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Abstract—A set of oxygen-containing molybdenum oxide clustersMo,O, (x= 1-3; y = 1-9) was obtained with
the use of acombination of aKnudsen cell and aniontrap cell. Thereactions of positively charged clusterswith
C,—C, alcohols were studied using ion cyclotron resonance. The formation of anumber of organometallicions,
the products of initial insertion of molybdenum oxide ionsinto the C-O and C—H bonds of alcohols, and poly-
condensation products of methanol and ethanol were found. The reactions of neutral molybdenum oxide clus-
ters Mo, O, (x= 1-3; y = 1-9) with protonated C,~C, a cohols and an ammonium ion were studied. The follow-
ing limits of proton affinity (PA) were found for neutral oxygen-containing molybdenum clusters: (MoO) < 180,
(M0204, M0205, and MOSOS) =188+ 8, PA(MOOz) =202+ 5, PA(MOOS, M0206’ and MOSO()) > 207 kcal/mol.

INTRODUCTION

Supported molybdenum-containing catalysts in
oxide and sulfide forms are widely used in various
branches of chemistry and petroleum processing [1-3].
Large-scale processes such as the hydrofining of oil
fractions; the hydrogenolysis of C-S, C-N, and C-O
bonds [4]; the demetalation of petroleum [5]; and the
partial oxidation of organic compounds are performed
with the participation of these catalysts [3]. Another
area of application of molybdenum oxidesisthe hydro-
genation and dehydrogenation of hydrocarbons[6] and
the polymerization and metathesis of olefins|[7, 8].

The mechanisms of oxidation reactions with the
participation of molybdenum trioxide often include the
exothermic steps of oxygen transfer from the oxometal -
lic groups of a catalyst to an organic substrate [3]. It is
believed that the most important factors responsible for
the catalytic activity of molybdenum oxide are the oxi-
dation state of molybdenum and the occurrence of free
coordination sites at the oxide surface[9].

A great body of data on the activation of C-H and
C—C bonds in hydrocarbons by transition metal ions
has been accumulated in the past two decades[10]. Itis
assumed that the interaction of isolated (i.e., unbound
to ligands) metal ions with hydrocarbon molecules
occurs through the following four steps (Fig. 1):

(1) The formation of an amorphous complex
because of a callision followed by the interaction of a
metal ion with the dipole of aneutral molecule induced
by thision.

The energy of this interaction for a singly charged
ion and a hydrocarbon (C;-C,) is ~10-15 kcal/mol
(even at an initial energy of the ion—dipole system of

the order of KT). This energy is sufficient to overcome
internal barriers and insert the metal ion into a C—H or
C—C bond of the hydrocarbon.

(2) The oxidative addition of the metal ion at aC—H
(or C—C) bond of the hydrocarbon.

In this case, the cleavage of a 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 the
method of ion cyclotron resonance (ICR) makesit pos-
sible to observe the occurrence of only exothermic
reactionsin agas phase, the energy of final products, as
well as al the intermediate compounds, should be
lower than the energy of initia reactants. That is, the
total energy of the formed 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 3-hydrogen atom to the metal
ion (B-shift) with the formation of a dihydride-metal—
alkene complex (H-M*(H)-R).

A common trend isthat the 3-shift of hydrogen from
asecondary carbon atom occurs more readily than from
aprimary carbon atom. In the case of branched hydro-
carbons, the transfer of a hydrocarbon fragment, for
example, the CH; group, is also possible.

(4) The elimination of ahydrogen (or alkane) mole-
cule and the formation of the final metal—alkene com-
plex.

Inthis case, the metal ion can attack the next C—H or
C—C bond with the formation of secondary reaction
products. A comparison of data on 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

0023-1584/03/4404-0499%$25.00 © 2003 MAIK “Nauka /Interperiodica’



500

Energy, kcal/mol
40

30 +

20 -

MY+ A/

-10

=20

M _|+ H2

=30
Reaction coordinate

Fig. 1. Assumed reaction paths in the dehydrogenation of
the n-butane molecule with (a) Cr*, (b) Mo", and (c) W*
ions: 14 are the steps of the interaction of the metal ions
with hydrocarbons (see the text).

into the C—H bond (step 2) is strongly endothermic. It
is likely that in the reaction with Mo* ions the step of
addition at the C—H bond is almost thermally neutral
(Fig. 1), whereas W+ ions react rapidly with butane to
form dehydrogenation products [11].

The reactivity of metal oxide ions significantly
depends on the bond energy D,(M*-0). Thus, the reac-
tivity of FeO* [12], CrO* [13], and OsO™ [14], which
have small (70-85 kcal/mol) bond energies with oxy-
gen, increases, as compared with “naked” metal ions,
because of the appearance of new reaction paths with
the participation of oxygen (the formation of OH
groups and water and hydrocarbon oxidation). How-
ever, the reactivity of VO*, which has a very strong
bond (134 kcal/mol) with oxygen, is lower than that of
the V*ion [15]. In this case, oxygen cannot participate
in oxidation reactions; it only occupies one coordina-
tion site at the metal ion. Because of the occurrence of
ion—molecule reactions, the heat effect of reaction is
redistributed within the ion—mol ecule complex over all
the degrees of freedom. A common trend is that, if the
dissipation of an excessive energy from the ion—mole-
cule complex is hindered, the subsequent occurrence of
reactions that result in the products of multiple dehy-
drogenation is feasible. Therefore, the problem of the
presence or absence of excitation is closely related to
reaction conditions or, more precisely, to the intramo-

GONCHAROV

lecular and intermolecular mechanisms of energy
relaxation. Even at an initial ion energy of the order of
KT (i.e., thermal), the energy released can be conserved
in reaction products as kinetic, vibrational, or elec-
tronic excitation. This excitation can result in the accel-
eration of consecutive slow steps. In contrast, relax-
ation processes occur very rapidly at solid surfaces, so
that the energy of an exothermic reaction cannot be
used for performing the subsequent endothermic steps.

The unique catalytic properties of molybdenum
oxide gave impetus to research into the reactivity of
Group VI ionsin a gas phase.

