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As the major component of natural gas, methane (CH,) is
mainly used as fuel for power generation and as a chemical
feedstock for the industrial production of syngas. The
selective functionalization of CH, to more valuable chemicals
under environmentally benign and economically feasible
conditions constitutes one of the major contemporary chal-
lenges in chemistry,! and value-added products include
methanol (CH;OH) and formaldehyde (CH,0).?! As one of
the top 25 most-produced chemicals worldwide, the annual
production of CH,O amounts to more than 20 million tons
per year,” and the major large-scale process is the conversion
of CH;0H at high temperature using iron- or silver-based
catalysts, Reaction (1).F!

2CH,OH + O, — 2CH,0 + 2H,0 1)

Currently, the industrial production of CH,O starting from
CH, proceeds in several steps and requires high pressure and
high temperature, thus consuming a large amount of energy;
further, the byproducts are harmful to the environment.™
Despite extensive efforts, the direct conversion of CH, into
CH,O remains a great challengel because formaldehyde is
much more easily oxidized than methane.®’! To date, no
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commercial catalyst is available (even at high temperature)
for the one-step conversion CH,—CH,O with acceptable
yields, a result of the interdependence of conversion and
selectivity.*>6!

As has been demonstrated, CH, can be activated catalyti-
cally with unexpected low activation energies,” and reactive
Al-O Lewis acid/Lewis-base pairs are found to act as the key
species on the (110) face of y-AlL,O;® One efficient approach
to improve the performance of existing catalysts is to
understand the detailed mechanisms by which single-site
catalysts operate. This understanding can ideally be achieved
by gas-phase studies in which models of the active site are
prepared, mass-selected, and studied under (near) single-
collision conditions in their reactions with various sub-
strates.’! Sierka et al. reported the unexpected structure of
[(A1,03),]" which has a terminal Al-O* single bond by using
gas-phase infrared-photodissociation spectroscopy,'” and
reactivity studies revealed that [(AL,Os),]"" clusters (x =3, 4,
5) engage in H-atom abstraction from methane under thermal
conditions;™!! this reactivity pattern can be explained by the
spin density located at terminal oxygen atoms which turned
out to be crucial for hydrogen-atom transfer (HAT) proc-
esses.>%12

In previous studies, different types of methane activation
by gaseous oxide clusters have been described,?* 2t 13l
including HAT, oxygen-atom transfer, carbene as well as
formaldehyde formation [Eq. (2)-(5)].

[(M,0,)0]" + CH, — [(M,0,)OH]" + CHy’ )
(M,0,)0]" + CH, — [M,0,]* + CH;OH 3)
[(M,0,)0]" + CH, — [(M,0,)CH,]* + H,0 )
(M,0,)0]" + CH, — [M,O,H,]" + CH,O )

Reaction (3) is the gas-phase analogue of the formation of
methanol from methane. Formaldehyde can be generated
under these conditions by the rarely observed direct oxidation
of CH,, Reaction (5), and [PtO,]" and [CrO,]* have been
reported to bring about this conversion; however, the chemo-
selectivity is with 2% and 30 %, respectively, rather poor.*¥!
Herein, we show that this direct oxidation is possible with
good chemoselectivity in the reaction of gaseous [Al,Os]*
clusters with CH, at room temperature.

Figure 1 shows the thermal reactions of mass-selected
[ALOs]* with CH,, CD,, and CH,D,, at a pressure of 8x
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Figure 1. Mass spectra showing the reactions of [AL,O5]"" clusters with
CH, (a), CD, (b), and CH,D, (c) at a pressure of 8x10° mbar and
a reaction delay of 4 s. The relative intensities of the reactant ion
[ALO;]* as well as the product ions [Al,O;H]" and [Al,O;H,]"* in the
reaction with CH, as a function of time are shown in (d). The signal
marked with & in (b) is caused by HAT from background impurities,
such as water or other residual hydrocarbons.
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Figure 2. Optimized ground-state structure of [Al,O;]" (1) () as
revealed by DFT calculations; the blue iso-surface indicates the spin-
density distribution.

10~° mbar, respectively. Not entirely unexpected, HAT takes
place, resulting in the formation of [ALO;X]" (X=H, D). In
analogy to the related [(ALO;),]"" (x=3,4,5)/CH, systems,'!
the ground state of [ALO;]" has a high spin density at
a terminal oxygen atom (Figure2) being beneficial for
HAT."™! Furthermore, density-functional theory (DFT) cal-
culations predict Reaction (6) to be exothermic by —1.03 eV
(AE =zero-point vibrational-energy corrected reaction
energy). However, Reaction (6) takes place with a branching
ratio of only 35 %; the main reaction channel corresponds to
the generation of [AL,O,H,]™" by evaporation of neutral
CH,O according to Reaction (7).

