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The direct functionalization of inert C—H bonds has long been a "holy grail” for the chemistry world. In this
report, the direct C(sp®)=N bond formation of unactivated alkanes is reported with a GaN based Mott—
Schottky catalyst under photocatalytic reaction conditions. Long term stability and reaction efficiency (up

to 92%) were achieved with this photocatalyst. The deposition of a Pd co-catalyst on the surface of GaN
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interaction in the Pd/GaN Schottky junction, giving a significant Pd/GaN depletion layer. In addition,

DOI: 10.1039/d35c00688¢ density functional theory (DFT) calculations were performed to show the distinct performance of Pd
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Introduction

The direct conversion of C-H bonds to other functional groups
has enabled a rapid route to more complicated molecules from
simple structures with advantages of atom economy and
reduced carbon emission." In particular, C-H amination has
received much interest because of the abundance of C-N bonds
in natural products, pharmaceuticals and pigments.>* Among
all types of C-H functionalization, the direct functionalization
of unactivated alkyl C(sp*)-H bonds, which are generally inert to
chemical transformations, is still facing tremendous challenges
due to the high activation energy and low acidity of such bonds.?
Traditionally, a stoichiometric amount of radical initiator is
required to overcome this barrier,* of which the atom economy
is particularly disadvantageous. In recent years, a number of
photocatalysts for direct C-H functionalization, including
mesoporous graphic carbon nitride (mpg-CN),” tetrabuty-
lammonium decatungstate (TBADT),® and other homoge-
neous molecular photocatalysts,”*> have been reported,
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however, the pursuit of a powerful photocatalytic strategy with
high energy efficiency and green practices is still going on."** In
2018, Zuo's group reported a photocatalytic functionalization of
light alkanes with cerium salts, which has achieved excellent
catalytic efficiency and wide applications.”® While achieving
promising results with a light-driven protocol, the cesium/
alcohol catalyst used is difficult to be separated and recycled.
In 2020, Chudasama’s group reported a C(sp*)-H amination of
ethereal substrates using atmospheric oxygen as a radical
generator.'® Despite its success, the use of hazardous fluori-
nated alcohols (HFIP) as solvents and operating under high
temperature would provide challenges for large-scale applica-
tion and raise environmental concerns. To pursue the prom-
ising potential for light-driven C-H functionalization, the
catalyst must be redesigned to better harness light while
maintaining enhanced stability for catalyst recycling. Further-
more, it would be highly desirable for the catalyst to be abun-
dant and easily accessible with low cost.

Semiconductor photocatalysis is one of the most promising
green and renewable energy ideas, as it uses the abundant
sunlight or artificial illumination.”” Among them, gallium
nitride (GaN), a group III nitride semiconductor, possesses
a large energy band gap, great electromigration rate and high
stability.® It is widely employed in optoelectronics as well as
next-generation microchips and is touted as a semiconductor of
the future. Early in 2014, our group showed the excellent ability
of C-H activation over the GaN surface during photocatalytic
methane aromatization.” The reaction proceeds via the H-CH;
polarization induced by the electrostatic force of Ga®>" and N*~
on the GaN surface, followed by the heterolytic splitting of H-
CHj; into surface-bond CH;~ and H' under irradiation. With the
photo-induced hole generated on the surface of the
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semiconductor, the carbanion will then be oxidized into
a methyl radical and initiate the carbon chain elongation.
Recently, the design of Mott-Schottky catalysts consisting of
a metal-semiconductor heterojunction has made it possible to
control the charge transfer between the metal and semi-
conductor components through the rectifying contact at the
interface offering a feasible method for significantly enhancing
energy conversion, organic synthesis, photocatalytic reactions,
and electrochemical reactions.?*>> So far, the introduction of
a Schottky junction in photocatalysts is mainly focused on water
splitting,”® CO, reduction,* and water treatment.”®> However,
their potential in the field of C-H activation, especially for the
functionalization of unactivated alkanes, has rarely been
studied. We envisioned that, with the deposition of noble metal
particles to form Schottky junctions,” the photogenerated
charge carriers can be greatly increased, enhancing the perfor-
mance of catalysts towards overcoming the large energy barrier
of alkyl C-H functionalization. For example, Pd deposited on
TiO, has been reported to be an efficient catalyst for photo-
catalytic C(sp®)-H activation, demonstrating the viability of this
approach.”” Herein, we present palladium nanoparticles depos-
ited on GaN as a Mott-Schottky catalyst for photocatalytic
C(sp®)-N bond formation of alkanes, proceeding with the
outstanding features of high activity, high atom-economy, and
high reusability.