Thus, theinteractions of Crt, Mo*, and W* ionswith
alkanes and alkenes were studied using ion-beam spec-
troscopy and ICR. It was found that the Mo* and W+
ions can activate the C-H bonds of hydrocarbons to form
organometallic products of dehydrogenation [11, 16].

Cassdy and McElvany [17] studied the gas-phase

reactions of Mo*, MoO*, and MoO, ions with low-

molecular-weight alkanes and alkenes using ICR [17].
The formation of hydrocarbon dehydrogenation prod-
ucts was also the predominant channel of these reac-

tions. Because the MoO* and MoO, ions possessed

sufficiently strong bonds D,(Mo™0O) and Dy(MoO*™-0)
(Table 1), the presence of oxygen had no effect on the

reactivity of the MoO* ion. The reactivity of the Mo O,

ion somewhat increased; in addition to dehydrogena
tion reactions, the products of C—C bond cleavage in
hydrocarbons were detected in the case of thision. Itis
believed that the main factor affecting the reactivity of
ionsis the number of accessible coordination sites.

The gas-phase reactions of Fe*, Cr*, and Mo™" ions
generated by multiphoton ionization with a number of
aliphatic alcoholswere studied by ICR [18]. Theseions
react with alcohols via the following three main chan-
nels: (1) insertion into the C-O bond (dehydration),
(2) insertion into the C—H and O—H bonds (dehydroge-
nation), and (3) C—C insertion. The Mo™ ion reacts to
cause mainly single or multiple dehydrogenation. The
dehydrogenation and insertion into C—-C bonds were
observed only in branched alcohols.

Previously [19-23], we studied the preparation of

molybdenum oxide cluster ions Mo, O;, xX=1-5;y=
1-15) in agas phase and their reactionswith small mol-
ecules. It was found that large oxides (x = 4, 5) were
unstable under reaction conditions. Molybdenum oxide
ions reacted with cis-C;H, by inserting into C—C and
C—H bonds of the hydrocarbon to form carbene species
and dehydrogenation products. In this case, the reactiv-
ity of the ions was independent of the number of metal
ionsin the cluster [23].

It thiswork, an attempt was made to study the reac-
tivity of molybdenum oxideion clustersMo,O; (x=1-3;
y = 1-9) in reactions with methanal, ethanol, 2-butanal,
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Table 1. Bond energiesin neutral and charged molybdenum oxides, ionization potentials (PI), low-energy structures of mo-
lybdenum oxides, and energy (in terms of an atom)

Bond energy, kcal/mol

Energy
; PI, reference data ; interms
Oxide keal/mol [24] calculated data experimental Optimum structure of an atom,
M*-O arb. u.
M-O |M=M00O;| M*-O |M*-M00;
MoO 173 | 120 - 98,5 - <151 [28] -80.1
—(O

118 + 2 [29]
MoO, 217 | 158 - 121 - >118 [28] 925

131+ 5[29]
MoO; 277 143 — 83 - >85<118[28] —-89.7

<127 [30] O/K

62+ 7 [28]
Mo,0, - - - - - - Q—Q—Q—o{é —85.8
Mo,Os | 238 | - - - - - i/\o—o—-g@ —90.8
Mo,Os | 280 | 104 | 114 56 112 | <127[30] @X%O -89.0
MosOg | 282 - - - - - W -88.7
MosOy | 277 | 53 86 58 86 <127 [30] ?ﬁé -945
Mo,Oy1 - - - - — _ W 826
M0,Oy, | 277 - 73 - 73 _ w —85.6
MosOy5 | 277 - 76 - 78 - W -83.6
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Fig. 2. Mass spectrum of the positive ions of molybdenum
oxides obtained by the evaporation of **MoO; from a
Knudsen effusion source; 600 K (figures at the peaks corre-
spond to the value of yin theformuIaMoxo; ).

and 2-methyl-2-propanol (tert-butanol) and the proto-
nation reactions of neutral molybdenum oxide clusters
with gas-phase bases.

EXPERIMENTAL

The experiments were performed on a Bruker-Spec-
trospin CMS-47 ICR mass spectrometer with an
Oxford Instruments 4.7-T vertical cryomagnet
equipped with a cubic ion trap cell (33 mm). The vac-
uum system of the spectrometer was pumped out with
an ion pump (pump speed of 160 I/s) to a base pressure
of (1-2) x 107 Pa(at room temperature of the plates of
the ion trap cell). A Bayard-Alpert ionization gauge
was used for pressure measurements. Molybdenum
oxide clusterswere generated by evaporating molybde-
num trioxide from a Knudsen quartz cell. The Knudsen
cell equipped with a bifilar heater was mounted on the
holding plate of an ICR cell on the anode side. This
design provided the heating of the cell over atempera-
ture range of 300900 K without considerable gas evo-
lution and magnetic field destabilization. The tempera
ture control was performed with a Chromel—Alumel
thermocouple using a calibration function (tempera-
ture-heater current); a-Al,O; powder was used asaref-
erence substance. The arearatio was §s > 1500, where
Sistheinternal surface area of the Knudsen cell, and s
is the area of the orifice. The dry isotope of molybde-
num trioxide (VO |zotop) was enriched in the **Mo iso-
tope by 97%. The use of a monoisotopic sample (natu-
ral abundance of molybdenum isotopes. Mo (61.5%),
%Mo (38.3%), Mo (65.9%), **Mo (39.6%), **Mo
(100.0%), and 1Mo (39.9%) simplified the mass spec-
traand increased the sensitivity of the method to heavy
ions by one order of magnitude.

Molybdenum oxide ions were generated from
molybdenum trioxide vapor using electron impact
(70 eV). Analcohol pressurein the vacuum system was
usually equal to ~(1-2) x 10~ Pa. The ICR spectrum
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was excited using a standard sequence of electron
pulses, which was repeated dozens of timesto obtain a
reasonable level of signal-to-noise ratios. The ICR
spectra were measured in a Fourier transform mode.
The mass window limits varied from 2 to 10 amu
depending on the test massrange. The accuracy of mea-
suring ratios between ion products was 10%.