[ALO;]"* + CH, — [ALO,H]* + CH,", AE = —1.03eV 35%  (6)

[ALO;]"* + CH, — [ALO,H,]'"" + CH,0, AE =—234¢eV 65% (7)
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All the reactions are confirmed by labeling experiments with
CD, in which [AL,O,D,]™" is generated (Figure 1b). The slope
of the time dependency of generating [AL,O,H,]* suggests
that [Al,O,H,]** is a primary reaction product; Figure 1d. The
direct formation of [Al,O,H,]* is further supported by double
resonance experiments; ¥ they demonstrate that the intensity
of [ALO,H,]™ is not affected when the HAT product
[ALO;H]" is continuously ejected from the reaction cell.
Thus [ALLOsH]" does not serve as a precursor. The intensity
ratio of the isotopic products [Al,O,H,]"":[ALO,HD]™":
[ALO,D,]* in the reaction of [ALO;]* with CH,D, is to
1.00:2.18:0.22 (Figure 1¢); considering a Kinetic isotopic
effect (KIE) of 1.8 as determined for the first HAT, this
branching ratio can be reproduced resulting in a relatively
good agreement (1:2.11:0.28) when a KIE of 2.0 is assumed
for the second C—H(D) bond activation.™ The rate constant
k([ALO,]"" +CH,) is 7.0x10 " cm’s™ molecule™ with
+30% uncertainty; this corresponds to an efficiency of
around 7 %, relative to the collision rate.!'")

To obtain mechanistic insight into the CH,—CH,O
oxidation mediated by [ALO;]"", we carried out DFT
calculations. The corresponding potential-energy surfaces
(PESs) of this reaction are shown in Figure 3. The most
stable structure of the reactant cation [ALOs]"" (1) corre-
sponds to a four-membered, planar Al-O-Al-O ring with one
of the Al atoms (denoted as Al(1)) bearing a terminal oxygen
atom at which the unpaired electron is located (Figure 2).
During geometry optimization of the [Al,O;]""/CH, encoun-
ter complex, in a barrier-free process the methanol complex
[ALO,(HOCHS,)]* (2) is directly formed by insertion of the
terminal oxygen (denoted as O(1)) into the C—H(1) bond of
methane; this process is shown in detail in Figure 4. A
remarkably large amount of energy (AE=-3.12¢eV) is
gained in this reaction step; in contrast to the related
[(ALO;),]""/CH, system,!'! an [AL,OsH]|"-CH; complex in
which the methyl radical is loosely bound to the newly formed
hydroxy group cannot be located on the PES as a local
minimum.

From intermediate 2, formation of the product pairs
[ALLOsH]* (7)/CHj5 [Reaction (6)], or [ALO,]"" (8)/CH;OH
[Reaction (8)], is thermodynamically possible via cleavage of
the O(1)—C or Al(1)—O(1) bonds, respectively (Figure 3a).
However, complete oxygen-atom transfer to produce CH;OH
[Reaction (8)], is energetically much less favored when
compared to Reactions (6) and (7); this may explain why
[ALO,]* is not detected experimentally.

[ALOs]"" + CH, — [ALO,|"" + CH,OH, AE = —0.29 eV (8)

In line with the experimental findings, Reaction (7) corre-
sponds to the thermodynamically most favorable channel
when compared to Reactions (6) and (8). However, this
pathway requires a rather complex reaction sequence mech-
anistically.

