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Abstract—The reactions of Mo* ions and MoxO: oxygen-containing molybdenum cluster ions (x = 1-3;
y = 1-9) with methane, ethylene oxide, and cyclopfopane were studied using ion cyclotron resonance. The for-
mation of a number of organometallic ions, including the metallocarbene Mo CH;, as well as molybdenum
oxometallocarbenes MoxOyCH;r (x=1-3;y=2,4,5,0r8) and MOXO_‘,(CH4)+ ions (x=1-3;y=2,5, or 8), was
detected. The upper and lower limits of bond energies in oxometallocarbene complexes were evaluated:
111>D° (MOXO; —CH,) > 82 kcal/mol (x =1-3; y=2, 5, 8).

INTRODUCTION

The disproportionation reaction of olefins (metathe-
sis) was discovered in 1964 [1]. This reaction provides
an opportunity to perform selective conversion of alk-
enes into other alkenes (with higher or lower molecular
weights). Because of this, practical applications of this
conversion in petroleum chemistry are of interest. The
above reaction consists of the exchange of carbene
fragments between olefin molecules.

The ions of metals (Mo, W, and Re) catalyze this
reaction [1-3]. It is well known that the metathesis of
olefins is a rapid reversible process with complex kinet-
ics; the order of the reaction with respect to olefin
depends on the olefin/catalyst ratio. Initially, it was
believed that the exchange of carbene fragments
included the simultaneous coordination of both olefin
molecules followed by the cleavage of C=C bonds and
the formation of new bonds. However, it was found that
this is a chain process, and the carbene mechanism [2—
4] (Scheme 1) is commonly accepted. The first step of
this mechanism is the formation of intermediate I, in
which the alkyldiene moiety of an olefin forms a double
bond with the metal ion (see Scheme 1).

MCHZ + *CH2=CH—CH3
|
*$H2—$H— CH;
M——CH,
11
MCH, %l X
+*CH=CH-CH; wp+CH, ™ +A—CH3
+ CH,=CH-CH,
M is the metal ion

Scheme 1.

Next, the olefin molecule is coordinated to metallo-
carbene intermediate I. In this case, the formation of a
four-centered intermediate metal-cyclopropane com-
plex Il is postulated, which can undergo decomposition
via a few reaction paths: (a) the reaction of degenerated
metathesis (i.e., the carbon skeleton of the olefin
remains unchanged in this case), (b) the metathesis
reaction, and (c) the formation of cyclopropane deriva-
tives (chain termination).

Thus, the generation step of intermediate I is the key
step in the carbene mechanism of olefin metathesis
reactions. Catalysts of various types generate metallo-
carbenes by different mechanisms.

Several conceivable reaction paths for the formation
of such intermediates were considered in the literature
[3]. Olefin metathesis catalysts can be tentatively sub-
divided into the following three groups: (1) catalysts
that require the presence of organometallic cocatalysts
(usually alkyl metals), (2) catalysts containing carbene
groups, and (3) catalysts directly activated by olefins.

It is well known that, in systems of the first type, the
cocatalyst reduces the ions of a catalytically active
metal. In this case, organometallic compounds of the
catalytically active metal with bound alkyl groups are
formed. The conversion of a bound alkyl into a coordi-
nated carbene ligand results from the direct elimination
of a hydrogen atom from the alkyl carbon atom at the
o-position.

Systems of the second type consist of individual
compounds containing carbene groups, for example,
(CO)sW=C(Ph),, or they form carbene groups directly
in the course of reaction, for example, in the decompo-
sition of diazo compounds in the presence of tungsten
compounds [5].

Systems of the third type are heterogeneous cata-
lysts; these are mainly Group VI metal (Mo and W)
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oxides, as well as Re and Ta oxides. These systems can
be active in the absence of cocatalysts. In systems of
this type, a metal—-carbene complex should result from
the interaction of an olefin with the transition metal ion
of the catalyst. Either olefin isomerization by hydride
transfer or the reaction of two coordinated olefin mole-
cules with the formation and subsequent isomerization
of a metallocycle are usually considered as possible
mechanisms of this interaction.

It is well known that MoO; and WOj; can be reduced
by carbon monoxide or hydrogen; they can also be pho-
toreduced. Thereafter, the catalytic activity of the above
oxides toward the reaction of olefin metathesis dramat-
ically increased [4]. This fact is related to the formation
of reduced metal ions (in oxidation states of +4 and +5)
and to the presence of free coordination sites at these
ions.

