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Abstract. We present an experimental study of methane activation by pyridine cation
and its substituents in the gas phase. Mass spectrometric experiments in an ion trap

*®

y CH4 "

demonstrate that pyridine cation and some of its substituent cations are able to react
with methane. The deuterated methane experiment has confirmed that the hydrogen
atom in the ionic product of reaction does come from methane. The collected
‘ information about kinetic isotope effects has been used to distinguish the nature of
the bond activation as a hydrogen abstraction. Furthermore, experimental results
demonstrated that the substituent groups on the pyridine ring can crucially influence
their reactivity in methane bond activation processes. Density functional calculation

(DFT) was employed to study the electronic structures of the complex and reaction
mechanism of CH,+C_H_N". The calculations confirmed the hypothesis from the experimental observation,

namely, the reaction is rapid with no energy barrier.
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Introduction

ond activation in methane and other saturated hydrocar-

bons has been the subject of numerous studies to date [1—
7]. Methane activation by bare transition-metal atoms and ions
has also been studied extensively [8—12]; however, thermalized
ground-state monoatomic 3d- and 4d-transition-metal cations
generally do not react with methane because of repulsive
interactions with substituent s orbitals [9, 12—15]. Methane
reactions with metal cluster ions [16], metal oxide ions [17—
20], metal hydrides [21], and metal complex ions [22-27] have
also been extensively investigated, as has methane activation
by means of ligation [28]. Schwarz et al. [29] have demonstrat-
ed that cluster size, charge state, and ligands critically affect
both the reactivity and selectivity of metal-mediated bond
activation processes by mass spectrometry experiments and
structure calculations. This high level of activity has led to

Electronic supplementary material The online version of this article
(doi:10.1007/s13361-015-1165-3) contains supplementary material, which is
available to authorized users.

Correspondence to: Guohua Wu; e-mail: ghwu@just.edu.cn, Anthony Stace;
e-mail: anthony.stace@nottingham.ac.uk

transition metals and some precious metals becoming the pri-
mary templates for methane C—H activation; however, some of
the metals concerned are environmentally hazardous and the
use of others may be prohibitive due to cost or lack of supply.
Therefore, research on metal-free systems for methane activa-
tion is potentially valuable, even though such systems are still
quite rare.

Several metal-free systems have been shown to activate
molecular hydrogen, H,. For example, Frey et al. [30] reported
the similarity of certain stable carbenes and coordinatively
unsaturated metal centers in the splitting of dihydrogen and
ammonia. Bettinger et al. [31] extended this research to elec-
trophilic singlet borylnitrene compounds and found that certain
borylnitrenes are good reagents for the transformation of meth-
ane. Hydrogen atom abstraction from CHy, is considered to be a
key step in the oxidative dehydrogenation and dimerization of
methane [32-34], and abstraction by metal-free radical cation
oxides, such as [P40;]" and [SO,]" at room temperature have
been reported by Schwarz et al. [35, 36] and de Petris et al. [37].
The gas-phase experiments on methane activation are helpful
in revealing the mechanistic details of the elementary steps in
the condensed phase [11].

Here, we report experimental evidence to support the pyri-
dine cation as being uniquely efficient at activating the C—H
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bond in a study that address, for the first time, the gas-phase
reactivity of the pyridine cation and its substituents with meth-
ane. The reaction between a pyridine ion and neutral methane
can be described by Equation 1, which is a hydrogen-atom
abstraction reaction yielding protonated pyridine CsHsNH"
(A) (see Scheme 1 and Figure 1b) and a methyl radical.

CsHsN™ + CH4—CsHsNH™ + CH (1)

Experimental
Methods

Experiments were performed in a quadrupole ion trap, which
was interfaced with a quadrupole mass filter and two quadru-
pole energy deflectors. A detailed description of the apparatus
has been presented elsewhere [38]. Pyridine ions and other ions
of interest were generated by electron impact. The ions of
interest were mass-selected by passing through a quadrupole
mass filter then transmitted through an ion guide to a quadru-
pole ion trap, where they were allowed to react with methane.
Methane was admitted directly to the ion trap via a precision
leak valve at a pressure of 3x10°® mbar.

