Communications

Methane Activation

DOI: 10.1002/anie.200704791

Activation of Methane by Oligomeric (Al,05)," (x = 3,4,5): The Role of
Oxygen-Centered Radicals in Thermal Hydrogen-Atom Abstraction™*
Sandra Feyel, Jens Dobler, Robert Hockendorf, Martin K. Beyer, Joachim Sauer,* and

Helmut Schwarz*

Dedicated to Professor Charles DePuy on the occasion of his 80th birthday

Selective activation of C—H bonds constitutes a major
challenge in the syntheses of added-value products. For
methane in particular, a number of factors make the
activation difficult: CH, is thermodynamically the most
stable of all alkanes (A;G’ = —50.8 kImol ), and the C-H
bond strength is the largest of all sp>-hybridized hydrocarbons
(439 kITmol™).”! Furthermore, the negative electron affinity, a
large ionization energy, the wide HOMO/LUMO gap, an
extremely high pK, value, and its relatively modest proton
affinity are very unfavorable intrinsic factors for its activa-
tion.**!

Hydrogen atom abstraction from CH, to generate CHj is
viewed as a decisive step in the oxidative dehydrogenation
and dimerization of methane [Equation (1)]. Various metal
oxides MO have proven useful to induce the initial homolytic
C—H bond cleavage,”! which typically requires rather ele-
vated temperatures.

CH, + MO — CH, + MOH (1a)

2CH,; — C,H; (1b)

As demonstrated previously, several simple cationic metal
oxides are also capable of bringing about thermal activation
of methane in the gas phase according to Equation (1a), and
typical examples include: FeO*"®) MoO;*,! ReO,(OH)" "l
050, and V,0,,".1"" Interestingly, not only these tran-
sition-metal based oxides but also the main-group metal oxide
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MgO-+ exhibits this reactivity.'!! V,0,," has been so far the
only polynuclear oxide species for which thermal activation of
methane has been observed.'”) Herein we show that also
main-group metal polynuclear oxide cations are capable of
inducing hydrogen-atom abstraction from methane, and some
principal aspects about the roles of spin and thermochemistry
underlying this elementary process will be discussed.
Computational analysis of the above-mentioned metal
oxide radical cations reveals that they all have a high spin
density at an oxygen atom in common; thus, an [[O—M]" unit
is formed upon electron removal from the metal—oxo bond of
the corresponding neutral species.'>* It is our conjecture
that the doublet character of these ions makes them reactive
toward thermal hydrogen-atom abstraction, provided the
resulting H—O bond is stronger than the C—H bond that is to
be broken homolytically (Table 1)."! As reported earlier,"®

Table 1: Reaction enthalpies (—A,Ho)for the reaction ',H,+[O—M|"—
[HO—-M]".

Reactive cations [O—M]" AH, [k) mol™]
MgO™ 2920

FeO™* 244" (210-220)
MoO;,"" 290!
ReO;(OH)"* 290"

0sO,* 2840

V,0:0" 2940

AlO,, " 2980!

[a] For the reference reaction CH,—CH;+'4H, AH, amounts to
207 k) mol™" (B3LYP/TZVP).'"! [b] Calculations performed using B3LYP/
TZVP. [c] CASPT2.

the open-shell cluster AlgO,,”" exhibits the aforementioned
structural, electronic and energetic features with a high spin
density on the terminal oxygen atom (Figure 1).

Figure 1. Spin density for the optimized structure of AlO,,"*. Dark
vertices O, light vertices Al.
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With these predictions in mind, we set out to study
experimentally the AlgO,,”"/CH, system. The experiments
were performed with a FT-ICR mass spectrometer equipped
with an external laser vaporization source. The latter is used
to generate a broad distribution of aluminum oxide cations of
the general formula Al,O,," (n=6-10, m = 8-15), which after
mass selection are reacted with methane. Al;O,"* brings
about the abstraction of a hydrogen atom from methane
(Figure 2a) with an absolute rate constant of k,,=3.8x

a) AlgO44(OH)*

/ Alg044(OH)(H20)*

b) o
AlgO127) Alg044(0D)*
Alg011(OH)*
__NgOo1(OH) AlgO14(OD)(H20)*
Y A'8012(H2\0ﬁ)/':j\wW
410 420 m/z 430

Figure 2. IMR of mass-selected Al;O,,”" with a) CH, with a reaction
delay of 35 s and b) CD, with a reaction delay of 40 s at stationary
pressures of 9x 1078 mbar.["®

107> cm®*molecule 's™' (Table 2). Likewise, labeling experi-
ments using CD, (Figures2b and 3) demonstrate methane
activation by AlO,," to yield AlyO,,(OD)". However, from
inspection of Figures 2b and 3, it is clear that the ion/molecule

Table 2: Upper limits for KIEs and absolute rate constants for the
reactions (Al,0;)," +CD,— (Al,0;),_;(Al,0,(OD))"+CD;" (x=3, 4).

