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Abstract

The reaction of Mo(n3-C;H,(CH;))(CH;CN),(CO),Cl with AgBF, in THF yields the cationic complex [Mo(n3-
C;H,(CH5))(CH;5CN),(CO),(THF)] *[BF,] —, 1, whose X-ray structure has been determined. Oxo nucleophiles are capable of
replacing the weakly bound THF molecule in 1 and under simultaneous loss of CH;CN the resulting complexes aggregate to
oligonuclear compounds. Accordingly, the reactions with NaOMe and KOH yield [Na(THF),]*[(n3-C;H,(CH;))(CO),Mo(u-
OCH;);Mo(CO),(n3-C;H,(CH,))] —, 2 and [K(18-crown-6)] © [[Mo(n>-C;H4(CH,))(CO),]5(1,-OH),(15-OH)] —, 3, which were char-
acterized by means of single crystal X-ray diffraction. Due to fluoride abstraction from BF, the reaction of 1 with KOH also
yields fluorinated derivatives of 3 but incorporation of fluorine in 3 can be avoided if AgO;SCF; rather than AgBF, is used to
generate the cation of 1. For purposes of comparison the dinuclear complex [K(18-crown-6)]*[[Mo(n3-C5H,(CH;))(CO),],(1,-
F);] ~, 4, has been prepared, too, showing fluoride bridges and K--F bonding. The chemical properties and the structures of these
compounds in solution as well as their role as structural models for intermediates during molybdenum oxide catalysed propene
oxidation are discussed. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction tial to the activity and lifetime of the catalyst [3].
Despite the potential importance of organomolybde-
num o0xo systems containing molybdenum in the
highest oxidation states + 5 and + 6 as catalytic inter-
mediates in industrial processes [2], few model com-
plexes of this sort are known as yet. One example of
heterogeneous catalysis where such species might play a
significant role entails the oxidation of propene to
acroleine using MoO,/Bi,0; as the catalyst and this has
gained considerable technical importance. Nonetheless,
the reaction mechanism has remained for the most part
speculative. The results of their experiments on isotopic
enrichment lead Grasselli and Burrington to suggest the
intermediate formation of symmetric n-allyl complexes

The range of organic ligands found in organometallic
oxo compounds is quite restricted, the majority being
either n°>-CsR5 or alkyl or aryl groups having no B-hy-
drogen atom [1]. Organotransition—metal chalcogenide
complexes of this type are noteworthy in representing a
link between solid, more or less ionic, metal chalco-
genides and low-valent molecular organometallic sys-
tems. Moreover, organometallic intermediates may
participate in polar oxygen-transfer reactions [2] and in
recent years it has been shown that the relatively non-
polar M—C bonds of oxo- and peroxometal complexes
functionalized by organic groups can exist under cata-

lytic conditions—such units are sometimes even essen-

* Corresponding author. Tel.: + 49-6221-546450; fax: -+ 49-6221-
545707.
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(or the chemisorption of a delocalized allyl radicals) to
Mo centers of the catalysts surface [4]. Furthermore
recent investigations suggest that in heterogeneous oxi-
dation catalyses where Mo-oxides are employed, the
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oxygen atoms found in the organic oxidation products
have their origin in previously bridging positions [5]. So
far there are no compounds existent in the literature
which could be regarded as functional models for the
oxo molybdenum m-allyl surface intermediates under
discussion and only few allyl molybdenum compounds
containing ligands with oxygen donor functions of any
kind have been synthesized and structurally character-
ized [6]. This justifies research with the aim of establish-
ing procedures suited to give access to complexes where
hard oxygen-containing ligands can be found adjacent
to soft allyl ligands at molybdenum centers.

In this contribution it is shown that complexes with
(n*-allyl)Mo-units in oxygen-rich coordination spheres
containing RO~ ligands can be obtained if cationic
complexes with labile ligands are employed as starting
materials.

2. Results and discussion

Common synthetic routes established for the prepa-
ration of organometaloxides are not suitable for the
synthesis of compounds bearing the allylmolybdenum
oxo fragment [7].

An alternative way to introduce an Mo-O link in
organomolybdenum compounds—the substitution of
leaving groups in stable organometallic compounds by
oxygen containing ligands—can be equally problematic
when the organic group corresponds to allyl: It is well
known that various types of nucleophiles add to metal-
coordinated allyl ligands [8] leading to structurally di-
verse M2-olefin complexes and this fact is widely used in
organic synthesis [9].

Our research focused on the introduction of RO~
ligands (R = H or organic group) into the coordination
sphere of compounds bearing allyl molybdenum frag-
ments, which are particularly stabilized by carbonyl
co-ligands as in complexes with (C;Hs)Mo'(CO), units.
However, in neutral representatives of the latter the
terminal carbons of the n3-allyl moiety are very prone
to attack by nucleophiles [8]. If a positive electric
charge is introduced at the metal centers of such com-
plexes, for instance by replacement of one carbonyl
ligand by a nitrosyl group, the attraction of a negatively
charged nucleophile by the metal center might be en-
hanced but the affinity of the allyl ligand towards
nucleophiles is increased, too [10]. Consequently the
aim was to prepare cationic allyl molybdenum com-
plexes possessing labile ligands so that the metal centers
can compete with the allyl group in directing the in-
coming nucleophile. The finding that the cations
[Mo(n3-C;H;)bipy(CO),S]+ (where S is a solvent
molecule) react with carboxylates to yield Mo(n?-
C;H,)bipy(CO),(n'-0,CR) complexes [11] encouraged
an investigation concerning the reactions of Mo(n?3-

C;H;)L,(CO),Cl compounds with oxo nucleophiles af-
ter pretreatment with AgBF,. If L, corresponds to bipy,
of course, the introduction of only one oxo ligand at the
Mo center is possible and for the reasons mentioned
above we are interested in oxygen rich Mo coordina-
tion spheres. This lead us to choose the corresponding
acetonitrile/methallyl analogue, Mo(n?-C;H,(CHs;))-
(CH;CN),(CO),Cl [12], as the starting material, where
the acetonitrile donor functions are potentially ex-
changeable by the free electron pairs of polyfunctional
oxo ligands, too. Methallyl instead of allyl ligands were
used in order to somewhat increase the steric bulk at
the Mo centers and to thereby gain kinetic stability of
the resulting products.

