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In this work, computational modeling is used to modify NacNac
gallium imide, which has recently been shown to cleave unactivated
sp> C—H bonds in organic substrates, with the aim of making it
suitable for methane activation. Density functional theory predicts
that the 123 kJ mol ! methane activation barrier for the experi-
mentally employed gallium imide can be reduced to 93 kJ mol ! by
changing substituents around the active gallium center. Further-
more, pre-straining the gallium imide reduces the reaction barrier
to just 62 kJ mol™L. Dimerization of the gallium imides can be
prevented with bulky groups that do not affect the reaction barrier.
Several modified NacNac gallium imides are thus shown to be viable
for the homogeneous activation of methane and higher alkanes.

Methane reserves are abundant on Earth and there are sub-
stantial economic and environmental benefits for converting
methane to complex molecules instead of burning it as fuel.
From the environmental perspective, using methane as fuel is
not ideal because of the undesirable release of carbon dioxide
into the atmosphere. In economics terms, products of methane
conversion are more valuable than inert methane because they
can be used in a variety of downstream chemical manufactur-
ing processes. These considerations have driven extensive
efforts to develop methane conversion reactions.'™”

Presently, the commercial processes of methane conversion,
such as steam reforming or partial oxidation, are multi-step
indirect procedures that produce synthesis gas that is then
converted into high-value products, such as methanol, olefins,
and parafins.>® Due to losses in each step, a direct conversion
of methane is more desirable and has been studied
extensively.® Unfortunately, direct conversion of methane to
value-added products is challenging because of the low
chemical reactivity of methane. Direct methane activation
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usually involves a bulk catalyst, owing to the advantages of
simply pumping methane gas onto solids that can handle high
temperatures and pressures. Oxidative coupling of methane
has mostly been reported for heterogenous catalysts.® Methane
dehydroaromatization, where methane is converted non-
oxidatively into aromatic compounds, mainly benzene, has also
been performed exclusively heterogeneously, using HZSM-5
and HMCM-5 zeolites containing molybdenum centers® and
more recently gallium nitride.”'® However, homogeneous dehy-
droaromatization of higher alkanes has been demonstrated
using a molecular iridium catalyst.""

Homogeneous methane activation reactions are of great
interest because they offer several potential advantages over
heterogeneous processes, including the stabilization of pro-
ducts through solvation effects, a variety of effective heat
management strategies, lower reaction temperature, greater
control of the reaction mechanism, and improved
selectivity.'” The high reactivity of transition metal complexes
has enabled considerable advances in homogeneous activation
of methane in synthetic chemistry over the years, from the
latter half of the 20th century onwards.'™>%?713

Although the main-group activation of inert sp®> C-H bonds
has not been nearly as well exploited as that on transition
metals,®>'"'? it is more desirable because main group elements
tend to be less toxic than late transition metals.

Methane activation has been reported using very strong
bases in combination with a sterically hindered Lewis acid.'®
Metal-free activation based on creating radicals has also been
described.!” Since the introduction of frustrated Lewis pairs
(FLPs),'® there has been extensive effort to develop FLPs for the
C-H activation by exploiting the intermolecular or intra-
molecular combination of unquenched Lewis centers.'®"®*?

There has also been progress in C-H bond activation using
non-FLP molecules. Driess et al. showed that in situ generated
iminosilanes could activate C-H bonds to yield an amide-
silane.*® Braunschweig and coworkers described the cleavage
of C-H bonds over a B=N bond, yielding aminoboranes.”* A
phosphanyl-phosphogallene was also reported in 2020 to have
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FLP-like activity.>> Following a series of studies of C-H activa-
tion of polarizable or enolizable bonds on (NacNac)Ga = X
(NacNac = [(ArNCMe), CH] ", Ar = 2,6-i-Pr, -C¢Hj, X = 0** and
X = PR*Y), Nikonov et al. used an in situ generated NacNac
gallium imide, (X = NR) to cleave unactivated C-H bonds.> In
the latter work, gallium imide was formed by the reaction of an
aromatic gallium molecule with an azide, expelling nitrogen
gas in the process. This imide has been shown to react in situ
with a wide range of C-H bonds on molecules including
ketones, esters, and pyridine.”®

The aim of this study is to use computational modeling to
design gallium imide derivatives capable of activating inert C-
H bonds in methane. The choice of gallium imides is motivated
by their success in cleaving unactivated sp® bonds®® and by the
structural similarity of their active center to the gallium nitride
surface, which has been demonstrated to convert methane to
benzene with high activity and selectivity in thermally-
activated’ and photocatalytic'® processes.

