions of the originally dinuclear units. The same intermediates that lead to acrolein during the propene
Mo:Bi ratio within these clusters amounts to ca. 1:2, so that oxidation in the “constructive” reaction channel) in a ratio
the surface around them must be comparatively rich in of 2:1, as detected NMR spectroscopically. The above-
molybdenum oxo species. Calcination of this material at 350 mentioned conversion of 5%, which was also determined
°C in the presence of oxygen leads to the oxidative by means of NMR, represents a lower limit, since some of
termination and thus elimination of all organic ligands, while the acrolein accumulated in the trap polymerized during the
the metal oxo units rearrange: SEM/EDX investigations of process of its annealing. A temperature of 3&0proved to
the—now brightly white—grains subsequently show molyb- be ideal for reaching a maximum conversion: Lower
denum-free bismuth oxo clusters with sizes between 30 andtemperatures decreased the conversion, while higher tem-
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peratures had little effect, apart from a change occurring with Table 1. Selected Bond Lengths (A) and Bond Angles (deg) for

the silica/MoBiO material (at 45C°C it turns orange,  40-8thf

indicating that the metal oxo components arrange themselves  Bi(1)—0(30)
to form bismuthmolybdate phases). g:gg:gfé‘;)

During the oxidation procedure, the Bi/Mo-covered silica  gj(1)—0(31)
turns brown; it can, however, be bleached to the original  Bi(1)—0(21)
bright white color again in a pure oxygen atmosphere at 350 g:g;:&'&i)
°C. The process of reduction and oxidation can be repeated mo(1)—c(1)

several times. 0(30)-Bi(1)-0(20)

If 2 rather tharb is employed as the starting material for  5(30)-gi(1)-cli(2)
the procedure described above, an analogous attempt toO(20)-Bi(1)—Cl(2)
oxidize propene leads to an oxidative conversion of only 1% 888)):3:8:8223
and the color of the molybdenumoxide-coated silica does ¢j2)=gi1)-0(31)
not change, proving that the bismuthoxide units are essential O(30)-Bi(1)—0(21)

o 0(20)-Bi(1)—0(21)
for the oxidation of propene. CI(2)Bi(1)—0(1)
O(31)-Bi(1)—0(21)
0O(30)-Bi(1)—CI(1)
In summary, it is true: both molybdenum and bismuth 85(22()))__&(11))__&(11))
are essential for a successful, allylic oxidation of propene, 0O(31)-Bi(1)—Cl(1)
but our results cast doubt whether they necessarily have to Q(21)-Bi(1)—CI(1)

be linked covalently as part of a bismuthmolybdate phase. Eﬁgimgﬁgig(é{,)
Apparently, it is sufficient, when bismuth oxo clusters are Bi(1)—0(30)-Mo(1)

present, which can initiate the allylic H atom abstracion, ~C(31)-0(31)-Bi(1)

Conclusions

2.150(9)
2.19(2)
2.527(4)
2.57(2)
2.62(2)
2.876(4)
3.358(2)
1.90(3)

72.0(4)
90.7(3)
94.6(3)
69.9(4)
141.8(3)
84.2(2)
140.2(4)
69.0(4)
85.0(3)
148.1(4)
70.1(2)
72.1(3)
159.1(2)
96.2(2)
104.3(2)
78.5(7)
102.7(5)
100.5(3)
106.0(10)

Mo(1)C(2)
Mo(1)-0(20)
Mo(1)-C(4)
Mo(1)-O(30)
Mo(1)C(3)
Mo(1)-C(5)
Mo(1)-CI(1)

C(2)Mo(1)—0(20)
C(1>Mo(1)-C(4)
C(2)>-Mo(1)-C(4)
C(2)Mo(1)—0(30)
O(20yMo(1)—0(30)
C(1¥Mo(1)—Cl(1)
C(2yMo(1)-CI(1)
0(20y Mo(1)—CI(1)
C(4yMo(1)—ClI(1)
O(30yMo(1)—Cl(1)
Mo(L)-CI(1)-Bi(1)
C(20)-O(20)-Bi(1)
C(20}0(20)-Mo(1)
Bi(1)-0(20)~Mo(1)
C(21¥0(21)-Bi(1)
C(30)0(30)-Bi(1)
C(30Y0(30)-Mo(1)
C(32)O(31)-Bi(1)
C(3)C(4)-C(5)