Although the ions were injected into the trap with an initial
kinetic energy of approximately 11 eV, once trapped, they were
thermalized through multiple collisions with a helium buffer
gas (99.9999%, BOC gases) prior to their reaction with meth-
ane. Following a period of isolation and reaction, precursor and
product ions were scanned out of the trap in the direction of an
electron multiplier, the detector of the ion trap mass spectrom-
eter, which was located just beyond the exit end cap of the ion
trap, where a mass spectrum was recorded.

Calculation Details

All molecular geometries (reactants, intermediates, transition
states, and products) were fully optimized on each ground state.
The electronic structures of the studied systems were investi-
gated by using the B3LYP and Aug-cc-pVTZ basis set. The
vibrational frequencies obtained at the same theoretical level
were used to characterize all stationary points as either minima
(the number of imaginary frequencies (NIMA)=0) or transition
structure (NIMA=1). IRCs were traced from the transition state
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Scheme 1. Structural representations of (A) protonated pyri-
dine; (B) ionized pyridine; (C) a-distonic pyridine isomer; and (D)
the pyridine-N-oxide ion
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Figure 1. (a) Mass spectrum recorded in the ion trap for ion-
ized pyridine and reaction products formed following the intro-
duction of (b) CH,; and (¢) CD4. CH,; and CD,4 were admitted
directly to the ion trap via a precision leak valve at a pressure of
3x107° mbar

(TS) toward both reactant and product directions along the
imaginary mode of vibration using the algorithm developed
by Gonzalez and Schlegel [39] in the mass-weighted internal
coordinate system. All calculations were performed with the
GAUSSIAN 03 program package [40].

Results and Discussion

It was observed that the reaction proceeds very rapidly and was
almost completed during the collection period of the reactant
ions (~5 ms). The almost total consumption of reactant ions
suggests an unusually high level of reactivity between the
pyridine ion and methane.

Since reactivity will depend quite strongly on the identities
of the reactants, further studies have been undertaken to deter-
mine unambiguously the structure of the pyridine cation gen-
erated in these experiments. This step is necessary because
structurally related isomers, for example from a 1,2-H shift in
ionized pyridine, may be present under certain experimental
conditions. Generation, isomerization, and the reactivity of
pyridine radical-cations and their distonic forms have been
investigated by a number of research groups [41-50]. It has
been found that the conventional ionized species is more stable
than its a-distonic tautomer; however, both are stable because
of the presence of discrete energy minima; the large barrier
towards their interconversion has been confirmed by both
computational and experimental results [47]. Moreover, the
tautomerism of ionized pyridine with its o-distonic ion has
been found to be subject to proton-transport catalysis [50].

A distinction between ionized pyridine (B) from its a-
distonic form (C) (see Scheme 1) has been identified by
Schwarz and co-workers [51] on the basis of the m/z 28
(CH,NM)/26 (C,H,") peak branching ratio in their respective
collision induced dissociation (CID) spectra. A better
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differentiation between the two ions was obtained through an
associative ion molecule reaction with dimethyl disulfide as a
neutral reagent [50]. Moreover, the pyridine-N-oxide ion (D)
(see Scheme 1) at m/z 95 has been observed when the o-
distonic ion (C) was allowed to react with water in a quadru-
pole collision cell [48]. Under similar conditions, the pyridine
radical cation (B) is completely unreactive. Similar behavior
was seen in the present experiment (see Figure la) when
ionized pyridine was injected into the ion trap in the absence
of methane. Since the ions can be trapped for up to 1 s, they
have many opportunities to collide with background water
molecules. However, neither pyridine-N-oxide ion (D above)
(m/z 95) nor CsHsNH" (m/z 80) was observed in Figure 1a,
which clearly demonstrates that the ion selected and injected
into the ion trap was ionized pyridine (B) and not expected to
react with water under these experimental conditions. Confir-
mation that H,O is present as a background gas has been
established in other experiments we have reported [38, 52,
53], and also in this study. where it is seen to react with the
2-acetylpyridine ion (see below). To confirm that the hydrogen
atom in the ionic product of Reaction 1 does come from
methane rather than impurity, the fully deuterated compound,
CDy, has also been used as a neutral reagent. The only product
ion CsHsND" is observed (see Figure 1c), which clearly indi-
cates the occurrence of hydrogen abstraction reaction from
methane. Note that the weak signals at m/z 50, 51, and 52 in
Figure 1 a—c are fragment ions of ionized pyridine that arise
from CID.