A double-resonance technigue was used for study-
ing the mechanisms of ion—molecule reactionsin a gas
phase. This technique makes it possible to remove ini-
tial ions with a specified mass-to-charge ratio at the
beginning of each particular experiment. In this case,
the observed changesin ICR spectra provided informa-
tion on the reactions occurring.

Figure 2 demonstrates the mass spectrum of molyb-
denum oxide ions (70 eV) obtained by evaporating
molybdenum trioxide **MoO; at 600 K. It can be seen

that molybdenum oxide cluster ions Moxo;, which
contained different numbers of metal and oxygen
atoms, were formed. At the beginning of each particular
experiment, foreign ions were completely removed
using the double-resonance technique; the remaining
ions with a chosen value of myz reacted with neutral
molecules; next, the reaction products were detected.

The double-resonance technique was also used for
the collision-induced dissociation (CID) of ion prod-
ucts. Inthis case, the parent ion was accel erated to hun-
dreds of electronvolts; it collided with a neutral gas
(Ar). Based on the detected ionic fragments of the par-
ent ion, conclusions about theinitial structure of theion
on the empirical formulalevel can be drawn.

RESULTS AND DISCUSSION

Bond Energiesin Molybdenum Oxide lons:
The Sructure of Molybdenum Oxides

The kinetic method of the destructive addition of
ligands was used for the experimental determination of
metal-igand bond energies. Let us consider the reac-
tion of ametal ion M* with aneutral moleculeL,L,:

M +L,L,— ML +L,. @

Because only exothermic reactions can be observed
by ICR, 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
Dy(L,-L,). However, the absence of the products of
reaction (I) cannot always be considered as evidence
for the fact that the upper limit of the bond D,(M*L))
is lower than Dy(L,—L,) because of the conceivable
presence of a great energy barrier.
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The bond energies of oxygen atomsin molybdenum
oxide ions were eva uated using the following thermo-
dynamic cycle:

ML DoMLY) M*+ L

TPI(M*)
M+L

Do(M™—L) = Dyo(M-L) + PI(M) —PI(ML),

where Pl isionization potential.

The calculated values of Dy(M*-L) are given in
Table 1 with the bond energies of oxygen in neutral
molecules and their ionization potentials. The bond
energies and ionization potentials (PI) of neutral mole-
cules were taken from [24]. Data presented in Table 1
suggest that molybdenum oxide ions with the retained
stoichiometry MoO; exhibited the least strong bond
with oxygen. Thus, it would be expected that the reac-
tivity of ionswith the least energy of the molybdenum-—

oxygen bond, that is, (MoO;)y , in reactions with alco-
hols will be maximum.

The structures of various molybdenum oxides were
studied using asimple model of pair potentials. Molec-
ular geometries resulted from the minimization of the
total energy of a molecule with the use of the following
potential function:

Ui = Uyo+ Uym *+ Ueo, (D

where U, is the total energy of the system; U, is the
Coulomb energy of the interaction of molybdenum and
oxygen; and Uy and Uy, are the energies of the inter-
actions of oxygen and molybdenum atoms with each
other, respectively. The energy was calculated as the
sum of the Coulomb interaction and the Born—Meyer
repulsion

TPI(M L")

M—L DoML) (H)

Uy = 20+ Aexpl =], o)
ij P
where U;; is the Coulomb energy of the interaction of
ithand jth atoms; r; istheinternuclear distance for each
pair of atoms; ¢ and q; are the formal atomic charges
determined from the stoichiometry; A and p are vari-
able parameters, which were chosen so that bond
lengths in a monomer and in the bulk molybdenum tri-
oxide were retained. The values of A = 2256 e%/A (eis
the electron charge) and p = 0.181 A were used in the
calculations. The absence of the Mo—Mo bond was
assumed in the calculations. A similar model was used
for determining the geometries of cobalt and titanium
oxideions[25-27]. Theresults of the calculations dem-
onstrated that the oxygen-deficient and stoichiometric
oxides can exhibit different structures, which are
responsible for differencesin reactivity.

Several low-energy isomers were found for each
molybdenum oxide. Table 1 summarizes optimum
structures for all the molybdenum oxides together with
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the calculated total energies of the molecules and ener-
giesin terms of a cluster atom.

Among the structures presented, Mo O, and MoOj

ions contain structurally and energetically equivalent
oxygen atoms.

An exact quantum-chemical calculation of the struc-

ture and bond energy of the Mo O3 ion, which was per-
formed by Schwartz et al. [29], demonstrated that the

Mo O3 ion (2A,) exhibits C,, symmetry. All the oxygen
atomsare equivalent (see structure); that is, deviations
from the corresponding datafor the neutral molecul e of
MoO; are small (ry;,o = 1.70 A).

1.72 A 104.5° o, 1.89A
|v|| o: 1123° M 620
a
o © O'™\166A
I I

The energy of structure IT of MoO; (?B,) is insignifi-

cantly higher (by 4 kcal/mol) than that of structure I.
However, The symmetry is reduced to C;,, and oxygen
atoms are structurally and energetically nonequivalent;
this is most clearly pronounced in the structures of
dimers and trimers.

The structures of dimers and trimers (Table 1) con-
tain bridging and terminal oxygen atoms. The (bridg-
ing) oxygen atoms of Mo—-O-Mo corner groups are
more strongly bound; the highest electron density is
concentrated at these atoms because of the weaker d—
P, reverseinteraction. It isbelieved that these atoms are
the localization sites of external protons in heteropoly
acids[31, 32].

Among the clusters presented, the Mo;O, ion

exhibit a cyclic structure, which is the thermodynami-
cally most favorable; the cyclic Mo;0, fragment isalso

retained in the structures of Mo, Oy, and MosO35 ions.
According to gas electron diffraction data for neutral
molybdenum trioxide Mo;0, [33], the Mo-O distances
in this structure are as follows: Mo-Oenay Of 1.67 A
and Mo—Oyyigging Of 1.89 A. Because of its unique

structure, the Mo, O, ion would be expected to exhibit
reactivity different from that of monomers and dimers.