As to the generation of CH,O, after formation of 2 the
O(1)~H(1) bond is cleaved and a p-hydroxy ligand is formed
by the sequence 2—TS2/3—3 (Figure3a). A Mulliken
atomic-spin density (MASD) analysis indicates that the spin
is mainly localized on the less-coordinated Al(2) atom in 2, 3,
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324 pm), and the ligand formaldehyde is formed
accordingly. The C—O bond length of 122 pm in TS9Y/
10 is slightly shorter than the 125 pm in intermediate 6
owing to the preferred linear arrangement in 6 (X Al-
O-C 143° and 172° in TS9/10 and 10, respectively);
both bond lengths are similar to the C—O bond length
of 120 pm in free CH,O. Intermediate 10, prior to the
liberation of CH,O, undergoes a ring-closing rear-
rangement to intermediate 11 (10—TS10/11—11).
The alternative, direct elimination of CH,O from
10 to produce the linear [H-Al-O-Al-OH)]"" isomer
(not shown in Figure 3) requires 0.88 eV more energy
than the formation of 5. In contrast to 10, the C—O
bond length of 136 pm in 11 almost corresponds to the
bond length calculated for the C—O single bond in free
CH,;0H (142 pm); finally, the MASD is fully localized
at the C atom. Thus, although formaldehyde is less
preformed in intermediate 11 than in 10, its direct
liberation from 10 is more demanding energetically.
The products [Al-wW(OH),-Al]* (D,,) (6) and
CH,O, which are only 0.1 eV higher in energy than

-3.11
349 _300,_.(2) - 150° 5+ CH,0, are formed in the alternative pathway 4—
-3.64 ' @5“:119 B0y TS4/12—12—6 (Figure 3¢c). In the reaction sequence
(;/L 10 © 1 to form 6, HAT from the methyl group to the O(2)

, 6
& 7}TS4I12 224
-2.57
<>
12

-3.64

oAl @O0

eC

OH

Figure 3. The PESs for the reaction of [ALO;]"" with CH,. An overview of the
reaction (a); detailed reaction sequences from intermediate 4 to the products 5
and 6 (b) and (c), respectively. The energy values [eV] are relative to the entrance
channel and corrected for zero-point vibrational energies. Some key bond

lengths [pm] and angles [°] are given in red and blue, respectively.

as well as in TS2/3 (0.85 uB, 0.89 uB, and 0.86 uB, respec-
tively), with no spin distribution at the hydrogen and oxygen
atoms. The following step 3—TS3/4—4 involves the cleavage
of the Al(2)~O(3) bond which had already been elongated
from 172 pm in 2 to 189 pm in 3. For the formation of CH,O
from 4, two alternative pathways are accessible under thermal
conditions (Figure 3b,c). The pathway given in red in Fig-
ure 3b, leads eventually to the formation of product ion §
([H-Al-p-O,p-(OH)-Al]"" (Cy)) and CH,O. Crucial is inter-
mediate 9 which has to accept a hydrogen atom from the
CH,0 group of 4. To this end, the angle X O(1)-Al(1)-O(2)
decreases from 118°in 4 to 105° in 9, thus moving the terminal
aluminum atom Al(2) (MASD value of 0.89 uB) closer to the
methyl group of the methoxy moiety. Note that owing to the
proximity of the Al(2) atom, the C—H(2) bond in 9 is
activated to a length of 119 pm, compared to the correspond-
ing C—H bond length of 109 pm in 4; the Al(2)—H(2) bond
length in 9 is 200 pm. Next, this shortening enables the
abstraction of H(2) by the pathway 9—TS9/10—10; in TS9/
10, the C—H(2) bond is already completely cleaved (C-+-H(2)

Angew. Chem. Int. Ed. 2012, 51, 3703 -3707

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

atom can take place directly from 4 via TS4/12. The
four-membered ring is regenerated in intermediate 12
concomitant with the formation of a CH,O ligand.
Note that the energetically most demanding transition
structures of both pathways, starting from 4, are lower
in energy than TS2/3; thus, formation of 6, that is,
[ALO,H,]* (D,,), may well compete with that of 5
([ALO,H,]* (C,)) although TS4/12 is 0.26 eV higher
in energy than TS6/7.

The simplified PESs depicted in Figure 3 can well
explain the experimental findings; nevertheless, the
assignment of formaldehyde as the neutral molecule
liberated in Reaction (7) is not absolutely unambig-
uous because the net formula of [C,H,,0] might also
correspond to the formation of syngas, that is, CO and
H, [Reaction (9)] and the experimental set-up does not
permit the identification neutral molecules formed.

[ALO,]"* + CH, — [ALO,H,|'* + H, + CO, AE = —230eV  (9)

Although the computed thermochemistry of Reactions (9)
and (7) are comparable, we nevertheless rule out Reaction (9)
for the following reasons: 1)there are no experimental
indications for the generation of intermediates
[ALO,H,(H,)]"* or [ALO,H,(CO)]"* required for the elimi-
nation of CO and H,, respectively; 2) double-resonance
experiments!!  on  putative = [ALO,H,(H,)]" or
[ALLO,H,(CO)]* species do not affect the production of
[ALO,H,]* (see Supporting Information Figure S1); 3) DFT
calculations indicate that the transition structures for the
formation of H, or the activation of a third C—H bond
(necessary for CO formation), require significantly more
energy than the CH,O formation, see Figure 5.