For a better understanding of the kinetics, the time depen-
dence of the reactant ion intensities was studied in order to
evaluate rate constants for the reactivity of CH, and CDy4. A
large excess of methane was admitted into the ion trap, thereby
making it possible to determine rate constants for pseudo first
order reactions. At ambient temperature and at a methane
pressure of 3x10°® mbar rate coefficients for the reactions of
CH, and CDy4 with the pyridine ion are measured as 2x10~°
em® s and 3x107'% em® s7! respectively, which gives an
estimated kinetic isotope effect (kyy/kp) of 5 for C—H bond
activation. What has been measured here is the intermolecular
kinetic isotope effect and so the value quoted is subject to
experimental error. However, the fact that the ratio ky/kp is
greater than 1 does support the view that C—H bond activation
is the rate-determining step. The quoted methane pressure has
been corrected to take account of the gauge’s location with
respect to the ion trap [38]. According to a simple two-
dimensional transition state model of a three-center process
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[54], an isotope effect of this magnitude would imply the
presence of a linear, symmetric transition state for H atom
transfer. However, a more reliable conclusion would require
further measurements to be made of the temperature depen-
dence of ky/kp. One additional experiment performed with the
trap cooled to approximately 150 K with liquid nitrogen
showed the reaction between ionized pyridine and CH4 or
CDy as being too fast for a rate constant measurement; the
reaction went almost to completion during the time allowed for
collection of the reactant ion.

The enthalpy change calculated for Reaction 1 from thermo-
dynamic data is —62.5 kJ mol ™' (see Table 1); this value, together
with the very high rate at low temperatures, would suggest that
the process is barrierless and that H-atom abstraction proceeds
via the formation of a collision complex. The decrease in reac-
tion rate with increasing temperature can then be explained in
terms of a reduction in probability of the colliding molecules
forming such a complex. As there appears to be no noticeable H/
D scrambling in the product ion, it is proposed that any inter-
mediate states along the reaction pathway are not long-lived.

To understand the reaction mechanisms of CsHsN" (B and
C) and CHy, potential energy profiles have been calculated
using density functional theory (DFT). Despite the numerous
strategies pursued to locate a stabilized reactant-like interme-
diate (IM;) on the potential energy surface (PES) of [B+CHy],
no such complex was found. The transition state (TS;) formed
instantly as B and CH,4 collide with each other, indicating the
PES is very flat in this region (see Figure 2). Hence, we can
infer that the reaction is rapid with no energy barrier. The
structure of TS, is found to be C,, symmetry and its calculated
energy is —5.3 kJ mol ™' with respect to the reactants (B+CH,)
(see Supplementary Table S1). The N'"H distance is calculated
as 2.56 A, which is smaller than the corresponding van der
Waals separation (~2.70 A). Mulliken population analysis
(MPA) shows that the charge distribution to be —0.09 e for N
atom and 0.29 e for H atom in TS;, comparing with —0.01 e for
N atom and 0.23 e for H atom in the isolate reactants. Obvi-
ously, the electron transfer has occurred in TS; resulting from
the inter-attraction of B and CH, moieties. The clectrostatic
interaction between N atom and H atom favors the homolytic
cleavage of the C—H bond in CH,4 group to form CHj; free
radical. The transition vectors from the vibration analysis really
correspond to the breaking of the C—H bond and the forming of
the N-H bond (see Supplementary Figure S1). The product-
like IM, is comprised of two moieties, A and CHjs, with a C;
symmetry. The relative energy is calculated to be —77.5 kJ mol™

Table 1. Calculated Standard Enthalpy Changes for the Reaction of the Pyridine lon and Its Substituted Forms with Methane (A Negative Enthalpy Means that the

Reaction is Exothermic)