Reactions of Neutral Molybdenum Oxide Clusters:
Proton Affinity

ICR spectrometry is among the few techniques that
can be used to determine the acidity or basicity of
unsolvated molecules [34]. The other techniques are
ordinary high-pressure mass spectrometry, where two
mol ecules compete for aproton, similarly to the case of
the ICR method, and a combination of the heats of for-
mation of other substances, in which the proton affinity
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can be calculated from mass-spectrometric data on the
appearance energy or other sources. The proton affinity
(PA) of amolecule (M) is defined as the negative of the
enthalpy change for the reaction

M+H — MH" (11D
in agas phase. The enthalpy change for reaction (I11) is

—PA = AH = AH,(MH") —AH{(M) —AH;(H"). (3)

The enthalpy of formation AH{(H*) of the H* ion is
equal to 365.48 kcal; the enthalpies of formation of
hundreds of small molecules are known [30], so the
determination of proton affinity depends only on the
capabilities of measuring AH(MH?).

lon cyclotron double resonance experiments pro-
vide an opportunity to determine narrow ranges of the
proton affinities of simple molecules. The principle of
double resonance is that aradiofrequency (RF) pulseis
used not only for the excitation of cyclotron motion fol-
lowed by the detection of ions but also for the transla-
tional excitation of selected ions. The use of this tech-
nigue makes it possible to perform tandem mass-spec-
trometric experiments in an |CR spectrometer.

Double resonance pulses can be used for the
removal of specified ions from a cell and/or for the
tranglational excitation of ions and for the accomplish-
ment of exothermic reactions. Measurements are indi-
rect, and they require knowledge of the proton affinities
of other molecules. To determine the limits of AH; for
the MH* ion, let us consider the acid—base reaction

M, +M,H —= M;H" + M,. V)
The enthalpy of reaction (IV) is
AH = AH{(M,H") + AH{(M,) @
—AH{(M;) —AH(M,H").
The enthalpy of the molecule of interest is
AH{(MH") = AH—AH{(M,) -

+AH(M,) + AH;(M,H").

The enthalpy of reaction (IV) is unknown; however,
its sign can be determined from the measurement of a
double resonance signal asafunction of the irradiating
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RF field. Among termsin the right-hand side of Eq. (4),
only the first term is unknown. If it can be considered
negative based on ICR experiments, the sum of the
other three terms determines the upper limit of the
enthalpy of formation. If the M,H* ion serves as a par-
ent reactant ion in another reaction of this type and
gives a negative signal of double resonance, the lower
limit of the enthalpy of formation of the M,H* ion can
be established. Very narrow limits for determining this
value can be established with a careful selection of
reactions.

The above method is widely used. The direct mea-
surement of the equilibrium constants of gas acid-base
reactions in an ion trap cell is aso feasible. It gives
results that are more accurate; however, unfortunately,
it isrestricted by a narrow dynamic range of 1CR spec-
trometers (~10°%).

By now, the proton affinities of several hundreds of
molecules, primarily, organic, have been measured.
The measurement of this quantity for inorganic sub-
stances is associated with considerable difficulties; the
main problem is the sublimation of solid substances.

The proton affinity was determined as described
below. Alcohol vapor or ammonia was admitted to the
vacuum system of an ICR spectrometer with an operat-
ing effusion source. Next, the electron impact (70 eV)
resulted in theionization of all neutral moleculesin the
volume of the ICR cell. Subsequently, molybdenum-
containing ions were completely removed by double
resonance pulses; in this case, only the parent ions of
alcohols or ammoniaremained. In this case, thefollow-
ing reactions occurred:

ROH" + ROH —» ROH, + RO, (V)

ROH; + Mo,0, —~ ROH + Mo,O,H", (VD)

where R isthe akyl residue of the alcohal.

The occurrence of the reaction via this path was
tested using the double resonance technique. Knowing
the proton affinity of the molecule of base B, the upper
and lower limits of the proton affinity can be evaluated
for various molybdenum oxides.

Table 2 summarizesdataon protonation reactions and
the proton affinities of various bases taken from [35].

Table 2. Reactions of proton transfer from protonated alcohols and the ammonium ion to oxygen-containing molybdenum

clusters and the proton affinities of various bases [35]

Base PA, kcal/mol MoO MoO, MoO; | M0,O4 | M0,O5 | M0,Og | M03Og | M03Og
CH;0H 180 - + + + + + + +
C,HsOH 186 - + + + + + * +
is0-C4HoOH 197 - + + - — + - +
tert-C4H90H 206 - + + - — + —_ +
NH; 207 - - + - - + - +

KINETICS AND CATALYSIS Vol. 44 No. 4 2003
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Molybdenum oxide molecul es with the stoichiome-
try MoO, were protonated in the presence of al the
bases. Thus, they exhibited high proton affinity:

PA(Mo00O;, M0,04, M0;0,) > 207 kcal/mol.

The MoO, molecules were protonated by all the

acids except for NHj, and the reaction with tert-
butanol was very slow. The value of PA(Mo00O,) should
be close to PA(tert-C,H,OH) = 206 kcal/mol. Accord-
ing to our estimations, PA(MoO,) =202 + 5 kcal/mol.

The Mo,0,, Mo,0,, and Mo;O; molecules were
protonated very dowly inthe presence of ethanol. Their PA
values should be close to PA(C,Hs;OH) = 186 kcd/mol:

PA(M0204, M0205, M0308) = 188 + 8 kca|/m0| .

Finally, the MoO molecules were not protonated in
the presence of any acid; this fact suggests a low PA
value:

PA(MoO) < 180 kcal/moal.

More accurate proton affinity values could be
obtained by studying in detail the equilibrium between
protonated and unprotonated species. However, this
wasimpossible because the partial pressures of individ-
ual molybdenum oxides cannot be determined.

Reactions with Methanol

Four main reactions occurred in the interaction of
molybdenum oxide ions with methanol in a gas phase.
First, the reactions of formaldehyde and water elimina:
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tion and methanol oxidation to formaldehyde took
place:

Mo, Oy + CH;OH —»~Mo,0O,H; + CH,O,  (VII)

Mo, Oy + CH;OH —~Mo0,0,CH; + H,0.  (VIII)
Second, Mo,0,CH; and Mo,0,CH, ions were
formed:

Mo,0; + CH;OH —~ M0,0,CH; + OH,  (IX)

Mo, Oy + CHzOH—~ Mo,0,CH; +O". (X)

Moreover, Mo, Og ions can react with several mole-

cules of methanol to form alonger carbon chain. Table 3
demonstrates the distribution of reaction products.