In recent years, a great number of publications have
been devoted to the reactions of isolated metal atoms in
hydrocarbon matrices at reduced temperatures and to
the reactions of metal ions with hydrocarbons in the gas
phase. The behavior of Group VIII cations was prima-
rily studied. The composition of products suggests that
the reaction occurs via addition at C—H and/or C-C
bonds followed by the conversion of organometallic
intermediates. These studies are of great interest for
understanding the chemical nature of the elementary
acts in the heterogeneous catalytic conversions of
hydrocarbons, and they can serve as an experimental
basis for describing reaction mechanisms. The gas-
phase studies of the reactivity of small cluster metal
oxo ions can be currently performed using mass-spec-
trometric techniques, such as tandem mass spectrome-
try (or an ion-beam technique), ion cyclotron resonance
(ICR) spectrometry, etc. [6, 7]. Gas-phase reactions can
be considered as the simplest models of the interaction
of the active centers of oxide catalysts with substrate
molecules. The reactions of the cluster oxo ions of
molybdenum are of particular interest because they can
model the interaction of molecules with the surface
fragments of oxide catalysts. The reactions of molybde-
num ions in the gas phase were practically not studied
because the main seven isotopes of molybdenum pro-
duce very complicated mass spectra, especially in the
case of cluster ions. Previously [8, 9], attention was
focused on the preparation and fragmentation of the
cluster oxo ions of molybdenum in the gas phase.

In this work, an effort is made to prepare a set of the

cluster oxo ions of molybdenum MOXO; (x = 1-3;
y = 1-9) and to study their reactions with methane and
cyclopropane (cyclo-C;Hg). The reaction with cyclo-
C;Hg on solid molybdenum trioxide or prereduced
(chemically (with CO or H,) or photochemically) sup-
ported molybdenum trioxide resulted in the formation
of the metallocarbene oxo complexes of molybdenum.
This reaction is frequently used for the initiation of ole-
fin metathesis. The study of the interaction of the oxo
ions of molybdenum containing various numbers of
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oxygen and molybdenum atoms provides an opportu-
nity to examine the effects of factors like coordination
unsaturation and oxidation state on the reactivity of the
metal center. The effect of ligands (oxygen atoms) on
the composition of the resulting intermediates was also
under examination.

EXPERIMENTAL

The experiments were performed on a Bruker Spec-
trospin CMS-47 ICR mass spectrometer with an
Oxford Instruments vertical-field cryomagnet (4.7 T),
which was equipped with a cubic cell (33 mm) for ion
trapping [10]. The vacuum system of the spectrometer
was pumped out to a base pressure of (1-2) x 10~ mbar
using an ion pump with a pumping speed of 160 1/s; the
plates of the ion trapping cell were maintained at room
temperature. An ionization gage was used for pressure
measurements. Neutral clusters of molybdenum oxo
ions were generated by the evaporation of molybdenum
trioxide from a quartz Knudsen cell, which was
equipped with a bifilar heater and mounted on the
retaining plate of the ICR cell on the anode side. This
design provided the heating of the cell over the temper-
ature range 300-900 K without considerable gas evolu-
tion and magnetic field destabilization. The tempera-
ture was controlled with the use of a Chromel-Alumel
thermocouple based on a temperature—heater current
calibration curve (0-Al,O; powder was used as a stan-
dard substance). The ratio between surface areas was
S/s > 1500, where S is the internal surface area of the
Knudsen cell, and s is the surface area of the opening.
Molybdenum trioxide (V/O Izotop) with an enrichment
of 97% in the ®Mo isotope was used. The use of a
monoisotopic sample (the natural abundance of molyb-
denum isotopes is as follows (%): Mo 61.5, **Mo
38.3, Mo 65.9, %Mo 39.6, %Mo 100.0; and Mo
39.9) made it possible to simplify the mass spectra and
to improve the sensitivity of the technique to heavy ions
by one order of magnitude.

The oxo ions of molybdenum were prepared by the
electron-impact ionization (70 eV) of molybdenum triox-
ide vapor. The pressure of methane or cyclopropane in the
vacuum system was usually equal to ~(1-2) X 10~ mbar.
The ICR spectrum was excited using a standard pulse
sequence and repeated several tens of times in order to
obtain an acceptable signal-to-noise ratio. The ICR
spectra were measured in the Fourier transform mode.
The mass window was varied from 2 to 10 amu depend-
ing on the test mass range. The ratios between ionic
products were measured with an accuracy of 10%.