1.93(2)
2.204(9)
2.21(2)
2.21(2)
2.28(3)
2.34(2)
2.511(5)

167.9(7)
106.1(8)
104.3(7)
106.1(6)
70.5(3)
92.8(5)
88.2(6)
79.8(4)
159.0(5)
76.8(3)
76.8(2)
115.1(9)
119.8(8)
99.7(4)
108.0(8)
118.3(10)
120.8(8)
119.8(8)
115.9(16)

as well as molybdenum oxo units in close proximity, which 1,pe 2. selected Bond Lengths (A) and Bond Angles (deg)@or

are able to trap and convert the allyl radicals formed. The

most important advantage of the bismuthmolybdates with 3;53:8883
respect to the catalysis would then be their oxidic solid state  Bi(1)—0(40)
structure allowing a rapid reoxidation of the surface via ion 3:8:883
transport.—® Bi(1)—CI(1)
Of course it is (on the basis of SEM/EDX) not possible Bi(1)—Mo(1)
Mo(1)—C(1)

to exclude the presence of a small number of-8Mo
linkages on the silica surfaces in our experiments, whose 0(30)-Bi(1)—0(20)
activity would, however, have to be very high to solely ©O(30)-Bi(1)—0(40)
. . . O(20)-Bi(1)—0O(40)
explain the conversion observed. Nevertheless, we will test 0(30)-Bi(1)-0(31)
this hypothesis, not only in order to get clarity with regard 0(20)-Bi(1)-0(31)
to that question but also for another reason=—dgainst O(40)-Bi(1)—0(31)
S S ; O(30)-Bi(1)—0(21)
intuition—Mo—O—Bi moieties have an outstanding oxygen- 550y gi(1)-0(21)
ation capacity, this would open up completely new possibili- 0(40)-Bi(1)-0(21)
ties, and we are thus currently developing starting materials O(31)-Bi(1)—0(21)
. . . ) R~ O(30)-Bi(1)—CI(1)
(Bi/Mo alkoxides) that will allow us such an investigation. 550y gj(1)—ci(1)
O(40)-Bi(1)—CI(1)
O(31)-Bi(1)—CI(1)
, ) . . 0(21)-Bi(1)—CI(1)
General Procedures. All manipulations were carried out with  c(1)-Mo(1)-C(2)
a vacuum line (at a background pressurel0-2 mbar) or in a C(1)-Mo(1)—0(40)
glovebox (Ar atmosphere), or by means of Schlenk-type techniques 2(2)—Mo(1)—8(40)
involving the use of a dry argon atmosphere. Microanalyses were ngimggg:cgg
performed by the Analytische Laboratorien des Organisch-Che- o(40)-Mo(1)—C(4)
mischen Institutes der Univer&itdeidelberg using a CHN-Analyser  C(2)—Mo(1)—0(30)
Vario EL (Elementar). During the procedure necessary to be able
to handle the substances thede).8thf lost 0.3 equiv of the thf

included in the crystals (according to the X-ray diffraction study),

Experimental Section

2.207(2)
2.220(2)
2.307(3)
2.614(3)
2.634(3)
2.698(2)
3.284(2)
1.942(5)

69.85(9)
71.16(9)
68.89(9)
68.76(8)
135.7(2)
83.44(9)
139.12(8)
69.80(9)
99.95(9)
151.65(8)
88.15(7)
89.99(7)
154.24(6)
103.65(7)
85.55(6)
75.91(17)
94.08(14)
92.00(13)
105.17(17)
104.38(15)
157.16(14)
167.05(12)

Mo(1-C(2)
Mo(1} O(40)
Mo(1}C(4)
Mo(1-0(30)
Mo(1} O(20)
Mo(1}-C(3)
Mo(1}-C(5)