Results and discussion

The typical GaN nanoparticles have a Wurtzite crystal structure.
The GaN surface is composed of m-planes and c-planes.
Transmission Electron Microscopy (TEM) was used to show
the detailed structure of the commercially available GaN
nanoparticles (Fig. 1a). The high-resolution TEM images and
their corresponding diffraction patterns illustrated the different
surfaces of GaN (Fig. 1b and c). Note that as for the m-plane, the
distance between two adjacent Ga or N lattices is 5.18 A and the
length of the Ga-N bond is 1.95 A. Compared with the normal
sp® C-H bond (1.09 A), the dipole generated by the longer Ga-N

m-plane

Fig. 1 (a) Representative TEM image of GaN nanoparticles. (b) High
resolution TEM image of the m-plane of GaN nanoparticles with its
corresponding electron diffraction patterns. (c) High resolution TEM
image of the c-plane of GaN nanoparticles with its corresponding
electron diffraction patterns.
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bond induces an electrostatic stretch, which promotes the
polarization of the C-H bond.® Therefore, the strength of the
polarized C-H bond could be weakened and further cleaved
under irradiation.

Various metal co-catalysts were deposited on the commer-
cially available GaN sample to build Mott-Schottky catalysts via
a photodeposition method as follows: various metal precursors
(K,PdCly, K,PtCl, CuCl, or AgNO;) were dissolved in 3 mL of
distilled water and 1 mL of methanol as a stock solution. 10 mg
of the GaN sample was dispersed in 2 mL of the stock solution
and stirred under photoirradiation for 7 hours using a xenon
lamp (PE300 BUV). Then the suspension was filtered, washed
with distilled water and methanol, and dried under vacuum at
100 °C for 12 h. The samples were named as M/GaN, where M
represents the deposited metal.

To begin our research, we initially tested between di-tert-
butyl azodicarboxylate (DBAD) and 2 equiv. of cyclohexane, with
GaN nanoparticles alone as a catalyst for 12 h under argon at
room temperature. A quartz tube was used as the reactor with
the xenon lamp serving as the light source. The effect of solvent
was first examined (Table 1, entries 1-5). The results suggested
that the reaction could not happen in solvents with strong UV
absorbance such as acetone (Table 1, entry 1) and benzene
(Table 1, entry 2). In addition, strongly polar solvents, such as
methanol (Table 1, entry 3) or water (Table 1, entry 4), were not

Table 1 Photocatalytic C—N bond formation by GaN with deposition
of different metals

Boc
! GaN cat.
O + N:N O\N,NHBOC
) CH3CN, hv, Ar, rt, 12h \
Boc Boc
0.2mmol 0.1mmol