Previoudly [18], it was found that Mo* reacts with
methanol to quantitatively dehydrogenate it to formal-
dehyde. The products of reactions that occur with the
initial activation of C—O bonds were not detected.

Reactions of MoO*

The addition of an oxygen atom somewhat changed
the reactivity of the metal ion in reactions with metha-
nol. MoO* also dehydrogenated methanol; however,
the elimination of formal dehyde rather than a hydrogen
molecule, asin the case of Mo*, was preferable.

MoO" + CH,OH —~ MoOH; + CH,0. (XI)

It is interesting that reaction (XI) is analogous to the
oxidative dehydrogenation of methanol to formalde-
hyde, which occurs on heterogeneous catal ysts contain-

Table 3. Distribution of products (%) of the reactions of Moxo;' ions with methanol and CD;0H

Alcohol Reaction products MoO*" | MoO, | MoO; | Mo,0; | Mo,O: | M0,Og | M0osOg | M0;Oq

CH30H | Mo,O,H; + CH,0 100 16 14 28 25 6 15 21
Mo,0,CH3 +H,0 - 15 - 38 17 33 18 -
Mo,0,CHj + OH - 32 54 34 17 61 19 50
Mo,0,CH; +O - 37 32 - 41 - 48 -
Polycondensation products - - - - - - - 29

CD4OH | Mo,OgHD* + &éD,0 100 10 14 29 16 35 20 27
M OxOyCDZ +HDO - 17 - 29 28 27 15 -
M OXOyCDg +OH - 38 43 42 28 38 15 44
Mo,O,CDzH* + O - 35 43 - 28 - 50 -
Polycondensation products - - - - - - - 29

KINETICS AND CATALYSIS Vol. 44 No.4 2003



506

ing molybdenum oxide [36]. It is assumed that the redl
catalytic process occurs in two steps. The first step is
methanol oxidation accompanied by surface reduction.
Reaction (XI) is a gas-phase model of this step. The
second step is surface oxidation with atmospheric air,

which is analogous to the oxidation of MoOH, with
oxygen. The possibility of catalytic oxidation reactions
occurring in a gas phase in the presence of transition
metal oxide ions was demonstrated previously [28].
Because the Mo*-O bond is sufficiently strong
(>118 kcal/mol), we believed that the oxygen ligand
did not participate in the reaction, as is the case with
cyclopropane [23]. However, it is likely that the right
answer can be obtained with the use of the CH;'*OH
methanol.

Reactions of Mo O}

The reactivity of MoOj is much higher than the

reactivity of MoO*. MoO, also entered methanol

dehydrogenation reactions, which occurred with the
elimination of both formaldehyde and water. The

Table 4. lonization potentials (Pl) and the energies of C—H,
C-0, OH, and C—C bonds in alcohol molecules

Bond k callzlnrr%?)fz 4] IP, kcal/mol
CH5;—OH 91.6 254
CH3;O-H 102.4
H-CH,OH 91.7
C,Hs—OH 911 244
C,H:O-H 101.5
CH3CH(OH)-H 90.2
CH;—CH,OH 85.1
C,HsCH(CH3)-OH 91.3 235
C,HsCH(CH5)OH 102.1
C,HsCH(OH)-CHg 86.5*
C,Hs—CH(OH)CH4 777
(CH3)3C-OH 92.7 227
(CH5),COH 103.8
CH3;—C(CH,),0OH 81.2*

* Datafrom [18].
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MoO,CH;, product can exhibit two different structures:
the coordinated formaldehyde OMo™-CH,O and the
carbene species O,Mo*™=CH,. The collisional activation
of this product resulted in the formation of Mo* (35%),
MoO*(50%), and MoCH,O*(15%). These data unam-
biguously suggest the presence of two ligands in the
structure, oxygen and formaldehyde. Thus, methanol

dehydrogenation occurs by the activation of the C—H or
O—H bond of methanal.

Data given in Table 3 demonstrate that, as distinct
from Mo* and MoO*, the MoO, ions can be inserted

into the C-O bond of methanol. The MoO,CH3; and
MoO,CHj ions are the main products of thisinsertion.

The formation of these products from MoQ, was
found using the double resonance technique.

Other Oxides

The main reaction of MoOj is the formation of
MoO,CH3 ions, because one oxygen ligand in the

Mo og ion has a free valence, which is responsible for
its higher reactivity. Theinteraction with the CH; group
results in the occupancy of this vacancy, and the reac-
tion is strongly exothermic. The reaction can occur via
theinsertion of the Mo*—O fragment into the C—H or C—
O bond of methanol. The tendency for ions with the
general stoichiometry MoOj; to form Mo,O,CHj is
retained. The participation of structurally similar

MoO; and Mo,O; ions in the reaction resulted in
almost identical reaction products. However, the reac-
tivity of cyclic Mo;Og ions is dramatically different
from that of other oxide ions.

The reaction occurring with the loss of awater mol-

eculeisthe main reaction of Mo, O, ions. Thisfact sug-

gests that the more bulky the oxide ion, the more pref-
erable hydrogen atom transfer to the oxygen ligand,
which resultsin the formation of H,O.

Coordinatively unsaturated ions with the genera
stoichiometry Mo, O3, _, namely, MoO, , Mo, O; , and

Mo;Og , exhibited similar linear structures and almost

the same reactivity. Only insignificant differences were
observed. Thus, the insertion into the C-O bond of

methanol is a predominant process for Mo,O; and

Mo; 05 ions. However, the fraction of the Mo,0,CHj

product increased with the number of molybdenum
atomsin theion. It is likely that the loss of an oxygen
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ligand occurred more easily because of a decrease in
the M*-O bond energy with oxide size.