2.1. Synthesis of [Mo(n>-C;H (CH;))(CH;CN),(CO),-
(THF)]"[BF,]~, 1

Mo(n?*-C;H,(CHj;))(CH;CN),(CO),CI reacts in THF
solution with AgBF, under formation of AgCl and an
orange solution from which a yellow solid can be
obtained after cooling. The formation of acetone com-
plexes [Mo(n3-C;H;)bipy(CO),(acetone)] * [BF,] ~ in the
reaction of the corresponding bipy complex with AgBF,
[13] suggested the yellow solid mentioned above to
correspond to the cationic complex [Mo(n3-C;H,(CHs;))-
(CH4CN),(CO),(THF)] *[BF,]~, 1, which was sup-
ported by the spectroscopic data. The overall appearance
of the "TH-NMR spectrum of 1 strongly depends on the
solvent employed, since both the THF and the acetoni-
trile ligands are exchangeable. Consequently in CD;CN
the signals of one allyl species [Mo(n*-C;H,-
(CH;))(CD5CN);(CO),] " are observed while in dg-ace-
tone three sets are obtained (compare Table 1) which
probably correspond to an equilibrium involving
the cations: [Mo(n*-C;H,(CH,))(CH;CN),(CO),(ds-ace-
tone)] *, [Mo(n3-C;H,(CHS))(CH,CN)(CO),(dg-ace-
tone),]*, and [Mo(n>-C;H,(CH;)(ds-acetone);(CO),] *.
1 shows a reversible oxidation wave at E,, =956 mV
(vs. SCE). A single-crystal diffraction analysis unequiv-
ocally proved the formation of [Mo(n*-C;H,-
(CH,))(CH;CN),(CO),(THF)] *[BF,] ', 1, as depicted in
Eq. (1) and Fig. 1. Selected bond lengths and angles are

given in Table 2.
/k —‘ " BF4
7N

MeCN., l .NCM
“ Mo ©
oc” | ~co
Cl fo)

A (1)

Due to the disordering of both the THF ligand and the
BF, anion the molecules of 1 possess a crystallo-
graphic plane of symmetry containing C(1), C(3), Mo,
and O(2). The conformation of the allyl ligand concern-
ing a plane constructed from the two carbonyl carbons
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Table 1
'"H-NMR data of compounds 1-5, 3a, 3b, 3e, 3f

Number Solvent Methallyl Other signals
Hsyn CH3 Hami
CD3CNcoord CH3CNfree THFfree
1 CD;CN 342 2.23 1.40 2.37 2.01 3.68, 1.84
CH3CNcoord CH3CNfree THFfree
1 dg-acetone 347 2.27 1.39 2.56 2.09 3.66, 1.82
3.46 2.23 1.39
3.44 2.17 1.37
CH3O THFcoord
2 dg-THF 2.88 (4H) 1.99 (6H) 0.56 (4H) 5.19 3H) 3.82
3.40 (6H) 1.95
n;-OH n,-OH 18-crown-6
3 dg-THF 2.50 (6H) 1.68 (9H) 0.33 (6H) 8.18 (1H) —0.52 (3H) 3.67
3a dg-THF 2.79 1.73 0.62 9.53 (t, 3Jyp:4.4 Hz) —0.52 3.67
3b 2.77 1.71 0.58 8.86 (d, 3Jyp:4.4 Hz) 0.48
3e 2.59 1.67 0.36
3f 2.54 1.60 0.31
ns-OH 18-crown-6
4 dg-THF 2.87 1.78 0.48 3.69
3c 2.82 1.67 0.57 9.92(q, 3Jyp:4.4 Hz)
18-crown-6
5 dg-THF 2.57 (4H) 1.89 (6H) 0.34 (4H) 3.70

and the terminal carbon atoms of the allyl ligand is
exo—an arrangement which is often found to be more
stable than the corresponding endo conformation [8a]
and which is frequently accompanied by a decreased
M(CO), angle ( <90°), while the angle in endo struc-
tures is increased (>90°) [14]. Accordingly the
Mo(CO), angle in 1 amounts to only 79.2(3)°. The
cation of 1 as a whole shows a distorted octahedral
geometry (under the condition that the allyl group is
regarded as occupying just one coordination site). The
Mo-0(2) distance of 2.190(5) A lies within the range
usually found for such bonds in Mo—THF complexes
[15].

For subsequent reactions 1 was prepared in situ, the
AgCl precipitated was filtered off the orange solution
and the latter was directly employed without prior
isolation of 1.

2.2. The reaction of 1 with NaOMe

When a THF solution of 1 was reacted with two
equivalents of NaOMe the solution turned bright yel-
low and NaBF, precipitated. Overlaying of the filtrate
with light petroleum (40—-60) resulted in the formation
of yellow crystals in good yields which were shown to
consist of [Na(THF),] " [(n*-C;H,(CH,))(CO),Mo(u-
OCH;);Mo(CO),(n*-C;H,(CH;))] —, 2 by means of IR
and NMR spectroscopy as well as elemental analyses
(Eq. (2)). Due to the strongly n-donating alkoxy ligands
and the negative charge of the anion, the Mo centers
are provided with sufficient electron density to enable
efficient backbonding.