Entry Solvent (1 mL) Catalyst Yield%
14 Acetone GaN Traces
2 Benzene GaN 0

3 Methanol GaN 0

4 Water GaN 0

5 Acetonitrile GaN 5

6 Acetonitrile 2 wt% Ag/GaN 3

7 Acetonitrile 2 wt% Mo/GaN 6

8 Acetonitrile 2 wt% Rh/GaN 39
9 Acetonitrile 2 wt% Ru/GaN 17
10 Acetonitrile 2 wt% Cu/GaN 36
11 Acetonitrile 2 wt% Mn/GaN 26
12 Acetonitrile 2 wt% Pt/GaN 28
13 Acetonitrile 2 wt% Pd/GaN 62
14 Acetonitrile 1 wt% Pd/GaN 49
15 Acetonitrile 3 wt% Pd/GaN 45
16 Acetonitrile 4 wt% Pd/GaN 55
17° Acetonitrile 2 wt% Pd/GaN 78
18 Acetonitrile N/A 0
19? Acetonitrile N/A 0
20¢ Acetonitrile 2 wt% Pd/GaN 0

¢ Reactions were carried out with 2 mg of the catalyst under Xe lamp
irradiation at room temperature and under an inert atmosphere.
200 uL DCM was added. ¢ Under darkness.
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compatible with the reaction. To our delight, with the common
solvent acetonitrile and the use of commercially available GaN
nanoparticles, the yield could reach 5% (Table 1, entry 5). Then,
we further investigated the influence of metal deposited (See
Fig. S2-S9 in the SIf for more information). Interestingly, the
deposition of silver (Table 1, entry 6) and molybdenum (Table 1,
entry 7) showed little influence on the activity of the catalyst.
Other popular metal decorations such as rhodium (Table 1,
entry 8), ruthenium (Table 1, entry 9), copper (Table 1, entry 10),
manganese (Table 1, entry 11) and platinum (Table 1, entry 12)
would increase the yield of the product 1a. Among all choices of
metal decoration, palladium (Table 1, entry 13) was the best
choice, affording product 1a in 62% yield. With the positive
results using palladium, various amounts of Pd were deposited
on GaN (Table 1, entries 13-16) and 2 wt% was found to be the
optimal loading. As chlorine was shown to benefit alkyl radical
formation,*®**® with the addition of 200 pL dichloromethane
(DCM), the yield could reach 78%. Control experiments were
also performed, demonstrating the importance of the catalyst
(Table 1, entries 18, 19). Moreover, in the absence of photo-
irradiation, no product was formed, showing that the reaction
is photocatalytic (Table 1, entry 20).

Table 2 Substrate scope of photocatalytic C(sp®-N bond formation
via Pd deposited GaN

I]Boc

H
s N,
7 My

Boc

Pd/GaN, DCM
CH4CN, hv, Ar, 1t, 12h

?oc
;’YN‘NHBoc

0.2mmol 0.1mmol

SR es
la 1b

H

O

1c 1d
78% 77% 66% 58%

H 0. H O H

O__H

PSS o J
o 7 o
le 1f 1g 1h
56% 62% 76% 68%
H

oo o

1i 1j 1k 1l

92% 68% 63% 64%

& ob o

45% 45% 34%

Ry Ry
H a Pd/GaN, DCM N
o No TR R
O/ N T CHON, hv, Ar, 1t 120 O/ 'F?:H
1
0.2mmol 0.1mmol
OJ< OJ\ o) \/@
H H H
.N__O
OYN\N’J*O OYN\NAO O)J\N e
T e ok
la 2b 2c

78% 70% 53%
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With the optimized conditions in hand, the scope of the
reaction was investigated. As shown in Table 2, simple unac-
tivated alkanes (1a-1d) reacted smoothly to form the C-N bond
giving moderate to high yields. The widely used dimethyl ether
was converted into the corresponding products 1le with
moderate yield. For heterocyclic compounds, moderate to high
yields were achieved with common chemicals including tetra-
hydrofuran (1f), tetrahydropyran (1g) and 1,4-dioxane (1h). 2,5-
Dihydrofuran (1i) gave the highest yield of 92%. In addition,
alkene substrates (1j, 1k) could be tolerated for this reaction. A
list of benzyl compounds were also investigated (1l-10).
Dibenzyl methane (11) could afford product yields of 64%.
Toluene (1m) and 1-methylnaphthalene (1n) worked well for the
reaction showing that this method could also be applied for the
preliminary C(sp®)-H bonds. C-H bonds on bicyclic hydro-
carbon indene (10) gave only 34% yield, which might be due to
the rigidity of the C-H bonds. Other nitrogen sources including
diisopropyl azodicarboxylate (DIAD) and dibenzyl azodicarbox-
ylate were found to be applicable with this method where 70%
(2b) and 53% (2¢) of yields were achieved respectively. In
addition, the same catalyst could be reused and recycled five
times with no significant decrease of the yield showing the long-
term stability of the catalyst (Fig. 2).