Molecular models. Density functional theory (DFT) at the
®B97X-D/6-311++G(d,p) level of theory was used for molecular
modeling as described in Methods (S1, ESIt). Energy profiles of
the cleavage of inert C-H bonds in methane molecule were
calculated for a series of nine substituted gallium imide struc-
tures shown in Fig. 1. Perfluorophenyl (C¢Fs) was used as an
electron-withdrawing group (EWG), trimethylsilyl (TMS) as a ¢
electron donating group (EDG), while phenyl was considered as
a neutral group. The gallium imide proposed by Nikonov et al.>®
was represented by R; = Ph and R, = TMS.

Evaluation criteria. The energy barrier for the C-H cleavage
(AE*) was computed for all gallium imides in order to find the
most reactive systems for nonpolar C-H bonds. In addition, we
evaluated the overall reaction energy of the C-H activation
(AExn)- An excessively exothermic reaction will preclude further
chemical transformations of the activation products. These two
considerations are typically mutually contradictory, as the Bell-
Evans-Polanyi principle states that lower activation barriers for
a given reaction correspond to more exothermic processes.

Finally, the stability of the gallium imides against sponta-
neous dimerization (AEg;,,) was estimated, as it is expected that
the overcoordinated active centers in dimers cannot cleave C-
H bonds.
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Fig. 1 Computed wB97X-D/6-311++G(d,p) reaction energies (AE,,,) and
activation energies (AE¥) for the C—H bond cleavage. Ry = TMS,Ph,CeFs
and R, = TMS,Ph,CgFs groups are shown in the inset, whereas structure A,
and B are shown in Fig. 2. The red star labels the proxy to the imide
proposed by Nikonov et al.?®
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Mechanism. We considered the nitrogen atom attached to
R, as the hydrogen acceptor (Fig. 1) because reacting on the R,
nitrogen was on the order of 100 k] mol * less energetically
favourable, and was liable to cause the imide molecule to fall
apart. For all variants of the gallium imides, analysis of the
intrinsic reaction coordinate starting from the transition state
shows that C-H bond cleavage is a concerted reaction (Fig. 1):
methane loses the hydrogen to the nitrogen while simulta-
neously forming a C-Ga bond.

Main trends and the best candidate. Fig. 1 shows the energy
barrier and the reaction energy for methane activation. It is
clear that no Bell-Evans-Polyani trend, or its inverse, is
observed. Interestingly, placing TMS at R, leads to elevated
AE* in excess of 120 k] mol™* and replacing this TMS with
phenyl or perfluorophenyl markedly reduces the barrier. It is
also worth noting that phenyl at R, makes the reaction more
exothermic whilst perfluorophenyl has an opposite effect. For
fixed R,, the reaction becomes increasingly exothermic as R,
goes from TMS to Ph to C¢Fs. However, there is no clear trend
for the activation barriers when varying R;.

Thus, the calculations show that AE* can be lowered by
25 kJ mol™" over the proxy to the previously reported gallium
imide®® if Ph and C¢F5 groups are used as R; and R,, respec-
tively. This reduction of AE® is substantial and will result in a
ten-thousand-fold increase in the reaction rate at 300 K. Alter-
natively, using R; = TMS and R, = C¢Fs makes the C-H
activation process 30 k] mol ™" less exothermic while also low-
ering the barrier by 10 k] mol™" and thus speeding up the
cleavage by an order of magnitude.

Unfortunately, there are no structures in the set that can
lower both the activation barrier and the absolute value of the
reaction energy. Next, we explored modifications of the struc-
ture of the best candidate (R; = Ph and R, = C¢Fs) that can
further improve the energetics of the C-H bond cleavage.

