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Abstract: The reactivity of the cationic gold carbide [AuC]"
(bearing an electrophilic carbon atom) towards methane has
been studied using Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR-MS). The product pairs generated,
that is, Au™/C,H,, [Au(C,H,)]"/H,, and [C,H;]"/AuH, point to
the breaking and making of C—H, C—C, and H—H bonds under
single-collision conditions. The mechanisms of these rather
efficient reactions have been elucidated by high-level quantum-
chemical calculations. As a major result, based on molecular
orbital and NBO-based charge analysis, an unprecedented
hydride transfer from methane to the carbon atom of [AuCJ]*
has been identified as a key step. Also, the origin of this novel
mechanistic scenario has been addressed. The mechanistic
insights derived from this study may provide guidance for the
rational design of carbon-based catalysts.

Despite its structural simplicity, it remains a challenge to
selectively activate methane’s C—H bonds under ambient
conditions.!! Quite some attention has been paid to elucidate
mechanistic aspects pertinent to the cleavage of this thermo-
dynamically strong and kinetically inert bond.” In fact, well-
designed, state-of-the-art mass spectrometry (MS) experi-
ments in conjunction with high-level quantum-chemical (QC)
calculations have permitted the identification of the elemen-
tary steps at a molecular level and provided valuable
mechanistic insights.”* For example, spin density has been
identified to play a crucial role in the hydrogen atom transfer
(HAT) from methane to a suitable hydrogen atom acceptor;
typical examples include cluster oxides possessing a terminal
oxyl group in the active site (O,).”! Mechanistic studies
revealed that a three-center/three-electron (3c/3e™) transition
state constitutes the rate-determining step in HAT, and
a singly occupied, nonbonding orbital with a node on the
hydrogen atom in transit is present (Scheme 1a).’** Addi-
tionally, as shown recently under certain conditions, even
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Scheme 1. Simplified mechanistic scenarios for the participation of
M-X/CH, couples in a) a HAT process, b) a PCET reaction, and c) a
hydride transfer process. M =metal, X=hydrogen acceptor.

closed-shell clusters, lacking unpaired high spin-density at the
active site, can effectively activate methane under ambient,
single-collision conditions.’! Furthermore, and as shown for
the [Al,O,]"/CH, couple, a proton-coupled electron transfer
(PCET) mechanism instead of the conventional HAT can
bring about thermal cleavage of the C—H bond of methane.""
This is due to the strong electrophilic, Lewis acidic site of the
aluminum of [ALO,|", which cleaves the C—H bond hetero-
lytically while the hydrogen is transferred as a proton to the
basic oxygen atom. The corresponding transition state for this
C—H bond cleavage has been classified as a 4c/4e” transition
state (Scheme 1b).Pe%l

While quite a few unexpected mechanistic variants have
been identified recently in the context of thermal methane
activation,1*2434520] {5 the best of our knowledge, C—H
bond cleavage by a positively charged ligand (X) of a complex
[M-X®]", in which X serves as the hydrogen acceptor, has not
yet been reported. Herein, we describe our findings on the
reaction of the cationic gold carbide [AuC]" with methane, as
derived from a combined experimental/computational
approach.

The gas-phase reactions were performed using Fourier
transform ion cyclotron resonance mass spectrometry (FT-
ICR-MS) under single-collision conditions (see the Exper-
imental Section in the Supporting Information for details).
The FT-ICR mass spectra (Figure 1) show the reactions of
mass-selected, thermalized [AuC]' ions (m/z=209) with
isotopologues of methane. To clearly differentiate between
reactions of the parent ion with background gases, reference
spectra with argon have been recorded as well.
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The reaction of singlet-ground state® [AuCJ*
with CH, starts by the barrier-free, exothermic
formation of an encounter complex (I1). This step
corresponds to an electrophilic attack of
methane’s C—H bond by the positively charged
carbon ligand of [AuC]*. Subsequently, a H-atom

~

5o | is transferred to the AuC moiety via transition
state TS1/2; the latter is located 39 kJ mol ™' below
the energy of the separated reactants (SR). The so-
formed ethylidene intermediate I2 rearranges
further to the nethylene complex I3 by
F a second H-transfer from the CH; group in 12 via
L transition state TS2/3. I3, which represents the
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global minimum, has two options to react further:
it can dissociate into cationic Au® and neutral

240/

Figure 1. Mass spectra for the thermal reactions of [AuC]" with a) argon, b) CH,,
) CH,D,, and d) CD, at a pressure of 4.0x10~° mbar after a reaction time of 5 s.