Microscopic characterization revealed the deposited Pd
nanoparticles being embedded on the surface of GaN (Fig. 3a-f,
S17). Fig. 3g demonstrates the high-resolution TEM image for
the interface area between GaN and Pd nanoparticles. In the
close analysis of inverse fast Fourier transform (IFFT) of the
same region (Fig. 3h), some distortions and dislocations could
be noticed indicating the defects on the GaN surface adjacent to
the deposited Pd nanoparticles. This could be the result of the
successful formation of the Pd/GaN Schottky junction. This
junction allows electron aggregation from GaN to Pd, which
significantly activates the Pd catalyst, and leaves a depletion
layer formed on the surrounding GaN.

Photoluminescence spectra (PL) of commercially available
GaN and as synthesized 2 wt% Pd/GaN are shown in Fig. 4a. The
intensity of the PL emission decreases as Pd nanoparticles are
deposited on the surface of GaN. The quenched PL spectra
indicate the electron transfer from GaN to Pd nanoparticles,
which promotes the charge carrier separation. Additionally, X-
ray photoelectron spectroscopy (XPS) analysis was performed
to determine the electron transfer in Mott-Schottky catalysts.

90
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Yield %
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o

Fig.2 Reusability of 2 wt% Pd/GaN for the photocatalytic animation of
cyclohexane.
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Fig. 3 (a) Representative TEM image of 2 wt% Pd/GaN. (b) Repre-
sentative HAADF-STEM images of 2 wt% Pd/GaN. (c) Overall corre-
sponding EDX maps of the HAADF-STEM image b. (d) Corresponding
EDX maps of the HAADF-STEM image b showing N atoms. (e) Cor-
responding EDX maps of the HAADF-STEM image b showing Ga
atoms. (f) Corresponding EDX maps of the HAADF-STEM image
b showing Pd atoms. (g) High-resolution TEM image of Pd deposited
on GaN. (h) Inverse fast Fourier transform (IFFT) of image g.

2wt pefGan b 2wt pefGan

GaN

Intensity (a.u.)
Intensity (a.u.)

00 30 40 00 60 700 80 00 %0 P 340 245
Wavelength (nm) Binding Energy (eV)

Fig. 4 (a) Photoluminescence spectra of GaN and 2 wt% Pd/GaN. (b)
Pd3d spectra of Pd/C and 2 wt% Pd/GaN.

Pd3d peaks of Pd/C and 2 wt% Pd/GaN are shown in Fig. 4b. 2
wt% Pd/GaN shows strong peaks at 334.4 eV and 339.7 eV. The
upshift of Pd3d peaks of 2 wt% Pd/GaN to low binding energy,
as compared with Pd3d peaks of Pd/C (337.6 eV and 342.5 eV),
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verifies the electron transfer from semiconducting GaN to Pd
nanoparticles.