O(40yMo(1)—0(30)
C(4¥Mo(1)—0(30)
C(1yMo(1)-0(20)
C(2)Mo(1)-0(20)
O(40yMo(1)—0(20)
C(4YMo(1)—0(20)
0(30)Mo(1)—0(20)
C(20Y0O(20)-Bi(1)
C(20Y0(20)-Mo(1)
Bi(1)-O(20)-Mo(1)
C(22)0(21)-Bi(1)
C(2130(21)-Bi(1)
C(30Y0(30)-Bi(1)
C(30}0(30)-Mo(1)
Bi(1)-O(30)-Mo(1)
C(32)0(31)-Bi(1)
C(3BO(31)-Bi(1)
C(40)0(40)-Mo(1)
C(40)0(40)-Bi(1)
Mo(1) O(40)-Bi(1)
C(1yMo(1)—0(30)

1.946(4)
2.085(2)
2.200(4)
2.221(2)
2.254(3)
2.313(4)
2.338(4)

75.15(9)
87.58(12)
166.19(12)
105.98(14)
72.27(10)
87.76(14)
69.00(9)
115.0(2)
119.1(2)
94.47(10)
122.0(2)
106.6(2)
119.4(2)
126.5(2)
95.78(9)
124.7(3)
108.4(2)
133.1(2)
129.5(2)
96.68(10)
106.08(13)

machine. The SEM/EDX investigation was carried out on a Leo
DSM 982 Gemini field emission scanning electron microscope in

as evidenced by elemental analyses. The deuterated solvents wereonnection with an Oxford Instruments LINK ISIS 300 energy

condensed into the NMR tubes before the tubes were flame-sealeddispersive X-ray analysis unit.
Materials. Tetrahydrofuran (thf) was distilled from potassium
metal under Ar. Petroleum ether (40/60) was distilled frof®p

All NMR spectra were recorded using a Bruker Advance-DPX 200
(*H, 200.132 MHZ3C, 50.323 MHZ) spectrometer. Infrared (IR)

spectra were recorded for samples embedded in KBr pellets usingunder Ar. Mog3-CsHs)(CHsCN)(CO),CI,15 [Bi{ OC(CH)s} 4],6

a Bio-Rad Excalibur FTS 3000. The pyrolyses were performed in

a tube heater oven (Hereaus) with a heating zone of 30 cm and th 15) tom Dieck, H.: Friedel, HJ. Organomet. Chenl968 14,375. Hayter,

GC/MS measurements on an Agilent (6890 (GC)/5973 (MS))

R. G.J. Organomet. Cheni968 13, P1.
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Table 3. Crystal Data and Structure Refinement Details for
Compound#-0.8thf and6

4-0.8thf 6
empirical formula GaH27.BICIoM0Os s CiaH26BICIMOOg
fw 682.79 662.73
cryst color orange-red blocks yellow-orange blocks
cryst dimens, mm 0.2& 0.20x 0.13 0.20x 0.15x 0.10
cryst syst monoclinic monoclinic
lattice type primitive primitive
lattice params

a A 12.980(3) 15.045(3)
b, A 7.870(2) 9.190(2)
c, A 21.787(4) 16.757(3)
o, deg 90 90
p, deg 99.48(3) 112.50(3)
y, deg 90 90
vV, A3 2195.2(8) 2140.5(7)
space group P2:/n P2i/c
z 4 4
Dcamd,g/cm” 2.045 2.057
Fooo 1276 1264
temp, K 200 200
u(Mo Ka), mm?t 0.10422

diffractometer Nonius Kappa CCD

radiation Mo Ka, graphite monochromated
(A=0.71073 A)
detector position, 34 34
mm
scan type w(1°/frame)
20max deg 55.2 60.0
limiting indices —16<h=<14 —21<h=<21
—9=<k=9 —10= k=12
—28=<1=<28 —23=<1=283
no. of refins measd
total 4967 11 000
unique 3618 6194
Rint 0.0433 0.0290

corrns
structure soln
refinement

Lorentz-polarization factor
direct method (SHELXS-97; SHELXL-97)
full-matrix least-squares

no. of observns 2463 5296
(1>20(1))
no. of variables 227 246
reflns/param ratio 10.85 21.53
residuals
R2 0.066 0.0308
Ry2 0.179 0.0686
R(all)? 0.1045 0.0399
goodness of fit 1.061 1.064
final diff map
max. peak, e/A  1.458 1.563
min. peak, e/A  —2.476 —1.993

