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ABSTRACT: Although the development of C—H functionalization methods has
enlightened many reactivities in chemistry, the direct functionalization of unactivated
C—H bonds, which are particularly common in petroleum compounds, is still faced with
great difficulty. Herein, we describe a photocatalytic approach that allows direct
methylation of unactivated sp® and sp*> C—H bonds using methanol as the methylation
reagent, with gallium nitride as a powerful yet robust catalyst. Mechanistic studies
suggested that the methanol is dehydrated into methyl carbene intermediate via a

bimolecular mechanism.
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he development of a novel C—H functionalization
strategy has been enabling powerful tools for chemical
conversions,' ~ unlocking unprecedented synthetic routes for
more efficient chemical production and less waste emission.
However, to functionalize the unactivated C—H bonds, which
are ubiquitous among the petroleum reservoir,”’ harsh
conditions and stoichiometric reagents®™'® are still extensively
applied, generating large amounts of waste and persistent metal
footprints. Recently in 2019, Antonietti and Ko6nig reported
the photocatalytic C—H functionalization of arenes using
mesoporous graphitic carbon nitride,'* which achieved broad
functional tolerance. On the other hand, DMSO is still
required as the solvent, which is not easy to separate and
reuse.”” In addition, simple arenes and alkanes are not reactive.
Efficient functionalization of unactivated C—H bonds with
environmentally benign reagents, mild reaction procedures,
and enhanced reliability still poses a fundamental challenge.
Praised by many elegant studies,”’ methanol, being easily
accessible from CO, reduction, is considered one of the most
promising sustainable resources for the future. In 2017, our
group has demonstrated the use of methanol for photo-
chemical C—H methylation of heteroarenes,”” which is crucial
in biochemistry and pharmaceutical science.”” " However, as
such activation generates a nucleophilic hydroxymethyl radical,
electrophilic starting materials are mandatory which thus limits
the substrate scope to only N-heterocyclic aromatics. The key
to overcome this limitation is the development of alternative
methanol activation that could overcome the high bond
strength of the methanol C—O bond and removes the
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nucleophilic oxygen. Early in 2019, a preliminary discovery
from our group showed that methanol can be photocatalyti-
cally activated into methyl carbene (:CH,) on the surface of
the gallium nitride nanowire (GaN NW).”' We then
postulated the possibility to utilize this key carbene
intermediate to achieve C—H methylation of more general
unactivated C—H bonds. Herein, we present such photodriven
C—H methylation using methanol at ambient conditions on
GaN NW catalyst.

The GaN NW was grown via plasma-assisted molecular
beam epitaxy (PA-MBE, see Figure Sl in the Supporting
Information). n- and p-type dopings (Si**, Mg?*, respectively)
were applied to grow the corresponding n-GaN NW and p-
GaN NWs (the standard effusion cell temperatures of Si and
Mg are 1350 and 265 °C, respectively), as significant near-
surface energy band bending can be observed with doping. The
undoped GaN NW was also grown and will be referred to as
intrinsic i-GaN NW. The surface area of the GaN NW can be
calculated from the density, length, and diameter of the NW.
The typical growth time for the NWs is 4 h, yielding a surface
area of the top plane (polar c-plane) and of the side plane
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(nonpolar m-plane) of 0.17 and 5.53 m” g™/, respectively. The
p-GaN NW grown for 2 h was also used in this study, showing
a c-plane area of 0.17 m* g”' and an m-plane area of 2.77 m*