To investigate the mechanism of the reported C-N bond
formation reaction, an electro paramagnetic resonance (EPR)
study was performed. 1 equiv. of 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) as a radical trap was added under different
reaction conditions. As shown in Fig. 5a, when cyclohexane
was not present, the combination of DBAD and DMPO did not
give a significant EPR signal under the optimized reaction
conditions. In the case of GaN as a catalyst, the EPR signal of
the cyclohexyl-DMPO component could be recognized. An
obvious EPR signal was identified when DBAD was not
present in the reaction mixture under the optimized C-H
functionalization conditions with the radical trap, showing
the enhancing performance of Pd nanoparticles. The EPR
spectrum obtained was consistent with the previous study.*®
In addition, in the optimized C-H functionalization of
cyclohexane with the additional radical trap, a similar EPR
signal could be identified. Providing the result, it is suggested
that the reaction proceeds via the formation of an alkyl
radical generated by an electrostatic stretch of the alkyl C-H

Pd/GaN, DCM

Boc Fk
SRR

Boc o CH4CN, hv, rt, Th

\\ o
i

GaN, DCM

i CHACN, hv, tt, h
Boc o

(‘n°e) Ayisuaju|

Pd/GaN, DCM
CHLCN, hv, 1t, 1h

A
el | [| /| o
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Boc
h y CHLCN, hv, it, 1h
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3470 3490 3510 3530 3550
(b) zoc
R~ NH
Boc
Pd €)
- H®
Boc
-N_
P
’
5 A, Y / Boc
: \
1
\ Boc
1 N,
hv, N
1
1
'

Fig. 5 Reaction kinetic studies and proposed mechanism. (a) EPR
analysis of hexane C-H functionalization. (b) Proposed reaction
mechanism.
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bond by N and Ga atoms on the GaN surface, generating the
corresponding proton and carbanion, which were then
oxidized by photogenic holes on the semiconductor surface
(See Fig. S10 in the ESIT for more information). Then, the
alkyl radical was captured by DBAD to afford the desired C-N
bond formation (Fig. 5b).

Pd is commonly used in photocatalytic C-H activation, but
the reason behind this selection requires careful
investigation.?”*'"** To further elucidate the distinct perfor-
mance of the Pd nanoparticles (NPs)/GaN system at the
atomic level, density functional theory (DFT) calculations
were performed to study the charge transfer between different
metal NPs and GaN (Fig. S111), and the adsorption of the
cyclohexane (C¢H;,) molecule on the surface of the Pd NPs/
GaN system (Fig. 6a). Comparably, the adsorption character-
istics of CgH;, on bare GaN are plotted in Fig. 6b. Addition-
ally, a general mechanism for the different performances
exhibited by different metal NPs deposited on GaN is
proposed in Fig. 6c.

First, the atomic structures of metal NPs/GaN (1010) systems
(Fig. 6a) are established to investigate carrier transport behav-
iors. After full geometric relaxation, Bader charge analyses are
performed as summarized in Fig. S2 and Table S1.7 It is found
that electrons prefer to migrate from GaN to Pd or Pt nano-
particles, which is in good accordance with the XPS measure-
ments (Fig. 4b).

This charge transfer, from GaN to NPs, further helps NPs
to facilitate the C-N bond formation of unactivated cyclo-
hexane. Because to form the C-N bond, the first and foremost
step is the adsorption and deformation of the relatively inert
Ce¢Hy, on the photocatalyst surface, the electron injection
from NPs to cyclohexane is a crucial step to activate the
molecule. With more electrons on the NPs due to the charge
transfer from GaN, the capability to weaken the C-H bond of
alkanes is enhanced. Among the metal NPs investigated in
our experiments, Pd and Pt NPs receive electrons from GaN,
leading to their better performances in the activation of the
cyclohexane molecule.

L=y :(
-a*g-gtg-g
O-gP

Q D-CD—CP-D- 4
P D-P-P-D &
b c m ;::ZL::!::E;T;\“\/Y\W'MVHMVOIde\ecvmn
oy % *
b o /.
9 > 04 E
¢ 5P D 3 “ \\ ¥,
& o 20.
Q P -Q —Q x ¢
& - PP o /%
| 1
charge charge
©Pd (metal) ©GaON @ C oH gaﬁ Eoihald L