AR = 3{||Fol — |Fell/3|Fol} based onl > 20(1); Ry = {[TW(Fe® —
F2)3/ T w(F.2)2 95 w = weighting factor.? Due to a lack of crystal quality,
this value is quite (though not unduly) high.

and [Bi(OCHCH,OCH)3],1® were prepared by published proce-
dures. The silica gel (particle size 6:2.5 mm; BET-surface 360
400 nt/g, pore volume 0.91.2 mL/g) was purchased from Merck
and dried at 200C in high vacuum for 24 h.
[(C3Hs)(CO),Mo(u-OCH,CH,0OCHj3),(1-Cl)BiCl -0.8thf] (4-
0.8thf) and [(CsH5)Mo(CO)(u-kO, 2cO'-OCH,CH,OCH3)2(u-
kO-OCH,CH,0OCH3)BIClI] (6). A solution of 5.36 g (0.0172 mol)
of Mo(C3Hs)(CO)(CH3CN).Cl in 200 mL of thf was added
dropwise to a solution of 7.98 g (0.0092 mol) of [Bi(O&EH,-
OCHg)s)2 in 100 mL of thf. The resulting orange solution was
isolated from the precipitate, which had formed simultaneously,
via filtration and reduced to 150 mL. After storing &80 °C for
1 week yellow-orange crystals 6fas well as orange-red crystals

(16) Jones, M. C.; Burkart, M. D.; Bachmann, R. E.; Serra, D. L.; Hwu, S.
J.; Whitmire, K. H.Inorg. Chem.1993 32, 5136.
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of 4-0.8thf were obtained, which were filtered off and separated
from each other in a glovebox. After concentrating of the mother
liquor, further cooling led to additional quantities 440.8thf and

6, which were combined with those obtained before. Independent
recrystallization from thf led to 0.92 g @F0.8thf (1.35 mmol, 8%)
and 5.23 g of6 (7.89 mmol 46%).

4-0.8thf. 'H NMR (thf-dg): O 4.88 (m, br, 4Hu-OCH,CH,-
OCHg); 3.65 (m, 4H,u-OCH,CH,0CH;), 3.64 (m, 1H, HH,-
CCHCH-Hs); 3.47 (s, 6H, u-OCH,CH,OCH3); 3.26 (d, 2H,
HH.CCHCHHs, 334y = 6.8 Hz); 0.96 (s, 2H, BH,CCHCHHs,
8Jun = 9.8 Hz). IR/KBr [cnm1]: 2916(m), 2855(m), 1935(vs), 1837-
(vs), 1461(w), 1351(w), 1265(w), 1233(w), 1200(w), 1117(m),
1106(m), 1078(s), 1059(s), 1016(m), 921(w), 899(m), 838(m), 796-
(w), 642(w), 592(w), 559(w), 505(w), 470(m), 436(w). Anal. Calcd
for CigH23BiCl;M0Og 5 [4-0.5thf] (659.14): C, 23.69; H, 3.52.
Found: C, 23.74; H, 3.65.