Reactant ion Ton-molecule reaction Enthalpy/kJ] mol™’
Pyridine CsHsN' + CH,—CsHsNH+CH,4 —62.5
3-Br-pyridine 3-Br-CsH4N" + CH4—3-Br-CsH,NH +CHj, -87.5
2-Br-pyridine 2-Br-CsH,N" + CH,—2-Br-CsH,NH "+CHj, -75.5
4-CH;-pyridine 4-CH;-CsH4N" + CH;,—4-CH;-CsH,;NH +CH, —-60.5

All heats of formation of the relevant ions and radicals in the reaction schemes are taken from J. Phys. Chem. Ref. Data 17 (Supplement 1) (1988) [55]
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Figure 2. Calculated potential energy profiles as well as the
spin distributions of the related species along the reaction

pathway of CsHsN* (B and C) with CH, at the B3LYP/Aug-cc-
pVTZ level of theory

! The C"H distance of 2.14 A is markedly shorter than the
sum of their van der Waals radii of~2.90 A, showing a strongly
electrostatic interaction between A and CHjs free radical. The
C-H length and H-C-H angle in CH; moiety of product-like
IM, are 1.08 A and ~119°, respectively, which are extremely
similar to that of the isolate CHj; free radical. This complex can
split to produce the products (A and CH3) with the dissociation
energy of 19.7 kJ mol'. The value of calculated heat of the
reaction is exothermic by —57.8 kJ mol ', which is in agree-
ment with the standard enthalpy changes calculated with the
literature value (—62.5 kJ mol™) [55].

To investigate the reactivity of the distonic isomer (C in
Scheme 1) with methane, pyridine was replaced by 2-
acetylpyridine, for which dissociative ionization is known to
give the distonic ion [50]. A mass spectrum in the absence of
methane is shown in Figure 3a. In addition to the distonic ion,
the pyridine-N-oxide ion (D in Scheme 1) has also been pro-
duced by a reaction of CsHsN" with background water mole-
cules [49]. However, a large difference of the m/z 95 product
ions from reaction with water between our experiment and the
former literature might be caused by the different experimental
conditions, for example, the kinetic energy of the a-distonic
pyridine isomer, reaction time, and water pressures in our ion
trap and the reaction cell in reference [47]. As seen in Figure
3b, CsHsND" is the main product following the reaction of the
a-distonic ion with CD4. However, it should be noted that the
reaction with methane is far slower than that of methane with
ionized pyridine under the same experimental conditions.

The theoretical analysis shows that the reaction pathway of C
with CHy is different from that of B with CHy (see Figure 2). A
stabilized reactant-like intermediate (IM3) is formed when C and
CH,4 approach each other. This initially formed ion/molecule
complex has Cs symmetry, and its energy is —10.6 kJ mol ™'
relative to the reactants (C+CHy,) (see Supplementary Table S2).
The CH distance of 2.27 A is shorter than the sum of their van
der Waals radii (~2.90 A) but longer than the normal C—H bond
length, indicating the interaction between C and CH4 is
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Figure 3. lon trap mass spectra showing reactivity of the a-
distonic ion of pyridine with (a) H-O in the background, (b) CD,4
(at a pressure of 3x107 mbar), and (c) mass spectrum showing
those products formed when the 2-acetylpyridine ion is trapped
in the presence of CD,

electrostatic in nature. The inference can also be drawn from the
N-H length in C moiety and C-H length in CH,; moiety of 1.02
and 1.09 A, respectively, which are similar to those parameters in
the isolate reactants. The structure of transition state in this path-
way (TS,) is found to be also C; geometry. The activation barrier
of TS, is 5.5 kJ mol with respect to the intermediate, IM5. The C—
H distances between two moieties are 1.51 and 1.22 A, respec-
tively (see Supplementary Figure S2). Clearly, TS, is a tightly
bonded structure. Similar to what was seen in the reaction of B
with CHy, the electrostatic interaction between C atom and H
atom in TS, favors the homolytic cleavage of the C—H bond in
CH,4 group. The transition vectors from the vibration analysis
demonstrate this point well (Supplementary Figure S2). The
homolytic cleavage of the C—H bond results in the product-like
IM,, and the reaction enters the same channel as the reaction of B
with CHy after that.