A double resonance technique was used for study-
ing the mechanisms of ion—molecule reactions in the
gas phase. This technique provides an opportunity for
removal of parent ions with a given mass-to-charge
ratio at the beginning of each experiment. In this case,
changes observed in the ICR spectrum provide infor-
mation on the reactions.
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Figure 1 demonstrates the mass spectrum of the oxo
ions of molybdenum (70 eV) obtained by the evapora-
tion of ®Mo0Oj; at 600 K. Figure 1 indicates that cluster

oxo ions of molybdenum MoxO; containing various
numbers of metal and oxygen atoms were formed. All
the concomitant ions were removed at the beginning of
each experiment with the use of the double resonance
technique. The remaining ions with a chosen m/z
reacted with neutral molecules, then the reaction prod-
ucts were detected.

The kinetic method of the destructive addition of
ligands was used for the experimental determination of
metal-ligand bond energies. Let us consider the reac-
tion of a metal ion M* with a neutral molecule L,L,

M*+L,L, — ML| +L,. 1))

Because the ICR technique makes it possible to
observe only exothermic reactions, the formation of

ML ions indicates that the lower limit of the ion bond
strength (D°(M*-L,)) is greater than the bond strength
in the neutral molecule (D°(L,-L,)). However, the
absence of the products of reaction (I) can not always
be considered as evidence for the fact that the upper
limit of the M*-L, bond strength is lower than D°(L,~L,)
because a great energy barrier may exist.

The binding energy of oxygen atoms in the cluster
oxo ions of molybdenum was estimated with the use of
the following thermodynamic cycle:

M —L 2 v
TIP(ML*)
M—L 2™ MoyL
D’(M*-L) = D°’(M-L) + IP(M) — IP(ML).

T IP(M*)

1)

Table 1 summarizes the calculated values of D/(M*—
L) together with the binding energies of oxygen in neu-
tral molecules and the ionization potentials (PIs) taken
from [11]. Data given in Table 1 indicate that the cluster
oxo ions of molybdenum with MoQO; stoichiometry
exhibited the weakest bond with oxygen. Thus, the

maximum reactivity of these ions, that is, (MOO3):, in

reactions with methane and cyclopropane would be
expected.

The structures of various molybdenum oxo ions
were studied with the use of a simple model of paired
potentials [12]. The molecular geometry parameters
were obtained by minimizing total molecular energies
with the use of the following potential function:

U, = Uyo+ Uum+ Ugo- (1)
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Fig. 1. Mass spectrum of positive molybdenum oxo ions
obtained by 98M003 evaporation from a Knudsen effusion
source, 600 K.

The energy was calculated as the sum of the Coulomb
interaction and the Born—Mayer repulsion

U.

)

= 9954 Aexp [—%} @)

I"U

Here, r; is the interatomic distance for each pair of
atoms; g; and g; are the formal atomic charges deter-
mined from the stoichiometry; A and p are varied
parameters, which were chosen so that the bond lengths
in a monomer and in the bulky molybdenum trioxide
remained unchanged. The following values were used
in the calculations: A = 2256 ¢%/A and p = 0.181 A. In
the calculations, it was assumed that the Mo—Mo bond
was absent. A model of this kind was used for evaluat-
ing the geometry of the ions of cobalt and titanium
oxides [13—15]. The results of the calculations demon-
strated that oxygen-deficient and stoichiometric oxides
can be structurally different, and this difference is
responsible for differences in the reactivity.

Several low-energy isomers were found for each of
the cluster oxo ions of molybdenum. Table 1 summa-
rizes the optimum structures of all molybdenum oxides
together with the calculated total energies of the mole-
cules and the energies per cluster atom.

The MoO; and MoOj ions contained structurally

and energetically equivalent oxygen atoms. Kretzshmar
et al. [16] performed accurate quantum-chemical cal-
culations of the structure and bond energies of the

MoOj3 ion. They found that MoO; (24%) exhibits
C,,, symmetry and that all the oxygen atoms are equiv-
alent (see structure III); that is, deviations from the cor-
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Table 1. Bond energies in molybdenum oxides and oxo ions, ionization potentials, low-energy structures of molybdenum,
and calculated energies per atom

Bond energy, kcal/mol
Tonization Srllléiter
Oxide potential, tabulated calculated . Structure gy
keal/mol experimental per atom,
M*-0O kcal/mol
M-O | M-MoO; | M*-O |M*-MoO;
MoO 173 120 — 98.5 - <151 [25] —O -80.1
118 £2[31]

MoO, 217 158 - 121 - >118 [25] O—e—0 -92.5

<127 [32]