The unit for the x axes is m/z.

As indicated in the reference spectrum (Figure 1a)
[AuC]* reacts by carbon atom transfer (CAT) to the back-
ground gases. However, when CH,, CH,D,, or CD, are
admitted to the cell (Figures 1b-d) the signal corresponding
to CAT is significantly enhanced (Equation (1)). Moreover,
a new signal appears, representing the formal uptake of
a carbene unit from methane accompanied by the concom-
itant liberation of H, (Equation (2)). Furthermore, a signal is
present at the lower mass range which has been assigned to

[CH;]* (Equation (3)).

[AuC]" + CH, — Au" + C;H,; 51% (1)
[AuC* + CH, —[Au(GH,)]* +H,; 28% (2)
[AuC]" + CH, —[C,H;]" + AuH; 21 % (3)

In addition to exact mass measurements, the identity of
the product species in the observed reactions has been
confirmed by labeling experiments. For example, Au" and the
ions [Au(C,D,)]" and [C,D5]" are generated in the reaction of
[AuC]" with CD, (Figure 1d). The [AuC]'/CH,D, couple
gives rise to charged products [Au(C,H,)|", [Au(C;HD)]",
[Au(C,D,)]", [C,H,D], and [C,HD,]*; they are formed with
a ratio of 1.2:54:1 and approximately 1:1, respectively
(Figure 1c¢).

The rate coefficient for the reaction, k([AuC]"/CH,), is
estimated to be 2.2x 107! cm®*molecule 's™!, corresponding
to a collision efficiency of 22 % relative to the collision rate.’!
The intermolecular kinetic isotope effect (KIE) derived from
the [AuC]'/CH,/CD, couples amounts to KIEcpcp=13
after considering the contribution of the reactions with
background gases.

To obtain mechanistic insight into the [AuC]* mediated
C—H bond activation of methane, high-level quantum
mechanical (QM) calculations were carried out. The poten-
tial-energy surfaces (PESs) of the most favorable pathways, as
well as important structural parameters of key species, are
shown in Figure 2 (additional computational details are
provided in the Supporting Information).
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ethylene C,H, (P1) or undergoes a double
hydrogen atom transfer from the C,H, moiety to
the gold atom via the sequence I3—TS3/4—14—
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Figure 2. CCSD(T)-REL//B2GP-PLYP-calculated potential energy profile
for the reaction of the cationic gold carbide [AuC]" with CH, at the
singlet ground-state surface. Key ground-state structures with selected
geometric parameters are also provided. The zero-point vibration
corrected energies (AH,qg in k) mol™") of the reaction intermediates,
transition states, and products with respect to the separated reactants,
are given relative to the separated reactants [AuC]" and CH,.

P1=Au*+ CoHs
P2 = [Au(CzH2)]* + Hz
P3 = [CzH3]* + AuH

TS4/5—15; the latter intermediate dissociates into
[Au(C,H,)]" under the evaporation of neutral H, (P2).
Alternatively, intermediate I4 can directly dissociate into
neutral AuH and [C,H,]* (P3).

For gas-phase reactions under thermal, single-collision
conditions, the total energy of the system remains constant.
As shown in Figure 2, all the stationary points along the
reaction coordinates are located energetically below the
reaction entrance; thus, all products P1-P3 are accessible
without external energy input. The energetically most
demanding step in the overall reaction of CH, with [AuC]"
corresponds to transition state TS1/2, which, however, is
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accessible, in line with the experimental results. Furthermore,
as the channel leading to the products P1 is both entropically
and energetically favored as compared with generation of P2
and P3, respectively, a branching ratio in favor of P1 is
expected. Again, this is observed experimentally. Actually,
when P1 is generated independently from Au” and C,H,, the
products P2 and P3 are not formed. Rather, upon collisional
activation decomposition back to Au’ and C,H, occurs in line
with the PES. It should be mentioned, however, that the
branching ratio cannot be predicted by the PES alone but that
dynamic factors of the different pathways also have to be
taken into account.