-1

We then chose to study the methylation of benzene (1a)
into toluene (2a) first. A 3.5 cm? slice of a GaN NW grown for
4 h (equal to 0.35 mg GaN) was then placed at the bottom of a
120 mL glass flange equipped with a sealing O-ring and an
evacuation seal. The flange was capped with a quartz window
and evacuated using a vacuum oil pump until the internal
pressure dropped below S X 107> mbar. S uL (equal to 0.124
mmol) of HPLC grade methanol and 10 L (equal to 0.112
mmol) of HPLC grade la were then introduced through the
seal into the flange before the flange was cooled to 4 °C in a
chiller and irradiated with a 300 W full-arc xenon lamp for 12 h
(see Figure S2 in the Supporting Information). The gas phase
inside the flange was analyzed using a valve syringe and gas
chromatography mass spectrometer (GC-MS). To our delight,
by using the p-doped GaN NW, 0.038 mmol of 2a was
detected, which corresponds to a 34% yield (Figure 1A). This
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Figure 1. Catalyst performance examination. Reaction conditions: 10
4L of benzene and S yL of methanol were injected into an evacuated
flange reactor containing a slice of p-GaN NW (grown for 2 h). The
reactor was then chilled at 4 °C and illuminated by a Xe lamp for 12
h. (A) Performance of catalyst with different dopings. (B) Catalyst
recyclability test. (C) Catalysts performance with quantification of
surface area. (D) Isotope labeling experiment.

yield is much higher than the methanol-to-ethanol conversion
that we published earlier under similar reaction conditions.””
Further methylation of 2a was also identified on the GC-MS,
but the regioselectivity was unable to be determined due to the
extremely low yield. In addition, no ethanol was detected in
the reaction, indicating that the methyl carbene intermediate
generated from methanol prefers to attack the la’s sp* C—H
bond rather than the methanol’s sp> C—H bond. We then
examined the la-to-2a conversion using the n-GaN NW, which
dramatically reduced the 2a yield to 0.0069 mmol. i-GaN also
gave a reduced yield of 0.0094 mmol. These results
demonstrated the importance of a downward near-surface
band bending granted by the p-GaN, giving an electron-
enriched surface.”’ Using 0.35 mg of commercial GaN powder,
the reaction gave 0.0023 mmol of 2a while no 2a was detected
in the absence of either GaN or light. To examine the
robustness of the catalyst, six consecutive methylation
experiments were conducted by recycling the same catalyst;
the catalyst showed no decrease in activity (Figure 1B). A 3.5
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cm” slice of a p-GaN NW grown for 2 h instead of 4 h (equal
to 0.17 mg of GaN) was also examined for catalytic 1a-to-2a
conversion, and it gave a similar 0.038 mmol yield of 2a,
resulting in a catalytic efficiency of 18100 ymol g, ' h™'
(Figure 1C). Considering the similar yields granted by p-GaN
grown for 2 and 4 h, which possess identical c-plane areas but
different m-plane areas, p-GaN thin film was then examined
under the same reaction conditions in order to determine the
surface being responsible for the la-to-2a conversion. The
experiment gave 0.031 mmol of 2a. We also synthe51zed a p-
GaN nanosheet (NS) with no c-plane as the catalyst,”” which
gave no desired la-to-2a conversion, to further support the
hypothesis that the c-plane is solely responsible for the 1la-to-
2a conversion. This phenomenon is consistent with our
previous study which indicates the methanol to carbene
conversion being achieved solely on the c-plane.’’ The isotope
labeling experiment using *CH;OH also gave °C labeled 2a
(Figure 1D; see also Figure S6 for characterization).
Encouraged by the efficiency of the photocatalytic
conversion in the gas phase 1la-to-2a reaction, we then
embarked on the optimization of the reported method for
more synthetic utilization (Table 1). For the methylation of

Table 1. Reaction Condition Optimization

1 mg p-GaN NW
0 5 mL solvent
Q hv, 4 °C 12h Q,CHB‘
1c
0.2 mmol GC-| MS yield

entry? solvent additive yield
1b N/A 1 equiv CH30H <1%
2 N/A 1 equiv CH3;0H 1%
3 CH30H N/A 7%
4 CH,Cl, 1 equiv CH30H 2%
5 Hx0 1 equiv CH30H <1%
6 CH3CN 1 equiv CH3OH 21%
7 CH3CN N/A 21%
8 CH30H 0.2 equiv TFA 16%
9 CH3;0H 0.2 equiv HCI 8%
10 CH30H 0.2 equiv AcOH 7%
11 CH30H 2 equiv TFA 22%
12¢ CH30H 2 equiv TFA 29%
134 CH30H 2 equiv TFA 20%
14¢ CH30H 2 equiv TFA 19%
15f CH30H 2 equiv TFA 17%
16¢ N/A 2 equiv TFA N.D.