Me = Na(THF)4*

w0y e
-4 CHaCN, - 2THF,
e\ \/4

Therefore the carbonyl bands in the IR spectrum,
which are usually located in the regions 1958-1919 and
1883-1818 cm ~! in Mo(allyl)(CO), complexes [12,16],
are found at 1889 and 1768 cm ~! for 2 and a reversible
oxidation wave at 74 mV (vs. SCE) is also consistent
with an enhanced electron density at the Mo centers in
comparison to 1. In addition an X-ray structure analy-
sis was performed and the resulting structure for one
anion in combination with one cation is shown in Fig.
2. Selected bond distances and angles are given in Table
3. The solid state structure of 2 consists of zigzag chains

21+ 3NaOMe ——————»

(@)

Fig. 1. Structural representation of 1; hydrogen atoms have been
omitted for clarity.
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Table 2
Selected bond lengths (A) and selected bond angles (deg) for 1

Table 3 .
Selected averaged bond lengths (A) and bond angles (deg) for 2

Mo-C(1) 2.244(6) 0C-Mo-CO 79.2(3)
Mo-C(2) 2.322(5) N-Mo-N 81.2(2)
Mo-C(6) 1.953(5) OC-Mo-N,,,,. 170.2(2)
Mo-0(2) 2.190(5) OC-Mo-N,, 99.0(2)
Mo-N(1) 2.226(4) 0-Mo-C(1) 163.1(2)
C(6)-0(1) 1.162(6) Mo-C-O 176.2(5)
N(1)-0(4) 1.131(6)

Mo-C,... 2.229(5) OC-Mo-CO 78.0(2)
Mo-C,,. 2.319(6) Mo(1)>-O(5)Mo(2)  97.7(1)
Mo-CO 1.941(6) Mo(1)-O(6/7-Mo(2) ~ 92.6(1)
Mo(1/2)-0(6/7) 2.182(3)  O(5)-Mo-O(6/7) 72.5(1)
Mo(1/2)-0(5) 2.095(3) CO-Na-OC 175.7(2)
Na-OC 2.3754) Na-O-C 166.7(4)

C(1/2/3/4)-O(1/2/3/4)  1.167(6)

with alternating cations [Na(THF),]* and anions [(n°-
C;H,(CH;))(CO),Mo(p - OCH;);Mo(CO),(n* - C;H,-
(CHy))] —, each cation being linked to two anions via
carbonyl oxygen atoms of the latter. Such an arrange-
ment has already been observed in some other ionic
carbonyl complexes [17]. Again, the geometry around the
Mo centers is most conveniently described regarding the
allyl groups as occupying just one coordination site. The
coordination sphere is octahedral then with a facial
arrangement of the methoxy ligands and this face is
shared with a second identical octahedron in a way so
that the complete binuclear anion apart from a C, axis
possesses a plane of symmetry through both Mo atoms
and O(5)/C(5). This is in contrast to the asymmetrical
structure of the related anion [(n3-C;H;)(CO),Mo(u-
C1);Mo(CO),(n*-C;H;)] —, which only possesses C, sym-
metry [18]. As found for 1 the averaged Mo(CO), angles
are smaller than 90° (78.0(2)°). In agreement with the
stronger trans influence of CO versus allyl the Mo-O
bonds trans to allyl (2.095(3) A) are shorter than those
trans to CO (2.182(3) A).

Studies concerning metal alkoxides have clearly shown
that they can model and simulate the properties and
structures of metal oxides [19]. 2 should therefore already
represent a useful structural model for allyl groups
co-ordinated to the surface of molybdenum oxides al-
though it does not contain pure oxo ligands, which—

Fig. 2. Structural representation of 2 (the anion in combination with
one cation as found in one of the zigzag chains is shown); hydrogen
atoms have been omitted for clarity.

with respect to the aims mentioned in the
Introduction—would be desirable. Brisdon et al. have
shown that the anion of 2 can alternatively be generated
by addition of Ph,AsCl to basic methanolic solutions of
Mo(n3-C;H,(CH,))(CH;CN),(CO),Cl [20]. However,
our new synthetic route to such species has the advantage
of being extendible to other oxo nucleophiles, which we
intended to make use of in order to further approach allyl
molybdenum oxide compounds. In the next step the
methyl group of the nucleophile (MeO~) was therefore
replaced by hydrogen, i.e. KOH was employed instead
of NaOMe as the reagent.

2.3. The reaction of 1 with KOH

In order to enhance the solubility of KOH it was
suspended in a THF solution of 18-crown-6, which was
subsequently allowed to react with a solution of 1. Work
up of the filtrate and fractionated crystallization applying
the overlaying technique yielded yellow crystals which,
however, proved to contain fluorine. Although an IR
spectrum clearly indicated the presence of the desired
pu-OH ligands, on chemical grounds the coexistence of
p-F bridges was not unrealistic since BF, is known to
possess fluorinating properties [21]. In order to obtain
F-free samples the AgBF, used to generate the requisite
cation of 1 was replaced. AgBPh, failed to react due to
its low solubility in THF and AgClO, completely decom-
posed the starting material but AgO,SCF; reacted
analogously to AgBF, yielding the cation of 1 with
triflate as the counteranion 1'. This salt was reacted as
before with KOH in the presence of crown ether (Eq. (3))
and after the appropriate work up procedure crystalline
material was obtained, which proved to consist of the
compound [K(18-crown-6)] ¥ [[Mo(n3*-C;H,(CHj,))-
(CO)Js(-OH)5(15-OH)] —, 3.

/—\K _l- K(18-C-6)*

~p g
/NIIO\OH
, THF, 18-crown-6 ocC ’ cO
31+ 4 KOH OH_ |
-6 CH3CN, - 3THF, 002 Mo: \MO//CO
-3 KO3 SCF3 \< o J
H
3 3)
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Fig. 3. Structural representation of the anion of 3; hydrogen atoms
have been omitted for clarity.