Energy decomposition analysis based on absolutely
localized orbitals (ALMO EDA) suggests (S2, ESIf) that the
most promising strategies to further improve the best candi-
date are to (a) increase the electron flow between the imide
and methane and (b) straining the initial geometry so it
more closely resembles the pyramidal geometry of the
transition state.

Rational design to lower the activation energy. In order to
increase the electron flow between the gallium imide center
and methane, additional EWGs or EDGs were placed on the
NacNac ligand in the reference structure. We hypothesized that
adding the electron-withdrawing CHO group para to the gal-
lium atom in the ring (A in Fig. 2) can increase the electron
donation from CH; to the gallium center. This hypothesis was
only partially validated. The energy of charge transfer from
the methane to imide increased, but only insignificantly (by
~1 kJ mol ). Instead it was the decrease in geometric distor-
tion and frozen density interactions that reduced the activation
energy by 7 k] mol ™' (Fig. S2b, ESIt). Next, we substituted the
Me groups of NacNac with NH2 (B in Fig. 2) with the goal of
increasing the flow of electrons from the gallium center to
methane. Unfortunately, the transition state barrier for
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Fig. 2 Structures of gallium imides derived from the Ry = Ph, R, = Cg Fs
imide with the aim of (A) lowering the activation barriers by enhancing the
electron flow from the methane to the imide, (B) increasing the electron
donation from the imide to the methane, and (C) distorting the planar
GaNgz active site. Structure (D) is structure (C) modified to increase steric
hindrance against dimerization.

structure B rose by 15 k] mol " (Fig. S2b, ESIt). This unexpect-
edly high rise is not attributable to charge transfer between the
imide and methane or from methane to the imide but rather to
the increased penalty of distorting imide B, perhaps owing to
the loss of aromaticity of the Ga-containing ring in the starting
structure B in the reaction.

Another strategy suggested by ALMO EDA is to distort the
geometry of the gallium site. This is accomplished by tying R,
and R, groups together as shown in structure C in Fig. 2. As a
result, the flat GaN; active center in the reference molecule
becomes pyramidal in C (Fig. S3a, ESIT) and rotating the C¢F,
group perpendicular to the NacNac plane breaks the =n-
conjugation of a nitrogen lone pair with the n-system of the
Ga-containing aromatic ring. These structural changes reduce
the C-H activation barrier by the dramatic 36 k] mol™' com-
pared to the parent structure (Table 1). ALMO EDA also shows
that the bulk of the improvement is from reducing the energy of
the geometry distortion that is necessary to reach the transition
state (Fig. S2b, ESIt). The distortion is accompanied by stronger
charge transfer from methane to the active center, further
stabilizing the transition state. This data indicates that strain-
ing gallium imide is a better strategy to lower the activation
barrier of the reference imide than modifying its n-conjugated
system through EDGs or EWGs.

Reaction energies. It is desirable that the overall reaction
energy for the interaction between methane and gallium imide
is only moderately negative, so that the product of the C-H
bond cleavage can undergo further transformation instead of
becoming trapped in the low-energy state. We found that using
CeFs groups as R; makes the reaction more exothermic, which

Table 1 ®wB97X-D/6-311++G(d,p) energetics of the C—H bond activation
(AE*, AE,,) and the dimerization reaction (AEg;m) for the derivatives of the
reference imide. AGg‘m is estimated as described in Methods for a 1 mmol
solution at 348 K (S1)

AE* Kk mol™* AE., k] mol™' AEg, k] mol™* AGSim kJ mol™?

Ref. 100 —197 —224 —127
A 93 —210 —272 —-112
B 115 —183 —148 1
C 73 —260 —588 —477
D 62 —251 —105 7

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

is undesirable, whilst using electron-donating TMS has the
opposite effect (Fig. 1).

Fig. 1 and Table 1 show that the reference imide and its
derivatives A, B, and C follow a perfect Bell-Evans-Polyani
trend with the decrease (increase) in AE* being accompanied
by a nearly linear decrease (increase) in AE.,. The highly
exothermic nature of the reaction of CH, with C is unsurprising
in light of prior studies on the activation of C-H bonds by
group 13-15 trisubstituted molecules.'®*°

Further conversion of the CH, activation product requires a
strong acceptor of methyl and hydrogen. For example, the
methylated imide A can react with carbon dioxide forming a
gallium acetate complex (Fig. S5, ESIT). This reaction is exother-
mic releasing —48 k] mol " and facilitates the incorporation of
methane-derived fragments into downstream transformations.

