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Abstract: Regioselective C—H bond functionalization is pivotal in modern scientific exploration, offering solutions
for achieving novel synthetic methodologies and pharmaceutical development. In this aspect, achieving exceptional
regioselective functionalization, like para-selective products in electron-poor aromatics, diverges from traditional
methods. Leveraging the advantages of atomically dispersed photocatalysts, we designed a robust photocatalyst
for an unconventional regioselective aromatic C—H bond functionalization. This innovation enabled para-selective
trifluoromethylations of electron-deficient metadirecting aromatics (—NO,, —CF;, —CN, etc.), which is entirely orthogonal
to the traditional approaches. Mechanistic experiments and DFT analysis confirmed the interaction between Cu-atom
and the aromatic substrate, alongside the photocatalyst’s molecular arrangement, driving selective exposure of the para-
selective functionalization. This strategic approach elucidated pathways for precise molecular transformations, advancing
the frontier of regioselective C—H bond functionalization by using atomically dispersed photocatalysts in organic synthesis.

Introduction

The regioselective aromatic C—H bond functionalization has
become a viable approach for intricate molecular targets due
to their high atom efficiency and development of sustainable
chemistry.'l Nevertheless, the precise functionalization of
the aromatic C—H bond continues to pose a challenge due to
the subtle differences in reactivity among the multiple C—H
bonds present within the substrate.?] Heading down this

path, the noteworthy electrophilic aromatic substitution, also
recognized as the Friedel-Crafts (FC) reaction (Figure 1a),l*!
finds extensive utility. According to the traditional FC
reactions, electron-rich aromatic compounds yield products
in a nearly equimolar mixture of ortho/para-selectivity and
electron-deficient aromatics generate primarily metaselective
products upon encountering electrophilic species. These
reactions are both influenced by the electron-density aspect,
which is contingent upon the specific substituents within the
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Figure 1. Aromatic C—H bond functionalization: state-of-the-art and our model of work.

molecule. Therefore, the challenge lies in altering the regios-
electivity pattern, explicitly focusing on para-C—H bond
functionalization of electron-poor arenes and meta-C—H
bond functionalization of electron-rich arenes. To address
this challenge, contemporary chemists have explored this
captivating field, developing photocatalytic methods!*! and
transition-metal  catalytic  techniques® to achieve
metaselective C—H bond functionalization in electron-
rich arenes (Figure 1b).[°] Recent studies have strategically
employed N-heterocyclic carbenes (NHCs) in photocatalysis
and L-shaped ligands in transition-metal catalysis to introduce
steric hindrance at the ortho and para positions, thereby
promoting metaselectivity. However, these approaches
are limited using nonrecyclable catalysts, the need for
stoichiometric additives, and the complexity of multistep
reaction sequences, all of which pose challenges to their
broader applicability and sustainability. On the other
hand, para-selective functionalization is also established,
however, regioselectivity has predominantly been governed
by the electron-rich directing groups, bulky catalysts or
formulating ligands with a templating effect in the presence
of homogeneous catalysis (Figure 1b).7-"*1 The reliance on
nonrecyclable catalysts raises sustainability concerns,!'®!7]
along with the need for preinstalled directing groups such
as ketones, esters, or amides for electron-poor arenes.!'s?']
Additionally, the use of stoichiometric Lewis acids and the
involvement of multistep reactions complicate the synthetic
processes, often leading to increased costs and reduced
efficiency in the overall reaction scheme. Hence, achieving
para-selective functionalization of electron-deficient arenes
following an undirecting strategy, remains a challenge in
organic synthesis which is yet to overcome.l'>?!]
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In this context, designing single metal atom catalysts
(SACs) for regioselective functionalization is highly effective
due to their unique reactivity and reusability, bridging
the gap between heterogeneous and homogeneous catalysis
(Figure 1c). This type of catalyst offers the highest atom
utilization efficiency, and thanks to advanced characteriza-
tions techniques, the structure—activity relationships of the
active sites can also be elucidated. The support materials
onto which transition metal atoms are deposited in SAC play
a crucial role by facilitating charge transfer and enhancing
photocatalytic reactivity.[??! In this aspect, polymeric carbon
nitrides (PCN), as a support material, have recently become
an invaluable support to design robust SACs due to their
exceptional stability, high surface area, and tunable chemical
properties, ultimately enhancing their catalytic activity, and
enabling precise control over their reactivity.?*?] Impor-
tantly, from a sustainability perspective, nitrogen—substituted
carbon framework and PCN emerge as promising green
photocatalysts due to their reliance on abundant elements
during the design and preparation phases.”!] Considering
this, tremendous efforts have been made to achieve trans-
formations such as small molecule activations.[?228] However,
their application into regioselective C—H bond functionaliza-
tion is still in its infancy. To address this gap, an atomically
dispersed Cu-photocatalyst has been designed by adding
copper to a nanocrystalline PCN support with approximately
2 A distance. We have specifically functionalized the parent
g-C3Ny core by including aryl amino moiety to reduce the
band gap, hence enhancing light absorption, and doped it
with low-toxic, earth-abundant Cu metal to mitigate electron-
hole charge recombination. With the photocatalyst design,
our objective was to realize a para-selective aromatic C—H
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bond trifluoromethylation since the inclusion of a trifluo-
romethyl (—CF;) group within a molecule imparts heightened
pharmacokinetic attributes, encompassing enhancements in
metabolic stability, permeability, and affinities for protein
binding.??! Compounds containing a trifluoromethyl group
(—CF3), particularly aromatic and heteroaromatic molecules,
are frequently encountered in diverse domains such as drugs,
agrochemicals, organic dyes, and polymers.**] Therefore,
the introduction of this motif and its unique characteristics
highlights the achievements of chemical synthesis, especially
given its notable absence in nature.