An X-ray diffraction analysis of a single crystal of 3
gave the structure shown in Fig. 3, where the cation
[K(18-crown-6)]" and THF molecules included have
been omitted (selected bond distances and angles are
presented in Table 4). The anion consists of three
[Mo(n3-C;H,(CH,))(CO),] units being linked via three
1,-OH bridges and one p,;-OH ligand. The arrangement
of the Mo;0, moiety can be regarded as a cubane type
structure where one corner (one Mo center) is missing.
Consequently, the average HO,,-Mo—-OH,; and Mo-
OH,;—Mo angles of 74.3(3) and 104.1(2) agree well
with those commonly found in such arrangements [22].
The average Mo—OH,,, distance (2.187(6) A) lies within
the expected range (1.917-2.216 A) [23, 6d] and it is
naturally smaller than the average Mo—OH,,; distance
(2.192(6) A) lying just outside the usual range (2.203—
2.261 A) [24,22]. Each Mo center possesses a distorted
octahedral environment where all allyl ligands are lo-
cated in trans position to the p;-OH ligands. The
structural situation of the [Mo(n3-C;H,(CH;))(CO),]
fragments is very similar to those found in 1 and 2.
Only one other complex bearing (allyl)Mo(pn-OH) units
had been previously structurally characterized: in at-
tempts to substitute ligands in Mo(n3-C,H,(CH,))-
(CH;CN),(CO),Cl by dimethylbis(3,5-dimethyl-1-pyra-
zolyl)gallate adventitiously the compound [Mo(n?-
C;H,(CH,;))(1-OH),(CO),(3,5-diMepzH)], had been
obtained, as evidenced by its X-ray structure [6d].

The IR spectrum of 3 contains three characteristic

Table 4 .
Selected averaged bond lengths (A) and bond angles (deg) for 3

Mo-OH(i,) 2.187(6)  Mo-O(7)-Mo 104.1(2)
Mo-OH(jy) 2.192(6)  O(7)-Mo-O(8/9/10) 74.3(3)
Mo-C,.... 22089)  Mo-O(8/9/10)-Mo 104.4(2)

Mo-Cyr  2.33409)  O(8/9/10)-Mo-O(8/9/10) 79.8(2)
Mo-CO 1.933(9)  Mo-C-O 173.0(8)
Cc-0 1.175(10)  OC-Mo-CO 76.0(4)

18-crown-6 CHs

thf thf

anti®
syn®

H2-OH

syn anti'
Ha-OH

=T )

95 8.5 75 6.5 55

45 35 25 15 0.5 -0.5
(ppm)

Fig. 4. '"TH-NMR spectrum of a mixture of 3, 3a, 3b, 3e and 3f in
dg-THF solution.

sharp bands at 3650, 3639 and 3509 cm ~! correspond-
ing to v(OH) vibrations of p,- and p;-OH groups,
respectively, which are not involved in H bridging.
Quite often such bands are not detected due to the low
oscillator strengths of the OH bonds, but when ob-
served they appear within a region of 3540—3750 cm ~!
[22a,b, 24, 25].

ds-THF solutions of crystalline 3 gave clean 'H- and
BC-NMR spectra showing signals for p;-OH, methal-
lyl, and p,-OH protons with the correct integrals for a
1: 3: 3 ratio of these groups (compare Table 1). This is
only possible if the solid state structure of 3 remains
intact in solution. The chemical shift of the p,-OH
protons (—0.52 ppm) corresponds well to the shift
found for the p;-OH groups in [NEt,],[Mo(CO),(OH)],
being different from the former ligands with respect to
the bridging mode but having in common with those
the CO groups in trans positions [24]. On the other
hand the shift of the p;-OH group in 3 (8.20 ppm) is
typical for acidic Mo-OH protons as in
[MoL(NO)(OH),|PF, (L = Tris(i-Propyl)-1,4,7-Triaza-
cyclononan) [25a].

Having determined the structure of 3 and being
familiar with its spectroscopic properties the fluoride
containing crystals obtained after the reaction of 1 with
KOH were reinvestigated. Their IR spectrum was iden-
tical to the one of 3, but the "F-NMR spectrum
detected two signals with chemical shifts expected for
Mo-F moieties (—253.5 and — 256.3 ppm). Complex
'H-, 3C-, and 'H-'*C-HMQC-NMR spectra were ob-
tained, showing the presence of at least four different
Mo methallyl fragments, one set belonging to 3. Care-
ful analyses of these spectra showed that their complex-
ity resulted from various species all possessing in
principle structures as shown in Fig. 3 but differing in
their degree of fluorination in the bridging positions: in
the region of 8—10 ppm, where the p;-OH resonance of
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3 appears, two further signals can be found (see Fig. 4),
which are notable since they are coupled to F-nuclei
(J/=4.4 Hz). The signal of 3 at 8.20 ppm is a singlet,
the first additional resonance at 8.86 ppm a doublet
while the second signal at 9.53 ppm is split to a triplet.
All these features suggest their assignment to p;-OH
hydrogens of 3a (with one pu,-OH group substituted by
F) and 3b (with two p,-OH groups substituted by F) as
shown in Scheme 1. Their integral ratios differed from
experiment to experiment and in one case it even turned
out that the triplet was missing, i.e. 3b had not been
formed at all. However, this did not have a significant
simplification of the spectra as a consequence, suggest-
ing that there are even more species existent in solution
than 3, 3a and 3b. This interpretation is in agreement
with the finding that the signals appearing in each of
the regions for the syn and anti protons of the methallyl
ligands can be divided into two groups (syn'/syn? and
anti'janti® in Fig. 4). As the trans ligands are expected
to most significantly influence the chemical shifts of the
methallyl protons, the observation of two groups of
signals is most reasonably explained in terms of two
general types of species possessing different ligands
(HO and F) in trans positions to the allyl groups, which
means that species fluorinated at the p,-positions (3e
and 3f) also have to be considered. The two signals
found in the "F-NMR spectrum mentioned above
would then correspond to bridging F ligands in the p,-
and p;-modes, respectively. Apparently, the 'H-NMR
resonances belonging to the p,-OH groups of the indi-
vidual species do not show a pronounced sensitivity to
environmental changes, as they all appear between —
0.48 and — 0.51 ppm. Given that the species 3, 3a, 3b,
3e and 3f, whose cores are shown in Scheme 1, are all
present in solution, they should give rise to eight non-

©

{‘T’ [
l

Y
2 3a

Y
* ad

S

HO——Mo F——Mo

equivalent sets of allyl signals but, of course, due to
overlap these are neither resolved in the 'H-NMR or in
the *C-NMR spectra. A significant variation in chemi-
cal shift would be expected for the allyl environ-
ments Mo(u;-OH)(1,-OH),, Mo(p;-OH)(1,-OH)(p,-F),
Mo(ps-OH)(1-F),,  Mo(ps-F)(1-OH),, and  Mo(p;-
F)(u,-OH)(n,-F) at most, so that all spectroscopic re-
sults are in agreement with the interpretations above.
YF-NMR measurements in the presence of a standard
showed that a maximum of 20% of all OH positions
present in the bulk material are occupied by F centers
in solution.