131 £5[31]

MoO; 277 143 - 83 - >85 <118 [25] -89.7

<127 [32] o/f\o

62+ 7[31]
Mo,0, _ - _ - _ - O_._o_.<g -85.8
Mo,05 238 - - - - - M -90.8
Mo,04 280 104 114 56 112 <127 [32] W -89.0
Mo;04 282 - - - - - Og_o_i_o_.g@ -88.7
Mo;04 277 53 86 58 86 <127 [32] @ -94.5
Mo,O, 2717 - 73 - 73 - qu}@ -85.6
Mos0;5 277 - 76 - 78 _ W -83.6

responding data for a neutral molecule of MoO; are
Small (I”Mo_o = 170 A; C3V)‘

1.89 A
1724 + 104.5° p
~ Mo — 112.3° Mo*-0
0 §Yo 66 A
111 v

Structure IV of MoOj (2B,) exhibited an insignifi-

cantly higher energy (by 4 kcal/mol) than that of struc-
ture III. However, the symmetry reduced to C,,,, and
the oxygen atoms became structurally and energetically
nonequivalent; this was most clearly pronounced in the
structure of dimers and trimers.
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The structures of dimers and trimers (see Table 1)
contain bridging and terminal oxygen atoms. The
(bridging) oxygen atoms of the angular Mo—O-Mo
groups are more strongly bound; the greatest electron
density is concentrated at these atoms because of the
strong inverse d,—P, interaction. It is believed that these
atoms are the localization centers of outer protons in
heteropoly acids [17].

The Mo; O, ion exhibits a cyclic structure, which is
the most thermodynamically favorable. The Mo;O,

cyclic unit is retained in the structures of Mo, O}, and

+ .
MosO; ions.

RESULTS AND DISCUSSION

A great body of experimental data on the activation
of C—H and C-C bonds in hydrocarbons by transition
metal ions has accumulated in the past two decades
[18]. It is believed that the interaction of “naked” (i.e.,
not bound to ligands) metal ions occurs via the follow-
ing main steps (Fig. 2):

(1) The formation of an amorphous encounter com-
plex due to the interaction of the ion and the dipole
induced in a neutral molecule. For a singly charged ion
and C;—C, hydrocarbons, the energy of this interaction
is 10-15 kcal/mol. Usually, this energy is sufficient into
overcome internal barriers and into insert the ion into
the C—H or C—C bond of the hydrocarbon.

(2) The oxidative addition of the metal ion at the C—
H (or C-C) bond of the hydrocarbon. In this case, the
cleavage of the C—H (or C—C) bond and the formation
of two new M™—C and M*—H bonds, where M* is the
metal ion, takes place. Because only the occurrence of
exothermic reactions in the gas phase can be observed
using the ICR technique, the energy of the final prod-
ucts, as well as of all the intermediate compounds,
should be lower than the energy of the initial reactants;
that is, the sum of the energies of the resulting M*—C
and M*—H bonds should be higher than the energy of
the initial C—H (or C—C) bond of the hydrocarbon.

(3) The transfer of a B-hydrogen atom to the metal
ion (B-shift) with the formation of a dihydride metal—
alkene complex (H-M*—(H)-R). The general tendency
is that the B-hydrogen shift from a secondary carbon
atom occurs more easily than that from a primary car-
bon atom. In the case of branched hydrocarbons, the
transfer of a hydrocarbon fragment, for example, a
CH; group, can also occur.

(4) The elimination of a hydrogen (or alkene) mole-
cule and the formation of a final metal-alkene complex.
Next, the metal ion can attack the following C-H or C-C
bond leading to the formation of secondary reaction
products. A comparison of the bond energies of metal
ions with various ligands demonstrated that the Cr* ion
forms weak binary metal-carbon and metal-hydrogen
bonds; because of this, the step of insertion into the
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Fig. 2. Energy reaction diagram for the dehydrogenation of
the n-butane molecule by (a) Cr*, (b) Mo*, and (¢) W+ ions.

C—H bond (step (2)) is strongly endothermic. In the
reactions of Mo* ions, it is likely that the step of addi-
tion at the C—H bond is almost thermally neutral
(Fig. 2); the W* ion also reacts with butane to form
dehydrogenation products [19, 20].