Generally, molybdenum oxide ions are usualy
inserted into the C—O bond of methanol rather than the
C—H bond, aswell asthe Mo* ion. The greater the num-
ber of oxygen atoms attached to the molybdenum ion,
the greater the amount of products of the reactions that
occur viainitial insertion into the C-O bond. Theinser-
tion of the metal ion or ametal oxideinto the O—H bond
of methanol can result in the same reaction products as
in the case of insertion into the C—H bond. However, in
our opinion, the insertion into the O-H bond can be
energetically unfavorable because this bond is the
strongest bond in the molecule of methanol (Table 4
summarizes data on the energies of C—H, C-O, C-C,
and O—H bondsin alcohol molecules). Therefore, inthe
subsequent discussion, the reactions are considered to
occur viainitial insertion into the C—H and C-O bonds
of alcohols. Scheme 1 illustrates a conceivable reaction
mechanism.

+ + ﬁHZ M(CH,O)*
HoM"—CHz—OH — HM ™[ o M(CH0)

o) OH
[C—H ‘®~ M(H,0)*

insertion
+

M, CH,0H
o)
lc—o .
insertion
HO-M*— CHy—0
o _ o~ MO(CH,)*

Scheme 1.

Theinsertion into the C-O bond is accompanied by
the formation of the Mo,O,(CH;)(OH)* intermediate.
The elimination of one of the ligands (OH or O) results
in the formation of afinal product of the reaction.

To test the proposed mechanism, the reactions of
molybdenum oxide ions with the isotopically substi-

M(OH)(CH;)*
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Relative intensity, %
Mo;0,* + CH;0H

60 & Mo;0§
n M0309CH;
A Mo,0,C,H!

40 ® Mo;04C;H7

20

Time, s

Fig. 3. Kinetic curves of methanol polycondensation on the
+
Mo; Q4 cluster.

tuted methanol CD,OH were studied. Table 3 summa-
rizes the distribution of reaction products. The same
products as in the reaction with CH;OH were detected.
The formation of a product such as Mo, O,CD,H"* fully
confirmed the proposed mechanism.

Polycondensation Reactions

It was found that Mo;Og ions exhibit unique reac-

tivity. They can consecutively react with several mole-
cules of methanol to form polycondensation products:

Mo,0g + 2CH,OH
_ (XII)
—» M0;0,4C,H; + H,0 + 'OH,
Mo,0q + 3CH,OH
(XIID)

—» M0;0,C5H7 + 2H,0 + "OH.

Table 5. Theoretical and experimental rate constants of the methanol polycondensation reactions

k: k:
M0;05 —Lr M0;04CH? ~2> M0,04C,Hg —2> M0;04C5H:

M0;05 % M0;04CD’, ~2» M0,0C,Dy ~£»M0,04C3D5 %~ M0;04C3HsD5

ki x 10719, cm?/s Experimental Calculated Kexpt! Keeor
K, 12 7.8 0.15
k, 0.93 7.8 0.12
ks 0.12 1.7 0.02
ki 1.07 74 0.14
K, 0.67 7.4 0.09
k5 0.33 6.6 0.05
K, 0.08 7.3 0.01
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The Mo;04,C,H; product was structurally charac-

terized with the use of the collisional activation of ions,
which resulted in fragmentation. The main fragments

were Mo,OsC,H:  (22%), Mo;Og  (22%), Mo,OgH*

(18%), Mo;04C, Hj (15%), Mo;Og (9%), and Mo;O,H*
(6%), aswell as cluster degradation products. Thus, the
conclusion that one hydrocarbon ligand (C,Hs or C,H,)
rather than CH; fragments is the constituent of

Mo;0,C,H; can be drawn from the data.

The above reactions are the polycondensation of
methanol molecules, which occurs on the molybdenum
oxide ion (Fig. 3). Note that similar reactions are well
known for homogeneous and heterogeneous catalysts
containing molybdenum trioxide, such as heteropoly
acids, and for zeolites [37—42]. Table 5 summarizesthe
rate constants of polycondensation and the constants
calculated using the L angevin—Gioumousis-Stevenson
theory. A comparison between the experimental and
theoretical values demonstrated that the reaction did
not occur at every collision.

GONCHAROV

The interaction of Mo;Og with CD;OH also gave

the products of deuteriomethanol polycondensation.
lons that contained only deuterium were mainly
formed: Mo;0,C, D5 and Mo;0,C;D5 . Itislikely that
in these ionic species one deuterium atom can be
readily exchanged for hydrogen in collision with meth-
anol molecules because the spectra exhibited the fol-
lowing products after a short time (~0.2 9):
M0309C2D4H+ and MO3O9C3D6H+.

The question of the mechanism of formation of the
first C—C bond in the interaction of two methanol mol-
eculesin the presence of acatalyst is still an open ques-
tion. Various mechanisms were proposed: from a car-
bene mechanism to a free-radical mechanism [37—42].
The participation of an active C, intermediate in cat-
ionic form seems most likely [43].

It is believed [42] that Brensted acid sites are
responsible for the transformations. According to the
mechanism proposed by Ono and Mori [40], the first
carbon bond is formed via a pentacoordinated interme-
diate in accordance with Scheme 2.

CH,OH + [H]" —» [CHJ] " + H,0,

H
[CH3]+ + CHSOR I

CHs3

--CH,0

+

—r CHyCH,0R —__~ CH,CH,

Scheme 2.

In our case, it islikely that charge transfer to a car-
bon atom with the formation of a Mo-O—H intermedi-
ate can occur with bulky molybdenum oxide ions. In
this intermediate, charge transfer to the hydrogen
makes it more reactive. The possibility of this transfer
was supported by the high proton affinity of molybde-
num oxides with the stoichiometry MoO;. As demon-
strated above, these oxides can undergo protonation in

a gas phase in the presence of CH;OH ions (PA of
methanol is 186 kcal/mol) according to reaction (XV).
CH,OH" + CH,OH —~ CH;0OH; + CH;0, (XIV)

Mo,0, + CH;OH; — Mo,O,H" + CH;OH. (XV)

Moreover, the ionization potentials of alcohols and
molybdenum oxides are significantly different (datain
Tables 1, 4); charge transfer from an oxymetdlic center to
an acohol molecule is exothermic by 23-50 kca/mal.
The hypothesis about possible proton transfer was aso
supported by the exchange of only one deuterium atom
for hydrogen. In a condensed phase, a carbocation can
also be formed because of proton transfer. It is well
known that the proton can also facilitate the formation
of alkanes and akenes from alcohol molecules [44].
Based on the experimental data, we proposed a
mechanism for the formation of the C—C bond in a gas
phase. Thefirst step of the proposed mechanism, which
is presented in Scheme 3, isthe formation of a carboca-
tion. Next, the interaction of the carbocation with the
methanol molecule resultsin chain propagation.