In conclusion, the direct methane —formaldehyde con-
version at room temperature can be brought about by the gas-
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Figure 4. Detailed steps for the direct formation of the [Al,O,-
(HOCH;)]" complex 2. a) Competing processes for the formation of
isomeric [Al,O;]"*/CH, encounter complexes. b) Black line: relaxed
scan of the O(1)—H(1) distance from the reactants [Al,O;]"* +CH, to
form structure 13, [ALLO;H]*-CH;; red line: geometry optimization to
convert 13 into intermediate 2, [AL,O,-(HOCH;)]*. In contrast to 2,
intermediate 13 does not correspond to a local minimum on the PES.
c) Evolution of the C=O(1), O(1)—H(1), and C—H(1) bonds during the
formation of 2; black line: fixed scan of the O(1)—H(1) distance; red
line: geometry optimization for the process 13 —2.
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Figure 5. Possible product ions generated by the elimination of H,
from intermediates 10, 11, or 14, respectively; transition structures
(TS) correspond to the C—H bond activation step necessary for the
formation of CO. All alternative reaction paths require more energy as
compared to the formation of 5, that is, CH,O elimination. The
energies [eV] are given relative to the [Al,0,]"*/CH, entrance channel.

phase cluster cation [Al,O;]"* through a complex mechanism
involving both oxygen-atom and double hydrogen-atom
transfers. After initial bond activation by insertion of the
terminal oxygen atom from the [Al,Os]* cluster 1 into the
C—H bond of methane, the transfer of a hydrogen atom to
a distal site of the cluster initiates a sequence of ring-opening,
hydrogen-atom transfer, and ring-closing of the Al-O-Al-O
motif, all associated with rather low kinetic barriers, thus
making the elimination of CH,O more favorable than the
simple HAT reaction channel. The suggested mechanism may
shed light on the catalytic processes on the surfaces of real
catalysts and may thus be used in the design of new or
improving existing catalysts.

www.angewandte.org
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Experimental Section

The ion/molecule reactions were performed with a Spectrospin
CMS 47X FTICR-mass spectrometer equipped with an external ion
source as described elsewhere.!'"”! In brief, cluster cation [ALO;]"" is
generated by laser ablation of an aluminum target using a Nd:YAG
laser operating at 1064 nm in the presence of ca. 1% O, seeded in
helium carrier gas. Using a series of potentials and ion lenses, the ions
are transferred into the ICR cell which is positioned in the bore of
a7.05 T superconducting magnet. After excitation by radio-frequency
radiation in the ion-cyclotron resonance (ICR) cell, [ALO;]*
dissociates by collisions with argon under the loss of two O, molecules
to generate [ALO,]"".'"* After further collisional thermalization,
mass-selected [ALOs]"" is then treated with CH, under thermal
conditions by introducing the reactant through a leak valve at
stationary pressures. The experimental second-order rate constants
are evaluated assuming the pseudo-first-order kinetic approximation
after calibration of the measured pressure and acknowledgment of
the ion-gauge sensitivities with an uncertainty of +30%.0'®! For the
thermalized cluster ions a temperature of 298 K is assumed.""!

The DFT calculations have been carried out using the Gaus-
sian 09 program"”! employing the hybrid B3LYP exchange-correla-
tion functional™ with the unrestricted Kohn-Sham solution® and
TZVP basis sets.’2 The unrestricted B3LYP/TZVP level of theory
proved reliable in previous studies of [(ALO;),]" (x=3,4,5)"
[AIVO,]* 1345 [AIVO;s]~,®Y and [ALO,]*"*¥ and their gas-phase
reactions with small hydrocarbons. For the optimization of transition
structures (TS), we employed either the Berny algorithm™! or the
synchronous transit-guided quasi-Newton (STQN) method.” For
most cases, initial approximate structures of the transition structures
were obtained by relaxed potential-energy surface (PES) scans using
an appropriate internal coordinate. Vibrational frequencies were
calculated to characterize the nature of the stationary points as
minima or transition structures; the relative energies (given in eV)
were corrected for zero-point energy (ZPE) contributions. Intrinsic
reaction-coordinate (IRC) calculations?” were also performed to
connect the TS with the local minima.
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