To obtain a more detailed mechanistic view of the
reaction of [AuC]" with methane, we performed an analysis
of the quasi-restricted orbitals (QROs) that participate in the
initial step of the chemical transformations.">? Figure 3
shows the detailed evolution of the electronic structures
along the reaction coordinates.

a) [AuC]* + CHa c) TS1/2
ocH W “X(CA") Cl'(cuc') O(CHc')u O'(CHC) U(CHC’)

@
< g Y S ¢
b1 - S —
O’(C'-Au)-ﬂ- 7" (C*Au) OCc-AuND T (CHAu) c(c Au) 7 (c*Au)

Figure 3. Schematic molecular orbital diagrams as represented by
quasi-restricted orbitals. a) Separated reactants [AuC]* +CH,;
b) encounter complex I1; c) transition state TS1/2.

As shown in Figure 3 a, initially the reactants possess a 6
m orbital representing the C—H bond of methane that
undergoes C—H bond cleavage, then a doubly occupied
O(c+-au Orbital that represents the o-bond of the gold carbide,
and finally two unoccupied 7, ,c:-ay) Orbitals are mainly
provided by the carbon atom. Notably, these two empty
orbitals are relatively low in energy, thus making [AuC]*
highly electrophilic. At the encounter complex I1 (Figure 3b)
a significant electronic reorganization has already taken
place. The carbon atom of [AuC]" interacts with the electron
pair residing in the o(c ) bond of methane, thus resulting in
the formation of a doubly occupied three-centered orbital,
O(c-n-c+)- Correspondingly, the spatially involved empty
Tex(c+-au OTDItal is transformed to an antisymmetric orbital
(0% c-n-c+)), Which is composed of lobes on H;C and C of the
carbide moiety. The orbitals of 0(c:-ay) and -4y are not
involved in this process. Comparing the electronic structures
of I1 and TS1/2, as shown in Figure 3 b,c, only relatively minor
changes have occurred, even though the hydrogen transfer is
almost completed. The interaction between the two carbon
atoms increases as the angle of the C--H--C' triad is
considerably bent (X C-H-C*'=111.6° in TS1/2). Notably,
the lobe of the O(c--a, orbital starts to interact with the
transferred hydrogen, but the 5,4 c:-4, orbital still acts as
a mere spectator.

Since a singly occupied nonbonding-type orbital with
a node on the hydrogen atom in transit does not appear along
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this process, the reaction cannot be classified as a conventional
HAT mechanism.”! However, as the C—H bond activation
step features a two-electron, three-center, bent transition
state (TS1/2) (Scheme 1c¢),"” we speculate that it is rather
a hydride transfer; this is, indeed, confirmed by an analysis of
the total electron-density evolution of the [AuC]" moiety
along the reaction coordinates (Figure 4).
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Figure 4. The evolution of the NBO charge of the [AuC]" moiety along
the reaction coordinate of the first C—H bond activation of methane.
The inset shows the atomic charges of the [AuC]" species.

As shown in Figure 4, at the initial stage the carbon atom
of [AuC]" carries a significant positive charge (+0.47), thus
serving as a good hydride acceptor. In the course of the
formation of I1, the positive charge of [AuC]" diminishes
greatly, indicating that electron density has already been
transferred from methane to [AuC]* via the hydrogen in
transit. Next to the transition state for C—H bond activation,
the positive charge of [AuC]" continually decreases until the
reaction proceeds through the transfer event. In the transition
region, the [AuC]" moiety has a minimum positive charge of
+0.59. As the transferred electron density takes the same
route with that of the simultaneously transferred hydrogen
atom, the C—H bond activation can be described as a hydride
transfer mechanism. Additionally, an analysis of the NBO
charge variations of the CH; moiety and the hydrogen in
transit also confirmed this mechanism (Supporting Informa-
tion, Figure S1). While gas-phase hydride abstraction from
larger hydrocarbons (> C;Hg) has been observed earlier,!!
the system described here is the very first in which this process
involves methane.

In summary, in this study the reactivity and mechanistic
details of the reactions of the cationic gold carbide [AuC]"
with methane has been studied by a combined experimental/
theoretical approach. [AuC]" activates methane under ther-
mal, single-collision conditions and three reaction channels
have been identified by using FT-ICR-MS; the reaction
mechanisms of these reactions are elucidated by detailed
high-level QC calculations. A hydride transfer, along with the
making of a C—C bond, are key, and account for the rate-
limiting step of the C—H bond activation.!" The existence of
a low-energy empty m-orbital on the carbon active site,
serving as the hydride acceptor, plays an important role in this
transfer step. This novel mechanistic scenario might open up
a new view for methane activation by using carbon-based
materials in heterogeneous catalysis.”!
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