X KIE Kybs [107"2 cm® molecule ™' s
3 <2.5 1.8
4 <2.4+0.5 3.8

[a] The error bars are estimated to be 4-30%.

reaction (IMR) of AlO,,”* with CD, also resulted in a mass
gain of (Am=+1). As this feature cannot derive from the
IMR with CD,, we assume that the aluminum oxide cation
abstracts a hydrogen atom from any remaining organic
substrate in the cell, as for instance from residual oil vapor
or from other reactants used before to produce the light
aluminum hydroxide AlsO,;(OH)" (Figure 2).'

Perhaps not surprisingly, it turns out that all of the
investigated oligomeric species of (AL Os),* with x =3, 4, and
5, (namely Al,Oy™", AlO,"*, and Al;(O,5) react spontane-
ously with methane according to Equation (2) (x =3, 4, and
5).

(ALO;), " + CH; — (ALO;),;(ALO,(OH))" + CHy' 2)
IMR of Al,Oy" with CD, also resulted in two signals at

Am=+1 and Am =+2, which are assigned to Al;Oz(OH)*

and  AlOg(OD)"  (kus=1.8x10""2 cm’molecule's™;
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Figure 3. Temporal intensity profile for the reaction of mass-selected
AlO,,"" with CD,; p(CD,) =9x107% mbar. e: AlO;,""; A: AlgO;; (OH);
m: Al;O,;(OD)*; o: AlgOy,(H,0)"; o: AlgO,,(OD) (H,0)*. Gray line
denotes noise level.

Table 2), respectively. Although the IMR with background
gases prevents an accurate determination of the kinetic
isotope effects (KIEs), upper limits can nevertheless be
estimated (Table 2).

From the occurrence of reaction (2) it follows that the
bond energy of the newly formed O—H bond in all three ionic
clusters, (AlyOg)(OH)", (AljO,,)(OH)*, and (Al,;,O,,)(OH)*
must exceed the C—H bond energy of methane, that is,
439 kJmol .

Although adduct formations like (Al,O;)(CH,)" and
(AL,0,),(CD,)" have not been observed, complexes with
background water were generated in the reactions with both
CH, and CD, as primary as well as secondary reaction
products, such as (ALO;).(H,0)", (ALOs;),1(ALO,(OH)-
(H,0))", and (ALO;), ,(ALO,(OD)(H,0))" (Figure 2).

Not unexpectedly, the reactions of aluminum oxide cluster
cations with an odd number of aluminum atoms, such as
AlLOy", AL, O™, AL, Oy; 7, Al,Oy57, and Al,O,,*, with methane
reveal that none of these clusters resulted in any bond
activation of the hydrocarbon. As these oxides are lacking the
obviously crucial presence of an oxygen-centered radical,
their nonreactivity underlines the validity of our generalized
concept of hydrogen-atom abstraction from methane by
metal oxides."”!

As to the mechanistic details, a closer computational
inspection of the potential energy surface (PES) for the
AlgO,*/CH, system by DFT calculations reveals some subtle
differences when compared with the V,0,,"/CH, case: For
the latter it was found"” that the reaction proceeds by a
barrierless direct hydrogen abstraction, with no encounter
complex of the type V,0,,*CH, being located on the PES. In
contrast, for the AlgO;,”"/CH, system a minimum structure
corresponding to an encounter complex exists (Figures 4
and 5a), in which one hydrogen atom interacts with the
radical center of the oxygen atom (A H,= —10 kJmol ). The
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Figure 4. Energy diagram for the reaction of Al;O,,”" with methane.
The values are relative to the entrance channel, corrected for zero-
point energy (ZPE) and given in k] mol™". For the stationary points of
the reaction, the C—H-, H—O-, and O—Al distances are given in pm
(with distances of the unperturbed fragments in parentheses.)

a) EC1

AH,=-10 kd mol™! AH, = —47 kJ mol™!

c) EC3 d) EC4

AH, =-54 kJ mol”!

AH, =25 kJ mol™!

Figure 5. Four different encounter complexes (EC): a) Reactive EC1
formed in the reaction Al;O,,”* + CH,—Al;0,,(OH)* + CH, with
methane; b) EC2, ¢) EC3, and d) EC4 are formed by coordination of
methane to the Lewis acidic, threefold-coordinated aluminum atoms in
the cluster.

H—O bond length is 197 pm, whereas the C—H bond is slightly
elongated and the Al—O bond slightly shortened (Figure 4).
Frequency calculations of the encounter complex show that it
corresponds to a genuine minimum on the PES. The reaction
proceeds then by a transition structure (TS) that is charac-
terized by the transfer of the interacting hydrogen atom to the
radicaloid oxygen atom.!'” Without considering the zero-
point energy (ZPE), the energy of the TS is minimally higher
(by ca. 0.2kImol™") than that of the encounter complex.
Taking the ZPE into account the barrier vanishes, and the
energy of the TS is 4 kJmol™" below the encounter complex.