The reactivity of the oxo ions of metals strongly
depends on the bond energy D°(M*—0). Thus, the reac-
tivity of FeO* [21], CrO* [22], and OsO* [23] ions,
which have a low (70-85 kcal/mol) bond energy with
oxygen, increases when compared to naked metal ions
because of the appearance of new reaction paths with
the participation of the oxygen ligand (the formation of
OH groups and the oxidation of hydrocarbons). How-
ever, the reactivity of the VO* ion, which has a very
strong bond (134 kcal/mol) with the oxygen ligand, is
lower than that of V* [24]. In this case, the oxygen
ligand cannot participate in oxidation reactions; it only
occupies a coordination site at the metal ion.

Direct evidence for the capacity of Mo* and W+ ions
for insertion into the C—H bonds of hydrocarbons fol-
lowed by dehydrogenation was obtained with the use of
tandem mass spectrometry and ICR mass spectrometry
[19, 20].

Previously [20], it was found that Mo* ions react
with cyclopropane to form dehydrogenation products.
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Mo* + cyclo-C3Hg + C3Dg

%BMoCD}

100MoCHS

Mo* + cyclo-C3Hg

%MoOH3
<_/

98M O
S

Initial Mo*

113.90

Fig. 3. High-resolution mass spectra of the reaction prod-

ucts of Mo* ions with cyclopropane and deuterated propy-
lene (C3Dg) molecules.

It was also found that the Mo* ion is primarily inserted
into a C—C bond rather than a C—H bond. The C-H
bond energy in the cyclopropane molecule is suffi-
ciently high, equal to 106 kcal/mol, whereas the C—C
bond is weaker (~54 kcal/mol) [11].

This study of the interaction of Mo* ions with a
number of small alkanes and alkenes (C,—C;) demon-

strated that the MoCH, metallocarbene was formed in
small amounts (1-3% of the initial concentration of

Mo*) because of nonadiabatic electron-impact ioniza-
tion and the generation of the molybdenum ion in an

electronically excited state. The MoCH, ions were

formed with a maximum yield (10-15% of the initial
concentration of the metal cation) in the reaction with
cyclopropane.

The high resolution of an ICR spectrometer pro-
vides an opportunity to distinguish the composition of
complexes with close total ligand weights. With the use
of accurate values of relative atomic weights (to the
fourth and fifth decimal places), lines that correspond
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to complexes of different compositions can be identi-
fied unambiguously. Figure 3 demonstrates the frag-
ments of high-resolution mass spectra recorded at
mfz =114.

This fragment exhibits two lines, which were attrib-
uted to ®MoO* and **MoOH, ions. These ions are

formed by the interaction of Mo* with background oxy-
gen and water molecules. The complete removal of
these impurities is a serious problem, and a small frac-
tion of them is always present in the mass spectra. On
the other hand, lines due to these ions are reference
lines of sorts, which provide an opportunity to measure
more accurately m/z for organometallic ions formed in
this region of the spectrum.

On the addition of cyclo-C3Hg (Poyeo.cn, = 1 X
1077 mbar) to the vacuum system, the formation of

MoCH; metallocarbene species was observed, and a

corresponding line due to the '“MoCH; isotope
appeared in the above mass range (Fig. 3). The addition
of deuterated propylene (P¢p =1 % 1077 mbar) along
with cyclopropane to the system resulted in a decrease

in the line due to 'MoCH; and in the appearance of a
new line with a greater m/z. The accurate measurement
of the difference between m/z of this and other lines
makes it possible to identify unambiguously this line as

that corresponding to the ®MoCD) ion. On the addi-
tion of only C;D¢ to the system, this ion was not
formed, and only the dehydrogenation products

MoC;D; were detected. Intermediates with the com-

position MoCHD* were also not detected; this circum-
stance (the absence of rapid H/D exchange) suggests
that the exchange of CH, and CD, groups occurs in this
reaction system. It is likely that the metathesis reaction
occurs via the four-centered metal—cyclobutane inter-
mediate IIL.

. Mo—CH,

MOCH2 + C3D64> | |

CD,—CD
\

CD;

.
—»> MoCD; + C3H,D,

I
Scheme 2.

Evidently, the metathesis reaction is thermoneutral
because the energies of cleaved and formed bonds are
equal. It is likely that the occurrence of a particular step
of this reaction under the conditions of ICR experi-
ments is associated with the fact that the metallocar-
bene ion in an excited state is formed in the reaction
with cyclopropane.

Vol. 45 No. 4
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The interaction of MoCH, with deuterium (Pp, =
1 x 107 mbar) did not result in the formation of the
mixed products MoCHD* and MoCDj .

Attempts to increase metallocarbene concentration
in the gas phase by the interaction of the molybdenum
ion with diazomethane were unsuccessful because of
the degradation of the latter at the metal walls of the
vacuum system.