“Reaction conditions: all reagents were injected into an evacuated
flange reactor containing a slice of p-GaN NW (grown for 2 h). The
reactor was then chilled at 4 °C and illuminated by a Xe lamp for 12
h. “The reaction uses 0.17 mg catalyst loading. “The catalyst was
deposited with 5 wt % Cu NP. “The catalyst was deposited with 5 wt
% Fe NP. “The catalyst was deposited with S wt % Ag NP. IThe
catalyst was deposited with S wt % Au NP.

the sp® substrate, cyclopentane (1c), only less than 1% yield of
methylcyclopentane (2c) was obtained (Table 1, entry 1).
Using this conversion as the model reaction for optimization,
we first increased the catalyst (p-GaN NW, 2 h growth time)
loading from 0.17 to 1 mg and obtained an 11% 2c yield
(Table 1, entry 2). Next, we examined the addition of solvent
inside the reactor flange to convert the previous gas-phase
reaction into a more synthetically useful solvent reaction.
Various solvents, such as methanol (Table 1, entry 3),
dichloromethane (Table 1, entry 4), water (Table 1, entry
5), and acetonitrile (Table 1, entry 6), were examined.
Surprisingly, acetonitrile gave the highest yield of 21%.
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Table 2. Substrate Scope Investigation

1 mg Cu@p-GaN NW
(same cat. re-used for all substrates)

R-H 2 equiv TFA in 0.5 mL CH;OH R-CH3
hv,4°C, 12 h
0.2 mmol v 4°C, GC-MS yield?
overall yield
entry substrate product (product ratio)
CH3
1 © ©/ 40%
2a
1a CH,
2 : CHs 1%
(5:4)
1b 2b 3b
O e
1c 2c
CH
O o
4
2d
1d CH,
5 _ CH, 12 %
: (3:2)
1e 2e 3e CHa
6 AN H3C/\/\/\ : : \)\/\ 16%
CH, (2:6:5)
1f 2f 3f 4f
SRR e L
) : 3 CHs (3:1)
1g 9 9 Cch,
NS VS AN 12%
HsC
i CH, (6:5:5)
2f 3f 4f
- o, L
8. CHj (1:5)
2g 2g 3g

“Reaction conditions: 0.2 mmol of alkane, 0.4 TFA, and 0.5 mL of methanol were injected into an evacuated flange reactor containing a slice of p-
GaN NW (grown for 2 h). The reactor was then chilled at 4 °C and illuminated by a Xe lamp for 12 h. “Reaction was conducted at 90 °C.