Whether or not a local minimum exists, and how much
lower the TS is than the entrance channel, depends crucially
on the accuracy of the B3ALYP/TZVP method used. Coupled-
cluster calculations with inclusion of triple substitutions and
with extrapolation to the complete basis set, CCSD(T), for
the prototype reaction of MgO™™ with methane (see
Supporting Information) show that, compared to the
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B3LYP/TZVP calculations employed herein, the encounter
complex is stabilized by 13-15 kJmol !, whereas the transi-
tion structure is destabilized by only 2.5 kJ mol™". This means
that B3LYP/TZVP underestimates the stability of the
encounter complex (most likely because of missing dispersion
interactions) and it also underestimates the intrinsic energy
barrier, TS-EC, by 23 kImol~'. The latter value fits into the
general performance of B3LYP, for which a mean signed error
of —17 kImol™' has been reported for energy barriers of
38 hydrogen transfer reactions.*”!

Figure 4 depicts the structural details of the hydrogen-
atom transfer. The primary reaction product contains a
hydroxy group that still interacts with the methyl radical
formed; however, the interaction is quite small, as also
indicated by their rather long distance, and the interaction
energy amounts to only 8 kJmol™'. The formation of the
primary product is quite exothermic (A.H,=—99 kJmol™)
and the overall energy liberated in the production of separate
fragments (Al;O,;;(OH)" + CHy") equals —91 kJmol .

As AlgOy," has three symmetry-inequivalent, threefold
coordinated aluminum atoms (overall five: two symmetry-
equivalent pairs exist), which are expected to be strongly
Lewis acidic, and thus additional encounter complexes are
predicted to exist.'® This is borne out by the computations:
Four isomeric encounter complexes were located on the PES
(Figure 5). EC1 corresponds to the reactive complex dis-
cussed above (Figure 4), and is thermodynamically the least
stable of the four structures. The other complexes exhibit
stronger association energies, ranging from -—25 to
—54kJmol™". Their magnitudes appear too large to be
attributed solely to electrostatic interactions, but taking into
account the formally triple charge of the predominantly
interacting aluminum atoms, it is a reasonable value for an
ion-induced dipole complex. In EC4 the unperturbed alumi-
num atom is coordinated in a planar threefold fashion that has
to be distorted for the interaction with methane. In EC2 and
EC3 the reacting aluminum atom occupies a distorted
threefold coordination, which is almost a tetrahedron with a
missing vertex. The carbon atom in methane is found at this
empty vertex, acting as a Lewis base. The Al-C distances are
in the range of 235 to 254 pm, thus reflecting rather weak
interactions. Finally, as a result of the complexation the H-C-
H angles of the organic molecule are also distorted.

As the reactive encounter complex is energetically
disfavored in comparison to the three other complexes, it
might be expected that a molecular adduct Al;O;,(CH,)*
would be observed as the main product of the reaction, which
is not observed experimentally. However, the reaction con-
ditions need to be taken into account. As the IMR occurs
under conditions of strictly bimolecular collision (7=298 K;
p(CH,)=9x10"® mbar), the encounter complex can be
stabilized only by infrared emission.”*! This process becomes
efficient only in larger systems or with significantly higher
interaction energies. Thus, the encounter complexes EC2-
EC4 form, but are short-lived and dissociate back to the
reactants. Only if CH, hits the cluster surface in the vicinity of
the oxygen centered radical, the barrierless hydrogen abstrac-
tion occurs and the product complex can dissociate, releasing
the methyl radical. Thus, the generation of short-lived
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encounter complexes is a necessary consequence of the not-
negligible geometric size of the cluster, and accounts for the
low rate constant of reaction (2).”*

The present combined experimental and theoretical study
provides the first example for the thermal activation of
methane by a polynuclear main-group metal oxide cluster.
This observation is quite significant, as the often extremely
reactive mononuclear metal oxides should not be considered
as ideal model systems relevant for an understanding of a
real-life oxidation catalyst; as stated earleir, the investigations
of larger systems, that is, cluster metal oxides, are more
appropriate to serve this purpose./*?2!

Experimental Section

The experiments are carried out using a Bruker/Spectrospin CMS47X
FT-ICR mass spectrometer equipped with an external laser vapor-
ization source and an APEX III data station.”>**! Aluminum oxide
clusters are generated by laser ablation of an aluminum target,
followed by cooling of the hot aluminum plasma by the expanding
helium gas (15bar) that contains about 2% molecular oxygen.
Clustering takes place while traveling through a metal tube. A series
of potentials and ion lenses is used to transfer the ions to the ICR cell,
which is positioned in the bore of a superconducting magnet (4.5 T).
Finally, cluster distributions of Al,O,," are observed with n=3-5 and
m =5-15, depending on the content of oxygen and duration of cell
opening. Reactions of the mass-selected aluminum oxide cluster
cations AlL,O,,” of interest are then studied by introducing methane by
a leak valve at stationary pressures (9 x 10~* mbar).

Calculations are performed using B3LYP?’! with triple-C-plus-
polarization basis sets (TZVP)?*! employing Turbomole 5.9.%°! Zero-
point energy (ZPE) corrections are calculated in the harmonic
approximation based on analytical derivatives of the energy with
respect to the nuclear coordinates.”""
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