In order to obtain reliable data for the chemical
shifts of allyl groups and p,-F ligands in fluorinated
Mo compounds like 3a, 3b, 3e and 3f, suited to further
support the assignments above, and also in order to
elucidate whether the findings made so far could be
used for the facile synthesis of organometal fluorides,
attempts were made to generate the perfluorinated
derivative 3d.

2.4. The reaction of 1 with KF

The reaction of 1 with KF yielded a yellow solid
and crystalline samples of the resulting product were
produced in close analogy to the procedure as
described before (Eq. (4)). As expected its IR
spectrum looked very similar to the one of 3 but
naturally the characteristic v(OH) bands were missing
(although very weak bands at 3709 and 3618 cm !
could be observed). However, under the microscope
two different types of crystals could be made out and
an X-ray structure analysis of one of them showed
that a dimeric species [K(18-crown-6)]*[[Mo(n3-Cs-
H,(CH;))(CO),),(1,-F);] —, 4, rather than [K(18-

Moﬁﬁ @ F Moﬁﬁ )

F

Mo

l

S’
3b % 3¢

S’
3e \K 3f

Scheme 1. The Mos(p,-X);5(15-X) (X =F or OH) cores of compounds 3a—f; methallyl groups denoted by the same number are expected to show

similar chemical shifts in the NMR spectra.
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Fig. 5. Structural representation of 4; hydrogen atoms have been
omitted for clarity.

crown-6)] * [[Mo(n*-C5H,(CH;))(CO),]5(ko-F)s(us-F)] —,
3d, had been obtained. As can be seen from Fig. 5
(selected bond lengths and angles are given in Table 5)
the anion of 4 does not possess a plane of symmetry as
the dimer 2 does but rather shows C, symmetry. It is
therefore more related to the corresponding chloride
[18]  [(n*-C5Hs)(CO),Mo(p-Cl)sMo(CO)y(n*-C5Hs)] -
but differs from it in that the cation is coordinated to
two of the p,-F ligands at a distance of 2.879(1) A,
which is commonly accepted as a bonding interaction
between K and F [26] and has a significant distortion of
the crown ether ring as a consequence.

>/ - K(18-c-8)*
F
co
THF, 18-crown-6 /; / \ N
21+ 3KF ————" oo Mo /‘M{D\)
-4 CH3CN, - 2THF,
2 oc \F o}

-2 KBF,
s ° )

For comparison, the average distance of potassium to
the oxygen atoms of the crown ether is by only 0.05 A
shorter. Remarkably, in spite of the contacts to the
cation, the Mo—F bond lengths still all lie within a
range typical for p,-F ligands (1.98-2.22 A) [27,28].
However, the corresponding F atoms F(2) and F(2A)
are asymmetrically placed between the two Mo atoms

Table 5 .
Selected averaged bond lengths (A) and bond angles (deg) for 4

Mo(1)-C(3) 23132) OC-Mo-CO 76.6(1)
Mo(1)-C(4) 2204(2)  F(1))Mo-F(2)2A) 73.7(1)
Mo(1)-C(5) 2.295(2)  F(2)-Mo-F(2A) 69.2(1)
Mo(1)-F(1) 2.130(1)  Mo(1)-F(2)-Mo(1A)  93.2(1)
Mo(1)-F(2/2A)  2.175(1)  K(1)-F(2)-Mo(1) 95.1(1)
Mo-CO 1.937(2)
Cco 1.163(2)
K-F(2/2A) 2.879(1)
K-O 2.827(2)
Mo(1)~-Mo(1A)  3.162(1)

each showing one short (2.136(1) A) and one long
(2.215(1) A) distance. The short one is comparable to
the distances of the third F ligand symmetrically bond-
ing to both Mo centers (2.130(1) A), so that the long
distance may well be the only consequence of the
interaction with K*. Such coordination of an alkaline
metal to two F ligands has been observed before [28] in
[Na(15-crown-5)],[(NMoF;),(1,-F),] where the two
sodium cations apart from being complexed by the
crown ether oxygen atoms are additionally coordinated
to two terminal F ligands on each of the two Mo
centers. As above, the corresponding Mo-F bond
lengths were observed to be hardly changed by com-
plexation of Na*. As a consequence of the small size of
the bridging F ligands an approximation of the two Mo
atoms to a distance of 3.162(1) A can be noticed in 4.

The material which had co-crystallized with 4 proved
to be unsuitable for single crystal X-ray analysis.
Brought into solution, a crystalline mixture containing
4 and the unknown complex showed only one signal in
the YF-NMR spectrum ( — 255.2 ppm), indicating that
the fluoride ligands in the unknown substance show the
same bridging mode as those in 4, as only then the p,-F
resonances of both compounds can become accidentally
isochronic [29] according to the data obtained for the
fluorinated derivatives of 3. Therefore—as antici-
pated—""F-NMR spectroscopy is not capable of distin-
guishing between the two species present in solution but
this situation changes if 'H- and '*C-NMR spectra are
recorded where two sets of allyl/CO signals in a ratio of
ca. 1:3 (compare Table 1) can be observed. Due to
F-coupling, all signals belonging to the methallyl units
appeared to be comparatively broad in the 'H-NMR
spectrum and in some cases this coupling could even be
resolved. In addition a quartet at 9.92 ppm could be
found, which—according to the arguments in Section
2.3—should be indicative of a p,-OH ligand with three
p,-F bridges in close proximity and consequently sug-
gests an assignment to 3¢ having been formed due to
adventitious water introduced by the starting material
KF (which is very hard to rigorously dry). The more
intense set of methallyl signals has the right integral for
such a structure, however, as there is no further evi-
dence the assignment to 3¢ has to remain speculative.
This notwithstanding the spectroscopic data found for
4 provide strong support for an interpretation of the
spectra belonging to 3a, 3b, 3e and 3f as performed in
Section 2.3.