. ,CHz
RH H, RT L CHy H R _RCH3
o, 0 o 0o *9 o 0 o, 0
MO+ — MO 1,0 0 — MO+ N R = CHz, C2H4
VAN 7 N\ 2 VRN VAR
Scheme 3.
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The mechanism that includes methanol dehydra-
tion with the formation of carbene (CH,:) is an alter-
native to the proposed mechanism. This mechanism
was invoked previously to explain methanol conver-
sion on zeolites [43].

The corresponding intermediate Mo;O,(CH,)* was
also detected in a gas phase (Table 3); however, thisis
not the main reaction path. The removal of this primary
product using the double resonance technique did not
affect the concentration of secondary products.

An intriguing question is the question of why only
Mo, Og ions can enter the reaction with several metha-

nol molecules. As mentioned above, two main fac-
tors—energetic and geometric—are responsible for the
reactivity of heterogeneous catalysts containing molyb-

denum trioxide. The Mo; Qg ions have a low binding

energy with oxygen; because of this, oxygen can partic-
ipate in reactions, as was also observed in other bulky

oxide ions. However, Mo;Og exhibits a unique struc-

ture: all theatoms are very compactly arranged, bearing
aresemblance to a part of a surface. Because of this, in
the reaction with two methanol molecules, they can be
arranged in the most favorable manner, which isimpos-
siblein the case of lighter oxide ions.

Reactions with Ethanol

Previoudly [18], the interaction of Mo* ions with
ethanol was studied. It was found that Mo* ions enter
only the reactions of single and double dehydrogena-
tion of ethanol. The fraction of the single-dehydrogena-
tion products MoC,H,0" was 40%. The products of
alcohol dehydration (i.e., insertion into the C—O bond)
and C—C bond cleavage were not detected. Thus, Mo*
was specifically inserted into the C—H or O—H bond of
ethanol. Data in Table 4 indicate that the C-H bond
(90.2 kcal/mol) in ethanol is somewhat stronger than
the C—C bond (85.1 kcal/mol); however, insertion into
the C—C bond did not occur. Itislikely that the predom-
inant cleavage of the C—H or O—H bond was due to the
formation of more highly stable intermediates and

products because D,(M*-OH) is usually greater than
Dy(M*-CH,) [45].

Table 6 summarizes the test reactions of Mo,O;
with ethanol and the distribution of reaction products.
Molybdenum oxide ions react with ethanol via four
main reaction paths. acetaldehyde elimination, single
and double dehydrogenation, and formation of the
MoXOyCZHg ion. Almost the same products (acetalde-
hyde, water, diethyl ether, and ethylene) were detected
inastudy of ethanol conversion on aheterogeneous cat-
alyst containing molybdenum oxides [46]. Acetalde-
hyde (96%) was the predominant product of reactions
that occurred on MoO;, whereas ethanol dehydration

was the main process in reactions that occur on het-
eropoly acids [46-48].

Reactions of MoO*

As in reactions with methanol, MoO* reacts with

ethanol to form the MoOH;, product and to eliminate
an acetaldehyde molecule. However, the spectrum also

exhibited MoOC,H product ions. There are two dif-

ferent structures of thision: first, an aldehyde molecule
coordinated to the molybdenum ion and, second, ethyl-
ene coordinated to the molybdenum ion and an oxygen

ligand. The activation of MoOC,H, resulted in the

appearance of MoO* ions and MoC,H; traces in the
spectra. Thus, the product contained the ethylene mol-
ecule; that is, the reaction of ethanol dehydration took
place. It is most likely that the oxygen ligand did not
participate in the reaction because of the strong Mo*-O
bond. The participation of the oxygen ligand can be
determined more accurately with the use of the isotopi-
cally substituted ethanol C,H;'3OH.

Other Oxides

Both Mo,0,_,(H,0)* and Mo,0,C,H; ions were
formed in the interaction of other oxides with ethanol.

Table 6. Distribution of products (%) in the reactions of M oxo; ions with ethanol

Reaction products MoO* | MoO, | MoO; | Mo,0, | Mo,Of | Mo,0; | MosO5 | MosOq
Mo,O,H; + C,H0 84 38 16 34 24 19 29 34
Mo,0,C,H; +H,0 16 22 27 28 26 33 21 18
Mo,0,_1C;H; +2H,0 - 13 27 20 30 48 42 48
MoxOyCZH; + "OH - 27 30 18 20 — 8 -
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Fig. 4. Kinetic curves of the copolycondensation of CD;0H
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The structure of these ions is unclear. However, it is
well known that Mo* selectively dehydrogenates
hydrocarbons and alcohols via insertion into the C-H
bond. The reactions of molybdenum oxide ions with
methanol demonstrated that the presence of oxygen
ligands makes preferable insertion into the C-O bond
of methanol, especially, in the case of bulky oxides. On
the assumption that this is also true of the reactions of

Mo, O, with ethanol, the Mo,0,C,H; ion incorporates
the ethylene molecule. The further dehydration of the
Mo,O(C,H,)* product can result in the Mo, O, _ ;(C,H,)*
product, which was observed in the spectra. However,

aldehyde dehydration may also result in such areaction
product. The proposed mechanism includes the inser-

tion of the Mo, Oy, ion into the weakest C—H bond of

ethanol. Next, 3-hydrogen transfer from the OH or CH,4
group to the metal ion took place with the formation of
a complex with water and acetaldehyde. Water or alde-
hyde elimination leads to the formation of observed
reaction products. Note that the elimination of acetalde-
hyde was observed in all the molybdenum oxide ions,
as distinct from dehydration.