Previously [25], the oxidation of Mo* and W* ions
by various oxygen-containing oxidizing agents (NO,
0,, and N,0) was studied. It was found that, with the
use of N,O (D°%N,—O) = 44 kcal/mol), the consecutive
oxidation of metal cations to oxo ions occurred:

Mo* + N,O —> MoO* + N,, (I1T)
MoO* + N,O —> MoO; + N,, (IV)
MoO; +N,0 — MoOj; + N,. V)

This made it possible to estimate the bond energies
of oxygen D°(MoO; -O) (n = 0-2) in the oxo ions of
molybdenum: D°(Mo*-0O) > 151 kcal/mol; 151 >
D°(MoO*0) > 118 kcal/mol; 118 > D°(MoO5 —0) >
85 kcal/mol.

The Mo* ion reacted with ethylene oxide
(D%C,H,~O) = 85 kcal/mol) to form sequentially
molybdenum monoxide, dioxide, and trioxide cations

and the MoO,CH}, ion (see Fig. 4):

Mo* + C,H,0 —= MoO* + C,H,, (VI)
MoO* + C,H,0 — MoO; + C,H,, (VID)
MoO; + C,H,0 — MoO; + C,H,, (VIID)
MoO; + C,H,0 — MoO,CH, + CO. (IX)

The MoO,CH, ion resulted from a complex
intramolecular rearrangement (Scheme 3).

+ +
0

—_— 1|\|/[O“O éH
0O 3

. e
MOO2 + C2H4O — | Mo.. O\ |
i CH,

v
7C21;14/ l
MOO; 0
Il
. Q _C-H
M002CH4 46 1\|/|IO\
B CH;

o
VII

+

Scheme 3.
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148.00
mfz

147.95

Fig. 4. High-resolution mass spectrum of the reaction prod-
ucts of Mo™ ions with ethylene oxide.

The ethylene oxide molecule coordinated to the
molybdenum ion (V) isomerized into acetaldehyde
(VI) and was attacked by the metal ion at the C—C bond.
The subsequent decarbonylation of intermediate VII
resulted in the formation of the MoO,CHj ion. This
ion was isolated using the double resonance technique;
then, it reacted with D, (Pp, = (1-2) x 10~ mbar). It
was experimentally found that consecutive H/D
exchange rapidly occurred, and at least two hydrogen
atoms were readily exchanged for deuterium. This fact
suggests that the structure of the MoO,CH} ion can be
represented by intermediates VIII and IX (Scheme 4).

OH ’ OH "
1\:/[0 = CH2 -~ 1\:/|[0 - CH3
OH (0]
VIII IX
Scheme 4.

It is likely that H/D exchange can further occur
because the isotopic label in the structure of IX can be
redistributed to the organic fragment; however, this
process is slower, and it cannot be detected using the
ICR technique because of the high pressure of D, and
diffusion losses of ions to the cell walls.

Consecutive H/D exchange also occurred in the

reaction of the MoO,CH] ion with deuterated propy-
lene. Thus, the metathesis reaction was not detected.

Note that a great quantity of energy can be released
in the course of oxidation (reactions (IV) and (V)) to
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Table 2. Distribution of the products of Mo, O;' reactions with cyclopropane, %

Product
fon Mo,0,(C3Hy* | Mo,0,_(C3Hp)* | Mo,0,(CHy* Mo,0,(C,Hy)* Mo,0,(CH,)*
Mo* 100 - _ _ _
MoO* 100 - - - -
MoO), - 15 20 23 42
MoOy} - 100 - _ _
Mo, O, - 36 64 - _
Mo, 05 - 34 34 16 16
Mo, Oy - 100 - _ _
Mo;Og - 32 15 - 53
Mo; 0, - 100 - _ _

result in the excitation of reaction products. Excited
metal oxides can exhibit anomalously high reactivity.
Thus, Kappes and Staley [26] found that the vanadium
monoxide ion, obtained by the oxidation of a vanadium
ion with N,O, reacted with methane and hydrogen to
abstract a hydrogen atom, whereas the VO* ion (pre-
pared by the oxidation of V* with molecular oxygen)
did not react with the above reagents. This phenomenon
can be explained by the vibrational excitation of the
VOt ion in the highly exothermic oxidation reaction of
vanadium ions.

To decrease the effect of excited products, all the
subsequent experiments were performed with the use of
a Knudsen source. The ions formed by the electron-
impact ionization of *®MoQ; vapor were separated
using the double resonance technique; these ions
reacted with methane and cyclopropane.