Dimerization energies. Tri-coordinated gallium molecules
tend to associate in solution forming dimers, trimers or oligo-
mers, much like their group 13 analogues*>*”*° or to undergo
secondary reactions.’® It is a common strategy to employ bulky,
chemically inert substituents around the Lewis acid centers to
provide kinetic stabilization and suppress undesired reactions,
including dimerization.?®*%3? In this work, the same strategy is
used to prevent the dimerization of gallium imides. Adding
bulky peripheral substituents is not expected to affect the
accessibility of the active gallium centers to small methane
molecules.

Bulky groups such as TMS used in ref. 25 decrease the
propensity of imides to dimerize (Fig. 3). The dimerization
energies for all imides that have at least one bulky TMS group
remain consistently within the realm of non-bonded interac-
tions with |AEgim| <100 k] mol™". Such dimerization energies
are much better compared to those for the other R; and R,
substituents with |AEgim|>200 k] mol~* (Fig. 3). For example,
phenyl and perfluorophenyl substituents in the reference imide
(R; = Ph, R, = C¢F5) are insufficiently large to block two active
centers from approaching each other and forming two strong
Ga-N bonds. This results in a strongly exothermic dimerization
reaction for the reference imide with AEg;, = —224 kJ mol™*
(Table 1). The reaction becomes significantly more exothermic
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Fig. 3 ®wB97X-D/6-311++G(d,p) dimerization energies (AEgm) shown
together with the C—H bond activation energy (AE,,.) and barrier (AE¥).
R1 and R, groups are defined in Fig. 1, whereas structure A, B, and D are
shown in Fig. 2. The proxy to the imide proposed by Nikonov et al. is Ry =
Ph, R, = TMS.2®
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for the derivative imide C with its highly exposed active center
(AEgim = —558 kJ mol ™", Fig. S3, ESI{ and Table 1).

To prevent strong interaction between two active sites in the
dimer of C, bulky inert C¢F5 groups were added, producing
structure D (Fig. 2). This modification achieves its goal and
reduces the dimerization energy to just —105 kJ mol™*
(Table 1), comparable with that of van der Waals interactions
seen in TMS-containing imides, which include the structure
used for C-H bond activation in experiments.>®

While the dimerization of imide D remains exothermic,
the dimerization entropy is negative. This results in a positive
entropic contribution to the free energy that largely offsets
the negative energy term. Therefore, the free energy of the
dimerization of D is not expected to be very low (Table 1) and
both dimers and monomers will exist in diluted solutions of D.
Moreover, dimers of D can still cleave C-H bonds because their
active centers retain the same structure as that of the mono-
mers (Fig. S3d, ESIf). It should also be noted that bulky
substituents in D do not affect the energetics of the methane
activation compared to imide C (Table 1).

Final recommendations. Among the candidates studied,
imide D emerges as the most promising for facile methane
activation with its lowest AE* = 62 k] mol ! and active center
protected from the dimerization, albeit with the second most
exothermic AE,,. We suggest that imide D can be synthesized
using an intramolecular version of a deazidification process
(S4, ESIT). Another candidate is the R; = TMS R, = Ph imide,
which has a low AE* (103 k] mol™), does not dimerize easily,
with an even less exothermic AEg;,, than D, has a moderate
AE,, (Fig. 3), and may also be synthesized in the manner
suggested in ref. 25. An even lower barrier for imide A (AE* =
93 kJ mol™ ') makes it suitable for methane activation if its
gallium core is additionally protected with bulky groups against
the dimerization, as demonstrated before.>® Given the potential
for solvent activation on the Ga-N centers of imides, we
recommend using inert solvents such as benzene or perfluor-
obenzene that do not have reactive alkyl C-H bonds and
provide adequate methane solubility.

In summary, modified NacNac gallium imides with pre-
strained reactive cores and suitable steric protection are pro-
mising for homogeneous methane activation.
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