However, when the control reaction was conducted using
acetonitrile as the sole solvent without methanol (Table 1,
entry 7), a similar yield of 21% was still obtained. This
indicates that acetonitrile is consumed as the reactant and
serves as a better methyl donor than methanol, possibly due to
the —CN group being a better leaving group than —OH.
Inspired by this, we reasoned that the introduction of acid in
the reaction mixture may boost the reactivity by making —OH
a better leaving group. We started by adding 0.2 equiv of
trifluoroacetic acid (TFA) into the reaction mixture using
methanol as the solvent (Table 1, entry 8), giving 16% yield of
2c. Other acids such as HCI (Table 1, entry 9) and acetic acid
(Table 1, entry 10) did not grant increased reactivity. We then
raised the loading of TFA, and the highest yield was granted
with 2 equiv (Table 1, entry 11) TFA loading, giving 22%
yield. Finally, as copper is known to facilitate the C—H
insertion of methyl carbene,*” a p-GaN NW deposited with a
copper nanoparticle (Cu NP, see Figure S13 for character-
ization) was used as the catalyst and granted a 29% yield of 2c¢
(Table 1, entry 12). The deposition of other metals, such as
iron (Table 1, entry 13), silver (Table 1, entry 14), and gold
(Table 1, entry 15), did not increase the reactivity. The control
experiment also showed that the reaction did not proceed
without methanol (Table 1, entry 16).
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We then began to investigate the reaction scope by using the
same catalyst over-and-over for all substrates (Table 2).
Compared to 1a, which was methylated to 2a with 40% yield
(Table 2, entry 1), naphthalene (1b) gave an overall 11% yield
of methylnaphthalene, with a slight selectivity for 1-
methylnaphthalene (2b) instead of 2-methylnaphthalene
(3b) (Table 2, entry 2). For sp® substrates, lc gave 29%
methylation yield of 2¢ (Table 2, entry 3). Cyclohexane (1d)
was examined to give an increased methylcyclohexane (2d)
yield of 37% (Table 2, entry 4). The increase of efficiency
might be due to the affinity of the six-member ring with the
waurtzite crystal structure of GaN, as well as the change in the
ring strain and the increased sp’ character in the molecular
orbital.** trans-Decalin (1e) gave a 3:2 ratio of 1-methyldecalin
(2e) and 2-methyldecalin (3e), with an overall 12% yield
(Table 2, entry S). We then examined the methylation of n-
hexane (1f), which could give three methylation products
depending on the regioselectivity of the methylation. Astonish-
ingly, the ratio of the generated 1-,2-,3-methylated hexane (n-
heptane, 2f; 2-methylhexane, 3f; 3-methylhexane, 4f) was
observed to be 2:6:5 with an overall yield of 16% (Table 2,
entry 6). Similarly, the methylation of isobutane (1g) also
disfavors 1° C—H, giving a 3:1 ratio of neopentane (2g) and 2-
methylbutane (3g) with an increased overall yield of 55%
(Table 2, entry 7). This selectivity is not consistent with classic
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knowledge of free-carbenes®*® and therefore implies a strong

interference of the GaN surface on the behavior of the
photogenerated methyl carbene. To test this hypothesis, the
reaction temperature was raised to 90 °C to promote the
desorption of the carbene on the GaN surface. It was observed
that the methylation of both 1f and 1g gave increased
selectivity for 1° C—Hs (Table 2, entries 8 and 9), which is
more consistent with classic carbene chemistry. This suggests a
strong tendency for the generated carbenes to be adsorbed on
the GaN surface. It should be noted that the GaN NW catalyst
shows no significant sign of degradation after nine consecutive
catalytic cycles (see Figure S13 in the Supporting Informa-
tion).

As indicated by our previous study,’’ the reaction began
with the dehydration of methanol molecules into methyl
carbenes on the surface of p-GaN under the irradiation of the
Xe lamp. To further examine this mechanism, we periodically
monitored the generation of toluene under the optimized
reaction conditions over the first 2 h (Figure 2A). Then, the

A ®),

® SyuLMeOH + 10 yL benzene 'g‘ ® 20 uL MeOH alone
= @ 2.5 yL. MeOH + 10 pL benzene i‘ ® 10 yL MeOH alone
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Figure 2. Reaction kinetic studies and the proposed mechanism. (A)
Kinetic study of benzene-to-toluene conversion. (B) Kinetic study of
methanol-to-ethanol conversion. (C) Proposed mechanism of the
carbene formation with the PBE/DZVP energy profile. The inset
shows the model of the nitrogen terminated c-plane of GaN with one
Ga adatom in an H3 site of a 2-by-2 surface unit cell. Blue, red, cyan,
gray, and yellow spheres denote positions of nitrogen, oxygen, carbon,
and hydrogen atoms, respectively. Gallium adatoms are shown in
yellow while other gallium atoms are shown in orange.

initial methanol loading was reduced by half (2.5 L), and it
was found that the reaction rate was significantly reduced to
approximately 1/4 compared to the optimized reaction. As a
benchmark, we also decreased the benzene amount (to 5 uL),
and the reaction rate was reduced to approximately 1/2. This
indicates that the reaction rate equation is likely to be
proportional to the benzene activity coefficient and the
methanol activity coefficient squared, suggesting a mechanism
involving two methanol molecules. A similar test was also
conducted for our previous methanol-to-ethanol conversion
and gave a similar reaction rate decrease to 1/4 of the
optimized yield when the methanol loading was halved (Figure
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2B). Therefore, the rate-determining step in the initial carbene
formation from methanol is likely to involve two methanol
molecules.