The occurrence of oxygen ligands at molybdenum
ions did not result in the appearance of the products of
direct methane dehydrogenation; that is, reaction (X)
did not occur. This can be explained by the fact that the

formation of a carbene (:CH, ) from methane requires
energy consumption (111 kcal/mol). This value can
serve as an upper limit for the bond strength of MOXO;
ions with carbene (x = 1-3; y = 1-9), D°(Mo,O; ~CH,) <
111 kcal/mol.

Mo, Oy + CH, ~*> Mo,0,CH; + H,. (X)

The products of the oxidative dehydrogenation of
methane (reaction (IX)) were detected only for ions
with the MoOj stoichiometry (Mo,0g, M050,). Taking
into account the energy of abstraction of two hydrogen
atoms from the CH, molecule [18], the energies of for-

mation of the OH radical and the water molecule [18],
and the exothermicity of reaction (XI), the lower limit

of the bond energy DO(MoxO;, ,—CH,) is estimated at
82 kcal/mol (x=1-3;y=2,5, 8).

Mo,O;_, + CH, — Mo,0,CH; +H,0 (XD

Table 2 summarizes data on the distribution of reac-
tion products of molybdenum oxide ions with cyclopro-
pane. These data indicate that the addition of an oxygen
ligand had no effect on the reactivity of the molybde-
num ion. The reaction of dehydrogenation, which
occurred in the case of the Mo* ion, was also observed
for MoO™:

MoO* + cyclo-CsHg —= MoO(CsHy)* + H,.  (XID)

Here, the oxygen ligand was not involved in the
reaction. Cassady and McElvany [27], who studied the
interaction of MoO* with various hydrocarbons, arrived
at a similar conclusion. Based on this information, the
sufficiently strong Mo*—O bond (D° > 118 kcal/mol)
should not be cleaved in the course of the reaction.

H

l\l/[o+ l\l/lo+<> \I\I/Io+'\‘>
—+ — —
o PO 0
H

b
H-Mo™, ”
R fH;MOO(C3H4)+

— |

(0]

Scheme 5.

A hypothetical mechanism of the interaction of
MoO* with cyclopropane includes the initial insertion
of Mo™" into the C—C bond, the formation of a metallo-
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cycle, and a two-step transfer of a 3-hydrogen atom to
the metal ion (Scheme 5). The subsequent elimination
of H, results in the formation of the MoO*-allene com-
plex. This mechanism is identical to the mechanism
proposed for Mo* [20, 27]. The insertion of Mo* into
the C—H bond of cyclopropane can result in the same
reaction products as insertion into the C—C bond. How-
ever, as mentioned above, insertion into the C—C bond
is thermodynamically preferable.

The reactivity of MoO; in reactions with cyclopro-
pane is dramatically different from the reactivity of
Mo* and MoO*. Data given in Table 2 suggest that

MoO; readily eliminates an oxygen ligand to form

MoOC;H; and water.

MoO; + cyclo-C3Hs —> MoO(C;H,)* + H,0. (XIII)

However, the oxidative dehydrogenation of cyclo-

propane is not the main reaction path of MoO); . Insertion

into the C—C bond of cyclopropane is preferable, which
results in the degradation of the carbon skeleton and in the

+
MOO(C3H4) :@ H_1\|/IO
o

ORI A

475
formation of metal-carbene species:
MoOj; + cyclo-C;Hg —» MoO,CH; + C,H,, (XIV)
MoOj + cyclo-C3Hg —= MoO,C,H, + CH,, (XV)

MoOj + cyclo-C;Hg —» MoO,CH; + C,H,. (XVI)

Scheme 6 illustrates a hypothetical mechanism of
the formation of a metal-carbene species. An attack of
Mo* on a bond in the metallocycle results in the forma-
tion of intermediate X, which can eliminate either eth-
ylene (reaction (XIV)) or CH, (reaction (XV)). How-
ever, the conversion of intermediate X into intermediate
XI is a [2 + 2]-addition reaction, which is forbidden by
Woodward—Hoffmann symmetry rules. A theoretical
consideration of systems of this kind demonstrated that
this conversion becomes possible when the bond
mainly exhibits a & character [28]. Thus, the difference

in the reactivity of MoO* and MoO> can be explained
by the fact that MoO* largely exhibits an s character of the
bond as compared with Mo O . Formation of the reaction

product MoO,CH, occurs in the subsequent dehydroge-

nation of intermediate X. It is most likely that acetylene is
the neutral product of this reaction.

| | |
Mo* +/\ —~ 1\|/[o+<> — CHy=Mo*- I ——> MoO,CH;
—CoHy

0
XL | i MoO,C,H}

0)

|
CH,=Mo*
2 |O \\

l

H

|
M002CH4

H

Scheme 6.