2.5. The reaction of
Mo(n3-C;H (CH3))(CH;CN),(CO),Cl with KOH

After the successful syntheses of compounds bearing
allyl-Mo fragments in oxygen-rich coordination
spheres, we were interested in how much our choice of
starting from cationic species like 1 did in fact influence
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the product formation. In one attempt Mo(n?3-
C,H,(CH,))(CH;CN),(CO),Cl was therefore directly
reacted with KOH. After stirring a suspension of
Mo(n?*-C;H,(CH;))(CH;CN),(CO),Cl, KOH and 18-
crown-6 for 3 days, filtering, and overlaying with light
petroleum, crystals were produced whose 'H-NMR and
I3C-.NMR spectra showed that a mayor and a minor
product (10: 1) had been formed, the latter correspond-
ing to 3, which apparently had co-crystallized as an
impurity. The IR spectrum provided evidence for a
bridging OH ligand (3630 cm ~—!) not belonging to 3.
While crystals of 3 are reasonably stable, the main
product of aboves reaction is very sensitive, turning
black on exposure to air and in perfect agreement with
the elemental analysis we assign it to the dimer [K(18-
crown-6)] * [[Mo(n*-C;H4(CH;))(CO).],(1,-OH)5] —, 5,
which is expected to show the same type of structure as
4 (see Eq. (5)).

5 W\ T

MeCN.,, . NCMe THF, 18-C-6
2 SMox, + 3KOH ———» oc—-Mo g Mo
oc” | ~co -4 CHyCN, \
-2KCl O
H
5

Cl

©)

Unfortunately, the crystals obtained were not suitable
for a single crystal X-ray analysis.

Bearing the findings of this experiment in mind, the
employment of cationic species in syntheses as de-
scribed above has certain advantages: the reactions are
cleaner and complexes of higher nuclearity as 3 are not
accessible in sufficient yields if neutral complexes are
directly employed. However, especially 3 is of great
value since it already contains a molybdenum oxo core
in the form of a Mo;(u-OH), unit with coordinated
allyl groups at the surface so that the initial aim of
synthesising complexes with an improved model charac-
ter with regard to oxo molybdenum allyl compounds
has been approached. Further research will concern the
investigation of the chemical properties of 3 and the
reactions of 1 with reagents capable of transferring
O~ anions or O atoms in order to obtain compounds
with pure O ligands.

3. Experimental

All manipulations were carried out with a vacuum
line (at a background pressure = 10 ~* mbar) or else in
a glove-box, or by means of Schlenk-type techniques
involving the use of a dry argon atmosphere. Mo(n?3-
C,H,(CH,))(CH;CN),(CO),Cl [12] has been prepared
by a published procedure. 18-Crown-6 was used as
obtained from commercial sources. Solvents were dried
according to standard procedures; microanalyses were
performed by the Analytische Laboratorien des Or-

ganisch-Chemischen Institutes der Universitdt Heidel-
berg. Cyclovoltammetry was performed with a EG&G
PAR equipment (potentiostat/galvanostat 273) on 0.1
M NBu,PF,-THF solutions (potentials in mV on
glassy carbon electrode, referenced to the SCE at ambi-
ent temperatures). The deuterated solvents had been
condensed into the NMR tubes before the tubes were
flame-sealed. Samples which had to contain known
quantities of the standard CFCl; were prepared on a
standardized vacuum line into which gaseous CFCI,
was allowed to expand until a certain pressure had been
reached (Hg manometer). The gas was then condensed
into an NMR tube containing the substance of interest,
which had been weighed into the tube in a glove box, as
well as the solvent and the tube flame-sealed subse-
quently. The X-ray diffraction measurements were
made on single crystals on a Siemens P4 (Nicolet
Syntex) R3m/V four-circle diffractometer (1 and 2) with
graphite-monochromated Mo—-K, radiation (1=
0.71069 A) or else (3 and 4) on a Nonius—Kappa CCD.

3.1. [(CH,;CN),Mo(y*-
(D

A solution of 0.292 g (1.5 mmol) AgBF, in 5 ml THF
was added to a solution of 0.487 g (1.5 mmol) of
Mo(13-C3H,(CH;))(CH;CN),(CO),CI via cannula. Im-
mediately AgCl precipitated as a greyish solid. After 5
min of stirring the suspension was filtered and the
orange filtrate stored for 14 h at — 20°C. The resulting
yellow crystals were separated by filtering in the cold
and dried in high vacuum (0.41 g, 0.9 mmol). Single
crystals could be obtained by slowly cooling a saturated
solution to 4°C. Yield = 61%: IR (KBr) 2982m, 2971m,
2918m, 2313w (ven), 2285m (Vey), 1946vs (vep), 1854
(ve o), 1448w, 1420w, 1367w, 1343vw, 1283w, 1258w,
1098sh, 1058s, br (vgg+ veo), 1037sh, 946w, 811w,
629w, 608w, 562w, 548w, 530w, 519w, 506w, 485w,
467w cm —!; 'TH-NMR (200 MHz, CD;CN): compare
Table 1, note that the signals observed belong to
[Mo(n3-C;H,4(CH;))(CD;CN);1+; BC{'H} 135°-DEPT
NMR (200 MHz, CD;CN): 6 67.6 (s, OCH, (free
THF)), 59.2 (s, H,CC(CH;)CH,), 25.7 (s, OCH,CH,
(free THF)), 19.6 (s, H,CC(CH;)CH,), 1.1 (s, free
CH;CN); BC{'H}-NMR (200 MHz, CD;CN): § 221.6
(s, CO), 117.7 (s, CH;CN), 86.8 (s, CH,C(CH;)CH,).
Anal. Calc. for C,,H,;BF,MoN,O;: C, 37.53; H, 4.72;
N, 6.25. Found: C, 37.09; H, 4.58; N, 6.62. M.p.: 127°C
dec.