Density functional theory (DFT) calculations were carried
out in order to gain insight into elementary steps of the
plausible mechanism of the two-molecule process of carbene
generation and structural transformations along the pathway.
All calculations were performed using the DFT module of the
CP2K software package.”” In the dual Gaussian and plane-
wave scheme implemented in CP2K,*® a double-{ Gaussian
basis set with one set of polarization functions (DZVP)** was
used to represent spin-unrestricted orbitals. A plane-wave
cutoff of 1200 Ry was used to represent the electron density.
Separable norm-conserving Goedecker—Teter—Hutter pseu-
dopotentials were used to describe the interactions between
the valence electrons and ionic cores,*”*' and the Brillouin
zone was sampled at the I' point. The Perdew—Burke—
Ernzerhof generalized gradient approximation®” corrected to
account for dispersion interactions'~ was used as the exchange-
correlation functional. The size of a simulation box along the
perpendicular direction to the surface was set to 32 A to ensure
decoupling of slab periodic images. A dipole correction** was
applied to cancel the spurious electric field in the direction
perpendicular to the surface. The positions of all atoms were
fully relaxed in calculations.

An atomistic model of the nitrogen terminated c-plane of
GaN—often labeled as —c-plane or (0001)—was created
following previous experimental and computational studies,
which indicate that a 2 X 2 surface unit cell with one Ga
adatom in an H3 site (Figure 2C) is the most stable surface
reconstruction under N-rich conditions.*”*® The slab with the
surface of 4 X 4 surface unit cells containing four Ga adatoms
and the depth of three cells was built to represent the NW
surface (Figure 2C, inset). The opposite inactive gallium
terminated +c-plane of the slab was passivated with nitrogen
adatoms located in H3 sites directly under Ga adatoms.**°
The spin-unrestricted DFT calculations result in no unpaired
electrons in the slab and thus confirm that the model satisfies
the electron counting rule, indicative of surface stability.” The
methanol dimer configuration with the lowest energy is shown
as the leftmost structure in Figure 2C. It is hypothesized that
the first photoinduced step of the reaction, the mechanism of
which is not modeled directly here, is the migration of a
hydrogen atom of the methyl group closest to an exposed
nitrogen atom on the surface. The subsequent ground state
surface-mediated relaxation of the CH,OH molecule results in
the migration of the hydrogen atom of the hydroxyl group to a
nearby Ga-bound methoxy group with the formation of a
formaldehyde molecule, which quickly reorients to form a N—
C bond with another surface nitrogen atom (Figure 2C). This
transformation of a methanol molecule into the N-bound
CH,OH intermediate is accompanied by the energy lowering
of 227 kJ/mol, indicating that, despite possible missing excited-
state intermediates, this final structure is thermodynamically
plausible. What is important is that a nearby methoxy group
plays an important role in the transformation. It participates in
shuttling the hydrogen atom and serving as a surface anchor
during the reorientation of the CH,O group, which explains
the observed second order of the reaction in methanol. In the
next step, the cleavage of the C—O is thermodynamically
driven by the further energy lowering and can be facilitated by
nearby protons through the formation of a H,0-CH,
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intermediate. It is also worth noting that the generated carbene
is adsorbed to the nitrogen atom of the GaN surface.

In conclusion, we have demonstrated that, by using GaN as
a robust catalyst, methylations of simple alkanes and arenes
using methanol can be achieved with high efficiency. In
addition, it can be suggested by our experimental results that
the photocatalytic methanol transformation into methyl
carbene involves two methanol molecules to facilitate the
elimination. Further applications regarding GaN-catalyzed
hydrocarbon conversions are already underway in our lab.
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