The dehydration of ethanol occurs viainsertion into
the C-O bond, formation of an ethyl-hydroxide ion
complex, and consecutive dehydrogenation of C,H,
through B-hydrogen transfer to molybdenum or oxy-
gen. An increase in the size of molybdenum oxide
makes the occurrence of double dehydrogenation pos-
sible, including the oxide oxygen.

Polycondensation Reaction
Upon the interaction of molybdenum oxide ions
with ethanol, ethanol polycondensation products were
absent from the spectra. It was found that Mo, Oy ions
entered the reactions of ethanol dehydrogenation and
dehydration. However, the product Mo;0,C,H; of
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insertion into the C—O bond was not formed in this
case. Previoudly, it wasfound that, in the reactions with
methanol, the similar product Mo,O,CH3 is a key
intermediate in polycondensation. Thus, the polycon-
densation reaction did not occur because Mo;0,C,Hs
was not formed.

Additional experiments were performed with a
C,H;OH-CD;OH mixture. Figures 3 and 4 demon-
strate the kinetic curves of formation of the products of
methanol polycondensation and methanol and ethanol
copolycondensation.

As found previously, the Mo,0,CD3 ions were
formed in the reactions with CD;OH. Next, the result-
ing product can react with both methanol molecules
(reaction (XV1)) and ethanol molecules (reaction (XV11))
to form various polycondensation products:

Mo,0,CD; + CD,OH
. (XVI)
I MO3OQC2D5 + HDO,
Mo0,0,05" + C,H.OH
393 2! 15 (XVH)

— M0;0,C;HsD; + HDO.

The reaction of Mo;0,CDj ions with ethanol can also
occur by the mechanism shown in Scheme 3.

Reactions with Butanols

Table 7 summarizes the distribution of products of
the reactions of molybdenum oxide ions with 2-butanol
and 2-methyl-2-propanal (tert-butanol). The main reac-

tion of MoXO§ ions is alcohol dehydration. The cleav-

age of the C—C bond was also observed. This reaction
path appeared as the length of the hydrocarbon chainin
the alcohol molecule increased and in the presence of a
branched chain.

In the reactions of Mo* with butanols, a change in
the position of the hydroxyl group decreased the speci-
ficity of the reactivity of metal ions [18]. An 80 : 20
ratio between alcohol dehydration and dehydrogena
tion products was observed in the reactions of Mo* with
1-butanol, whereas 50 : 50 and 15 : 85 ratios were
observed in the reactions with 2-butanol and 2-methyl-
1-propanol, respectively. The products of insertion into
the C—C bond were present in insignificant amounts.

As mentioned above, the strong Mo*-O bond does
not allow the oxygen ligand to participate in reactions.
Thus, the MoO* ions exhibited the same reactivity as
the Mo* ions. The main processes are the reactions of
alcohol dehydrogenation and dehydration. However, in
the reaction with tert-butanol, about 30% of the prod-
ucts were MoOCH; ions, the products of C—C bond

cleavage.
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The other molybdenum oxide ions reacted with
2-butanol viathree main paths.

First, all the Mo, O}, ionsreact with the formation of
an adehyde molecule. Second, the coordinatively
unsaturated ions of molybdenum oxides (MoO;,

Mo, O; , Mo, Oz , and Mo, Og ) can be inserted into the

C-C bond to form Mo,0,CH; and Mo,0,C,Hs.

Although the C—C bond in butanolsis the weakest (data
in Table4), thefraction of theseionswas no higher than
20-30% of thetotal ion current.

Finally, molybdenum oxide ions enter the reactions
of alcohol dehydrogenation and dehydration, and up to
three water molecules can be formed in the case of
bulky oxides. Oxygen ligands actively participated in
all of thesereactions. It islikely that repeated dehydro-
genation occurs consecutively and is an exothermic
process.
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Note that under conditions of ICR experiments the
released energy can be retained in reaction products as
kinetic, vibrational, or € ectronic excitation. This exci-
tation can accelerate consecutive slow steps. In con-
trast, on solid supports, relaxation processes occur very
rapidly, so that the energy of an exothermic step cannot
be used for performing the subsequent endothermic
steps[49].

Some distinctions between the reactions of molyb-
denum oxide ions with tert-butanol and 2-butanol were
observed. The spectra aso exhibited the products of
aldehyde elimination, C—C bond cleavage, dehydroge-
nation, and dehydration. In this case, dehydrogenation
was not the main reaction path. Moreover, new reaction
paths associated with the formation of the methanol
molecule appeared. The formation of products such as

Mo,0,C;Hg and Mo,O,_,C3H; can be explained by
the transfer of the CH, group in the course of reaction.

Table 7. Distribution of products (%) in the reactions of Moxo; with butanols

Alcohol Reaction products MoO*| MoO, | MoO; | Mo,O; | M0o,0; | Mo,Og | Mo,0 | Mo,Og
is0-C;HsOH | Mo,O,H; + C;HO 27 | 17 71 22 21 38 25 31
Mo,0,CHj + CsH,O - 8 - 11 10 - — -
M0,0,C;Hg + CHsO - 12 - 15 18 -~ 22 -
M0,O,C4Hg +H,0 + Hy 3| - - - - —~ - -
M0,0,C4H; +H,0 + 2H, 2| - - - - - - -
Mo,0, _1C4Hg + 2H,0 - 42 17 20 9 19 16 23
Mo,y _ 1C4H} + 2H,0 + Hy -~ 21 12 32 24 28 29 28
Mo,O, _2C4H; + 3H,0 - - - - 18 15 8 18
tert-C;HOH | Mo O,H; + C,HgO 23 | 18 15 20 12 22 18 18
Mo,0, CHj + C3H,O 29 | 16 - 12 10 - 21 -
Mo,0,C,Hg +H,0 11 | 29 27 17 12 17 10 18
M0,O,C4Hg + H,0 + 2H, 37 | - - - - —~ - -
M0,0, _1C4Hg +2H,0 - 16 37 24 30 28 24 27
Mo,0,C3Hg + CH3OH - 13 12 22 24 20 27 27
M0O, _1CsH, + CHOH +H,0 | - 8 9 5 12 13 - 10
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