Fig. 6 Calculated structural and electronic properties for metal
nanoparticles/GaN systems. (a) Side (left panel) and top (middle panel)
views of the fully relaxed configuration, and differential charge density
(right panel) of CgH1, adsorbed on the Pt NPs/GaN system. (b) Side (left
panel) and top (middle panel) views of the fully relaxed configuration,
and differential charge density (right panel) of CgH1, adsorbed on the
GaN system. (c) Proposed mechanism for the different performances
of the metal nanoparticles deposited on GaN.
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Subsequently, cyclohexane adsorption on the surface of Pd
NPs/GaN, Pt NPs/GaN and bare GaN is studied. The optimized
geometry and the differential charge density (DCD) analysis of
C¢H1,/Pd NPs/GaN (1010) are presented in Fig. 6a. There is
a significant charge accumulation between the Pd atom and H
atom (indicated by the light-yellow color) and substantial
charge reduction in the middle of the H atom and C atom
(marked by the light-blue color). These results are consistent
with the following geometric features. Upon adsorption of the
cyclohexane molecule on Pd NPs/GaN (Fig. 6a), our calculation
showed that the H atom in the molecule forms a Pd-H chemical
bond with a value of 2.044 A, while the C-H bond is weakened
by elongation from the original 1.090 A to 1.130 A. Besides, it is
calculated that the charge on this H atom of the molecule
bonded with Pd NPs is 1.041e. Consequently, the weakened C-H
bond can be readily broken when the molecule is further excited
by photogenerated electrons, setting the stage for subsequent
C-N bond formation. Replacing Pd with Pt, namely, the C¢H;,/
Pt NPs/GaN (1010) system, the process to weaken the C-H bond
is similar. Here, the Pt-H chemical bond length is 2.195 A while
the C-H bond is stretched from 1.090 A to 1.127 A; the charge
electron on the H atom forming a chemical bond with Pt NPs is
1.002e.

In addition, the geometric and electronic properties are also
calculated for the C¢H;,/GaN (1010) system without NPs. As
plotted in Fig. 6b, the cyclohexane molecule interacts with the
bare GaN surface through the H-Ga covalent bond (2.126 A), i.e.
the C-H bond is elongated from 1.090 A to 1.118 A, less than the
elongation with NPs. We conclude the rational deposition of
metal NPs to be a very effective route for enhancing the chem-
ical reaction of unactivated alkanes as reactants on GaN
surfaces. Among the studied metal nanoparticles, Pd performed
the best, which is highly consistent with the experimental
results.

Notably, it is interesting to investigate the correlation
between the electronegativity, charge transfer and chemical
reaction of NPs on GaN surfaces, as shown in Fig. S2.f Among
eight listed metal NPs, electronegativity of six metal NPs had
a positive correlation with the charge transfer, including Pd and
Pt. Following the d-band center theory**?® which determines
the catalytic performance, we suggest a quantity, the Product of
Electro Negativity and Number of d electron (PENNd) of the
metal NPs. As shown in Fig. 6¢, PENNA fits the characteristics,
such as the variation trend and different d electron classifica-
tions, of the catalytic activity curve. This observation gives
a qualitative picture by basic material characteristics to catalytic
performances of NPs/GaN systems.

Conclusions

In summary, we have reported a GaN based Mott-Schottky
catalyst for facile C-H functionalization of unactivated
alkanes. The strategy gives long term stability and high
reactivity. Density functional theory calculations were con-
ducted to show the uniqueness of Pd nanoparticles. It is
shown that the oriented electron migration, facile adsorption
of alkanes, and the strong chemical interaction between

Chem. Sci., 2023, 14, 1761-11767 | 11765
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alkanes and Pd NPs/GaN would weaken the C-H bond and
facilitate C-N bond formation. Additionally, the band gap of
GaN can be tuned by adding indium (In), thus affording an
opportunity to harness virtually the whole solar spectrum and
the further investigation of GaN catalysts in photocatalytic
reactions is ongoing in our lab.?”*°
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