C;H(CH))(CO),(THF)]" BF ;

3.2. [Na(THF),]" [(n*-C;H(CH;))(CO),Mo(u-OCH;);-
Mo(CO),(n’-C;:H(CH3))]~ (2)

Anhydrous, reactive NaOMe has been prepared via
reaction of 0.072 g (3.0 mmol) NaH with 0.096 g (3.0
mmol) MeOH in 15 ml THF. The suspension was
stirred for 7 h at r.t. A solution of 1 in situ prepared as
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described above (0.487 g (1.5 mmol) Mo(n3-
C;H,(CH;))(CH5CN),(CO),Cl; 0.292 g (1.5 mmol)
AgBF, in 5 ml THF) was added to aboves suspension
via cannula. A finely divided white precipitate formed
while the color of the solution brightened up. After 2 h
of stirring the filtrate was overlayed with 100 ml of light
petroleum and stored at — 20°C for 14 h. The yellow
crystals thereby produced were filtered off in the cold and
dried in high vacuum (yield: 0.52 g (0.6 mmol) = 85%),
the latter leading to a loss of some of the THF coordi-
nated to the cation. Before drying the crystals were
suitable for X-ray diffraction. IR (KBr) 3045w (vic),
2993m, 2945m, 2907s, 2881s, 2802s, 2787s, 1889vs (veo),
1768vs (veo), 1445m, 1092m, 1053s (ve_o), 1023s, 805w,
619w, 538m, 414m cm ~ '; "TH-NMR (200 MHz, d,-THF):
compare Table 1; *C{'H}-135°-DEPT-NMR (200 MHz,
ds-THF): 6 68.8 (s, OCHj;, trans to methallyl), 65.8 (s,
OCH, (THF)), 59.5 (s, OCH,), 51.6 (s, H,CC(CH5)-
CH,), 23.9 (s, OCH,CH, (THF)), 21.3 (s, H,CC(CHj5)-
CH,); “C{'H}-NMR (200 MHz, di-THF): 6 233.3 (s,
C0O), 82.0 (s, H,CC(CH;)CH,). Anal. Calc. for
C,oH;;Mo,NaOg (2, 3 THF lost on drying): C, 37.90; H,
5.19. Found: C, 37.57; H, 5.20. M.p.: 58-72°C dec.

3.3. [K(18-crown-6)] 7 [[Mo(n>-C;H (CH;))(CO),]5(1»-
OH);(us;-OH)]~ (3) and fluorinated derivatives 3a, b,
e, f

A solution of 1 in situ prepared as described above
(0.649 g (2.0 mmol) Mo(n?*-CsH,(CH,))(CH;CN),-
(CO),CI; 0.389 g (2.0 mmol) AgBF, in 23 ml THF) was
added to a suspension of 0.168 g (3.0 mmol) KOH and
0.793 g (3.0 mmol) 18-crown-6 in 10 ml THF. After 1
min the color of the solution turned red subsequently
changing to yellow. After 3 h of stirring the white
K(18-crown-6)BF, precipitated was filtered off the solu-
tion and the bright yellow filtrate overlayed by 100 ml
of light petroleum. Storing at — 20°C for 14 h yields 0.28
g (0.3 mmol) of crystalline 3 and its fluorinated deriva-
tives corresponding to a yield of 43%. 'H-NMR (200
MHz, di-THF): compare Table 1; "*C{'H}-NMR (200
MHz, d.-THF, 3, 3a, 3b, 3e and 3f; all signals found are
listed; the ones of 3 are underlined, the residual ones are
envelopes of several resonances produced by 3a, 3b, 3e
and 3f): 6 231.0, 230.8, 230.0 (s, CO), 78.3, 78.2, 81.3 (s,
H,CC(CH;)CH,), 71.1 (s, 18-crown-6), 55.2, 59.4, 55.0
(s, H,CC(CH;)CH,), 19.6, 19.5, 193 (s,
H,CC(CH;)CH,). Selective synthesis of 3: The fluorine
free sample was prepared via the same procedure with the
only alterations being the replacement of AgBF, by
AgO;SCF; and a longer stirring time of 14 h, the time
it took the solution to turn completely yellow. Crystals
suitable for X-ray diffraction were obtained by redisso-
lution of a part of this material in THF and overlaying
of this solution with light petroleum ( — 20°C). IR (KBr)
3650m (von), 3639m (voy), 3509w (von), 3037w (vuc),

2975m, 2950m, 2906s, 2875sh, 2827w, 1929vs (vco),
1819vs (veo), 1473m, 1455m, 1434m, 1353s, 1286w,
1251m, 1107vs, 1057sh, 1030m, 963s, 889w, 837m, 801m,
523m, 506m, 463m cm~!; Anal. Calc. for
C;0H40KMo0,0,4: C, 36.30; H, 4.98. Found: C, 37.06; H,
5.31 (deviations are due to incorporation of THF in the
crystal as evidenced by X-ray crystallography). M.p.:
142—-188°C dec.

3.4. [K(18-crown-6)]™ [[Mo(n>-C;H (CH;))(CO),]>(1>-
F)s]~ (4)

A solution of 1 in situ prepared as described above
(0.649 g (2.0 mmol) Mo(n?*-C;H,(CH;))(CH;CN),-
(CO),CI; 0.389 g (2.0 mmol) AgBF, in 23 ml THF) was
added to a suspension of 0.168 g (3.0 mmol) KF and
0.793 g (3.0 mmol) 18-crown-6 in 10 ml THF. After 1
min the color of the solution turned red subsequently
changing to yellow/orange. After 3 h of stirring the white
K(18-crown-6)BF, precipitated was filtered off the solu-
tion and the bright yellow filtrate overlayered by 100 ml
of light petroleum. Storing at — 20°C for 14 h yields 0.34
g (0.4 mmol) of crystalline 4 corresponding to a yield of
57%.