6. 'H NMR (thf-dg): oy 4.88 (m, br, 6Hu-OCH,CH,OCH);
3.64 (m, 1H, HH.CCHCH,Hy); 3.63 (m, 6H,u-OCH,CH,OCH;),
3.44 (s, 9Hu-OCH,CH,OCHg); 3.20 (d, 2HHH.,CCHCHHs, 23y
= 7.0 Hz); 0.85 (s, 2H, BH,CCHCHHs 3Jyn = 10.2 Hz). IR/KBr
[cm™1]: 2932(m), 2864(m), 1931(vs), 1847(vs), 1456(w), 1351-
(w), 1268(w), 1231(w), 1196(w), 1094(m), 1055(s), 1015(m), 899-
(m), 837(m), 602(w), 580(w), 502(w), 479(m). Anal. Calcd for
C14H26BiCIM0Og (662.73): C, 25.37; H, 3.95. Found: C, 25.40;
H, 3.93.

Reaction of 6 with Silica Gel. In the inert atmosphere of a
glovebox 0.45 g (0.68 mmol) & was placed together with 10 g
(0.17 mol) of SiQ into a Schlenk tube. Then 10 mL of thf was
added via cannula, and the mixture was shaken vigorously until
all of 6 had dissolved. It was then stirred for 30 min, during which
time the liquid phase decolorized to pale yellow, while the silica
grains turned orange. All volatiles were removed then (and
investigated via GC/MS), and the material was dried under vacuum
for 10 h. After SEM/EDX analysis the solid material was filled
into a tube (50 cm size, 1.5 cm diameter), so that it was fixed
between two tufts of glass wool (at a distance of ca. 30 cm) in the
middle of the tube. The tube was closed at one end and evacuated
through the other opening. It was subsequently placed into a tube
heater oven so that the whole material was located in the heating
zone, which was afterward allowed to rise in temperature to 350
°C. This led the material to adopt a homogeneously deep violet-
black color. The volatiles thus generated were collected in a trap
cooled with liquid nitrogen and found to consist mainly of thf, some
propene, CO, C@allyl alcohol, and a little acrolein. Subsequently,

a stream of pure oxygen was blown under ambient pressure through
the heated tube for 6 h, thereby completely bleaching the Mo/Bi
silica to a bright white appearance.

To obtain information concerning the fate of the allyl ligands
during this process, in one experiment pure oxygen was sucked
through the tube filled with the orange material (which is obtained
directly after the reaction of SiQwith 6) at low pressure, and again
all products generated were collected under dynamic vaccuum in
a trap cooled by liquid nitrogen, while the temperature was
constantly and slowly increased from room temperature until it had
reached 35C°C. At that stage the material was white and the
products in the trap were condensed in an NMR tube containing a
known amount of a standard. After measuringtdNMR spectrum
and integration 50% of all allyl ligands initially employed could
be accounted for. The latter had been converted into acrolein,
acetaldehyde, and allyl alcohol in the ratio 1:2:6 (some of the
acrolein that had initially formed could not be detected due to
polymerization and is therefore missing in the mass balance).



Heterometallic Bismuth/Molydenum Alkoxides

The subsequent oxidation of propene was performed as fol- stipendium); M.H. (Graduiertenkolleg Heidelberg)) as well
lows: a mixture of propene/oxygen/argon (1:2:22) was prepared as funding. We also would like to thank the Fonds der
ina 2 L flask equipped with a greaseless tap. The flask was Chemischen Industrie, the Karl-Winnacker-Stiftung, and the
connectgd tq the pyrolysis tube containing the material, whose p, Otto-Rthm Gedahtnisstiftung for financial support, and
preparation is described above. The other end of the tube wase yiiner for his continuous interest in our work and fruitful

connected to a U-trap and the entire apparatus evacuated. Subsediscussions. We also would like to thank Lange de Oliveira

quently the trap was cooled by liquid nitrogen and the tube heated Prof. E. Schith) for testi talvtical tivit d

to 350°C. Finally the tap of the flask was slightly opened so that (Pro o ¢ X ,) or testing catalyical aclivity under
technical conditions.

the gaseous mixture was sucked through the pyrolysis tube within
8 h (all products, as well as unconverted propene, being held in  Supporting Information Available: Listings of X-ray structural

the trap). After finishing the experiment the content of the trap data (ORTEP plots, crystallographic information files; CIF) for all
was analyzed by means of NMR spectroscopy. complexes. This material is available free of charge via the Internet
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