Scheme 6 also demonstrates the mechanism of the
oxidative dehydrogenation of cyclopropane. In general,
it is identical to the reaction mechanisms of Mo* and
MoO* with cyclo-C;Hg. As the number of free coordi-
nation sites at the molybdenum ion decreases, the
attachment of a hydrogen atom to the oxygen ligand
rather than the metal ion becomes more preferable.
Next, cleavage of the strong OMo*—O bond is compen-
sated by energy released in the formation of the water
molecule.

KINETICS AND CATALYSIS  Vol. 45

No. 4 2004

Mot possesses five d electrons, which make it pos-
sible to form five covalent bonds. Molybdenum oxo
structures contain bridging and terminal oxygen atoms,
that is, Mo—O-Mo and -Mo=0 groups, even in aque-
ous solutions. However, the formation of ordinary
Mo*™O bonds, which are nontypical of the aqua forms
of molybdenum oxo ions, should be assumed in some
steps to explain the formation of the reaction products
in the gas phase.
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Based on the above consideration, one oxygen
ligand in the MoO3 ion should formally possess an
ordinary bond with the molybdenum ion. That is,
MoO; should be a radical ion, which exhibits an
enhanced reactivity. This may explain the observed
increase in the rate of MoO; reaction with cyclopro-
pane.

GONCHAROV

Because all the coordination sites at Mo* in MoO5
are occupied, reactions should occur with the insertion of
the Mo*™—O fragment into the C—C bond of cyclopropane.
The initial loss of an oxygen ligand is also possible; this
is highly probable because the third oxygen ligand is
bound less strongly than the others (Table 1) [25]. The
absence of free coordination sites prevents the forma-
tion of carbene species (Scheme 7).

o ol

| |

Mot + — O-Mo™ carbene
/\ Vio

/N
o O 0]

:

H

(0] (0]
I |
H_O_Ma| HH—O—I\I/IOJ'\ ” TS MoO,(C;H,)*
~ NN T2
(0]

0)

Scheme 7.

The oxo ions of molybdenum containing two and
three metal atoms retained the same reaction paths as in
the case of monomers, namely, the dehydrogenation of
cyclopropane and the formation of carbene particles
(Table 2). An increase in the particle size had no effect
on the reactivity of molybdenum oxo ions with cyclo-
propane.

For Mo, O} , the main reaction was the formation of

Mo,0,CH; , which occurred with the elimination of an

ethylene molecule. The formation of other carbene spe-
cies was not detected.

The Mo,0O: and Mo, Oy ions, which are structur-
ally equivalent to Mo O3 , enter into the same reactions
as MoO; . Some differences were observed in the dis-

tribution of reaction products. In the case of Mo;Oy,
the product Mo;O4(C,H,)* was not formed. In general,
it is believed that the reaction occurs via the same
mechanism as with MoOj . Previously, it was found

that dimers and trimers are stable under the reaction
conditions; that is, the fragmentation of these ions does
not occur in the interaction with cyclopropane.

The coordinatively unsaturated molybdenum oxo

ions Mo,0¢ and Mo;0O,, as well as their analog

MoOj5, only enter into the reaction of cyclopropane
dehydrogenation. The abstraction of an oxygen ligand
from these oxo ions can occur more readily because the
Mo*-O bond becomes weaker as the ionic size
increases.

Thus, the experimental results indicate that the
dehydrogenation of cyclopropane can occur at one
molybdenum atom surrounded by oxygen ligands.
Only coordinatively unsaturated molybdenum atoms
are reactive in the formation of carbene species. The
presence of a neighboring molybdenum atom can result
in a decrease in the Mo™—O bond energy on the one
hand and in steric hindrances on the other hand.

According to Vikulov et al. [29], the Mo=CH, bond
energy in complex XII is equal to 104 kcal/mol; that is,
it is consistent with the experimental data obtained by
the ICR technique.

O CH,

\V
Mo

N~ /N s

—Si—-0 O-Si—

/ AN
XII

Note that organometallic ions detected in this work
were considered previously as intermediate species in
order to explain the metathesis reactions of olefins and
the photoactivated adsorption of alkanes on supported
MoO;/Si0, systems [29, 30].
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