It was well known that for the reaction of a radical cation with
CHy, the spin distribution is very important. The spin distributions
of the related species along the reaction pathways of CsHsN™ (B
and C) with CH, are displayed in Figure 2. As expected, the
distributions of spin density obtained by B3LYP/Aug-cc-pVTZ
indicate that radical (unpaired) electron almost spreads over the
region of the CsHsN" (B and C) moiety in reactant-like interme-
diate (IM3) and the region of CHj group in product-like interme-
diate (IM,), whereas the spin densities distribute around the whole
complex for the transition states (TS; and TS).

Different from the reaction of B with CHy, the stabilized
reactant-like intermediate (IM3) is explicitly located at the PES
of [C+CHy]. It can be deduced that the reaction of C with CH,
is slower than that of B with CHy, considering that the rate-
limiting step in the reaction pathway of the former needs to get
over 5.5 kJ mol ™' energy barrier.

In order to study the influence substitution has on reactivity
with methane, a series of pyridine radical ions were generated with
substituents at the meta-, para-, or ortho-position. With injection of
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the 3-bromopyridine ion into the ion trap, hydrogen-atom abstrac-
tion was observed concomitant with the formation of a methyl
radical (Figure 4a), and this reaction was also found to be much
faster at low temperature (~150 K). Since Br is a weak electron-
withdrawing group, the presence of the atom on pyridine may
actually stabilize the cation by delocalizing electron density
which, in turn, may reduce reactivity. This was indeed found to
be the case for the 2-bromopyridine cation, where the H-atom
abstraction yield was very low. However, as Table 1 shows, the
reactions of both ions are predicted to be very exothermic. Similar
finding were found for 2-acetylpyridine (Figure 3c), which was
observed to be completely unreactive towards methane under our
experimental conditions. Instead, only an O, adduct ion
(C;H;NO5" at m/z 153) and a fragment ion at m/z 93 (CcH,N")
from the collision-induced loss of CO from the precursor ion were
observed. The reactivity of 2-acetylpyridine may also be influ-
enced by steric hindrance. Finally, the reactivity of 4-
methylpyridine was studied. In comparison to the bare pyridine
cation, the product yield from this ion was low, even though the
reaction was again predicted to be exothermic (see Table 1). The
effect of substitution probably has a similar effect to that observed
for the 2-substituted isomers since methyl is a weak electron
donating group.

Since pyridine is an aromatic heterocyclic compound and
most strongly resembles benzene in its structure and stability, it
was considered appropriate to compare the reactivity of meth-
ane with other ionized single-ring homocyclic and heterocyclic
molecules. Cations from furan (C4H40), pyrrole (C4HsN),
thiophene (C4H4S), pyrrolidine (C4H9N), piperidine
(CsH;1N), benzene (CgHg), toluene (C,Hg), and benzonitrile
(C;HsN) were generated by electron impact ionization, mass-
selected, and injected into the ion trap where they were allowed
to react with methane. These ions were mostly unreactive
towards methane and in those instances where fragments were
seen, collisional excitation was most probably responsible. The
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Figure 4. lon trap mass spectra showing the products formed
following reactions between CD, (at a pressure of 3x107° mbar)
and (a) the 3-bromo-pyridine cation; (b) the 4-methyl-pyridine
cation

G. Wu et al.: Activation of Methane by Pyridine Cation

only exception was ionized benzene, which reacted with meth-
ane to give C;H;" (reaction (2)) by associative dissociation.

C6H6+ + CH4—>C7H7+ +H, +H (2)

Conclusion

A new nonmetallic molecular system has been identified that
will activate methane in the gas phase under mild conditions.
Results have been presented showing for the first time that a
reaction between ionised pyridine and methane can produce the
methyl radical. In addition, it has been seen that substituted
forms of the pyridine ion can undergo a similar reaction, but that
the degree of reactivity is influenced by the nature and position
of'the substituent. If these or similar processes could be sustained
in the condensed phase, they may offer a route to the production
of larger hydrocarbons from methane. At the very least, it has
been shown that mass spectrometry can yield valuable insight
into the mechanism of methane C—H bond activation.
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