IR (KBr): 3045w (vic_), 2985m, 2947sh, 2908m, 1933s
(veo), 18208 (vep), 1473m, 1455m, 1434m, 1350m, 1297w,
1283w, 1247m, 1109s, 1029m, 959m, 837m, 643w, 569vw,
510w, 457m cm ~!; '"H-NMR (200 MHz, d;-THF): com-
pare Table 1; *C{'H}-NMR (200 MHz, d,-THF, the
underlined signal belongs to 4): 6 230.5, 229.3 (s, CO),
81.5,80.6 (s, H,CC(CH;)CH,), 68.7 (s, 18-crown-6), 56.0,
524 (s, H,CC(CH,)CH,), 17.3 (q, *Jcp=4.6 Hz,
H,CC(CH,)CH,),16.8 (m, H,CC(CH;)CH,); YF-NMR
(d-THF): 6 —255.2 (s). Anal. Calc. for C,,H;4F5-
KMo,0,,: C, 39.83; H, 5.01. Found: C, 37.61; H, 5.33
(the deviations are due to the presence of the second
compound).

3.5. [K(18-crown-6)]™ [[Mo(n>-C;H (CH;))(CO),]>(1»-
OH);]~ (5)

A solution of 0.649 g (2.0 mmol) Mo(n?’
C;H,(CH;))(CH;5CN),(CO),Cl in 40 ml of THF was
stirred in the presence of 0.168 g (3.0 mmol) KOH and
0.793 g (3.0 mmol) 18-crown-6 for 3 d. The KCI
precipitated was filtered off the solution and the yellow
filtrate overlayed by 100 ml of light petroleum. Storing
at — 20°C for 14 h yields 0.44 g (0.6 mmol) of crystalline
5 corresponding to a yield of 58%.

IR (KBr): 3630m (voy), 3027w (vye), 2976m, 2947m,
2906s, 2875sh, 2827w, 1922vs (veo), 1825vs (veo),
1474m, 1455m, 1434m, 1352s, 1283m, 1247m, 1108vs,
1029m, 963s, 892w, 865w, 837m, 805m, 784w, 636w,
619w, 527w, 506w, 467m cm ~'; '"H-NMR (200 MHz,
dg-THF: compare Table 1; "*C{'H}-NMR (200 MHz,
ds-THF): 0 235.1 (s, CO), 80.3 (s, H,CC(CH;)CH,),
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1-THF

2

3-3.5 THF

4

Empirical formula

C,,H,,BF,MoN,0,

C;,Hs5sMo,NaO,,
818.62

CysH77KMO0309 5
1245.00

Cp4H33F3KM0,0
774.53

fw (g mol~1) 520.18
Temp (K) 203(2)
Crystal system Monoclinic
Space group C 2/m
Lattice parameters

a (A) 14.336(7)
b (A) 9.923(5)

¢ (A) 16.646(8)
o (°) 90

B () 90.93(3)

7 ) 90

V (A3) 2368(2)

Z value 4

Deqre (g cm ™) 1.459

u (mm~1') 0.609

Fooo 1064
Crystal dimensions (mm) 0.53x0.45x0.17
260 range (°) 4.9-59.9
Index ranges

h —20 to 20
k 0to 13

I} 0 to 23
No. of reflections collected 3640

No. of independent reflections 3640

No. of reflections with 7>2c(1) 2382
Parameters 198
Goodness-of-fit on F? 1.021
Largest diff. peak/hole (e A’3) 0.618/—0.467
R indices, F?>>20(F?) 0.0601

R, 0.1401

R indices (all data, F?) 0.1119

R 0.1614

W

200 200 200
Monoclinic Triclinic Monoclinic
P2,/ P1 C2Jc
17.357(3) 16.904(3) 19.670(4)
9.534(2) 17.201(3) 10.224(2)
23.535(3) 21.470(4) 16.687(3)
90 78.18(3) 90
103.500(10) 74.75(3) 117.30(3)
90 67.22(3) 90

3787(1) 5516(2) 2982(1)

4 2 8

1.436 1.415 1.725

0.725 0.812 1.050

1696 2290 1568
0.30x0.30x 0.30 0.15%0.15x0.25 0.10x0.10x 0.20
2.4-50.1 3.0-52.2 4.6-52.5

0 to 20 —20 to 20 —24 to 24
0to 11 —21 to 21 —12 to 12
—28 to 27 —26 to 26 —20 to 20
6958 64290 22766

6720 21126 2969

4855 6614 2648

495 817 258

1.132 0.793 1.322
0.389/—0.390 0.835/—1.170 0.448/—0.409
0.0438 0.0624 0.0197
0.0923 0.1503 0.0496
0.0755 0.1548 0.0247
0.1130 0.1592 0.0505

70.7 (s, 18-crown-6), 52.4 (s, H,CC(CH,)CH,), 21.4 (s,
H,CC(CH;)CH,). Anal. Calc. for C,,H,;KMo0,0,5: C,
37.51; H, 5.38. Found: C, 37.59; H, 5.49. Dec. at 93°C.

3.6. X-ray diffraction data collection for 1, 2, 3 and 4

Single crystals of the compounds were preselected in
a glove box and immersed in fluorocarbon oil there.
Individuals were then mounted on top of a fibre and
quickly frozen to — 70°C. Centered reflections were
refined by least-squares calculations to indicate the unit
cells. Unit cell and collection parameters for the com-
plexes are listed in Table 6. Diffraction data were
collected in the appropriate hemispheres and under the
conditions specified also in Table 6.

3.7. Solution and refinement of the structures of 1, 2, 3
and 4

The structures were solved by direct methods and
refined by full-matrix least-squares procedures based on
F?, SHELXL-97 [30] with anisotropic thermal parameters

for all non hydrogen atoms. Hydrogen atoms were
calculated making use of a riding model. The final
residuals are indicated in Table 6.
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