Our hypothesis for achieving this high regioselectivity
involved the use of an atomically dispersed Cu on aryl-
amino-functionalized graphitic carbon nitride (Cu@f-gC;Ny,
f = functionalized) photocatalyst, which plays a crucial role
in a regio-determining step by interacting with the aromatic
substrate in a 5 fashion. Sterically hindering the ortho-
and meta-positions (Figure 1d, TS-I) enables the alternate
regioselective functionalization of aromatic C—H bonds in
electron-poor aromatic compounds. A thorough examination
of the structure and mechanisms confirms the cooperative
behavior of metal centers in neighbouring sites, facilitating
the efficient activation of substrates through a dynamic
bridge-coupling mechanism.

Results and Discussion

In this study, nitrobenzene(la) was functionalized at para-
position with Togni-I's reagent (2a) (£, = —0.45 V vs. SCE in
MeCN) as the trifluoromethylating reagent and Cu@f-gC;N,
(5 mg, with a Cu loading of 0.2 wt%, w.r.t. metal precursor
which corresponds to 0.045 pmol of Cu) as the photocatalyst
in MeCN. Nitrobenzene was selected as the model substrate
due to the electron-withdrawing nature of the nitro group,
which depletes electron density on the aromatic ring through
both inductive and resonance effects. The band gap of Cu@f-
gC3N, was determined to be 2.65 eV from the Tauc plot.
Mott-Schottky analysis revealed a conduction band potential
(Ecp) of —1.40 V (vs. SCE in MeCN) and a valence band
potential (Eyg) of +1.25 V (vs. SCE in MeCN), making it
suitable for the reduction of the Togni-I reagent.

The reaction mixture was irradiated under 390 nm Kessil
lamp for 3 h by maintaining the reaction temperature to 30
°C. To our delight, the desired para-selective product (3a) was
isolated in 67% yield with a p/m ratio of 8:1 (Table 1, entry 1).
Alternative, commonly available solvents such as DCE, DMF,
DMSO, EtOH, and HFIP proved to be unfavorable in terms
of both yield and the selectivity ratio (Table 1, entries 2—6). In
an endeavor to enhance the p/m ratio, different light sources
with varying wavelengths (427 and 456 nm Kessil lamps) were
explored and led to yields of 65% and 61 %, respectively, with
a p/m ratio of 10:1 (Table 1, entries 7-8). This investigation
motivated the adoption of a lower-energy light source (a
blue LED strip) for the transformation and in fact, with the
utilization of this LED strip, the targeted product 3a was
obtained with a yield of 60% and 64 % with a 10:1 p/m ratio in
3 and 6 h, respectively. (Table 1, entries 9-10). The selection
of a blue LED is also supported by the UV-vis DRS and
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Table 1: Optimization of reaction conditions.

F .
NO, 7 Cu-@f-gC;N, (5 mg, 0.045 umol of cU) ,©/N02 :
@ ©;< MeCN (0.13 M), 25 °C, Ny, 6 h FsC H

Blue LEDs

a (0.2 mmol) (1.5 equiv.) :é 3a

: Cu@f-gC3N, : CF3-reagents ]
foet- o oFs & " 5
& ) oo O v
. ™y 0
oY ¥ 0
. 4 2b 2 2d

Entry Reaction conditions Yields (%) Ratio (p/m)
1 MeCN, 390 nm Kessil, and 3 h 67 8/1
2 DCE, 390 nm Kessil, and 3 h 50 mn
3 EtOH, 390 nm Kessil, and 3 h 5 31
4 HFIP, 390 nm Kessil, and 3 h 25 31
5 DMF, 390 nm Kessil, and 3 h 40 5/1
6 DMSO, 390 nm Kessil, and 3 h 42 5/1
7 MeCN, 427 nm Kessil, and 3 h 65 10/1
8 MeCN, 456 nm Kessil, and 3 h 61 10/1
9 MeCN, blue LEDs, and 3 h 60 10/1
10 MeCN, blue LEDs, and 6 h 64 10/1
n CF3SO,Cl (2b) 52 71
12 Togni-Il (2¢) 59 10/1
13 Umemoto’s reagent (2d) 66 n
14 no light 0
15 no catalyst 10 1/10
16 f-gC3N4 25 3/1

Mott-Schottky measurements. Our hypothesis suggested that
the selectivity of this transformation was mainly driven by
the interaction between the metal catalyst and the substrate.
When using high-energy light sources, the intermediate tends
to break apart easily, leading to less selective outcomes.
In contrast, the lower energy from blue LEDs helped to
maintain the integrity of the intermediate, making it more
suitable for our reaction and enhancing selectivity. After the
allotted reaction time, approximately 70% of the starting
aromatic compounds had reacted, suggesting their relatively
low reactivity. Meanwhile, the excess trifluoromethylating
reagent began to decompose into a known side product (S2.9,
Supporting Information). Extending the reaction time further
did not improve the yields or the conversion rate. The use of
other trifluoromethylating reagents such as CF;SO,Cl, Togni-
II, and Umemoto’s reagent did not also provide satisfying
results (Table 1, entries 11-13). Notably, in the absence of
light, no product was formed, unequivocally affirming the
pivotal role of photons in this reaction (Table 1, entry 14).
Only 10% of the desired product was obtained when the
photocatalyst was omitted from the reaction (Table 1, entry
15). Thus, the background reaction occurs but was inefficient
and unselective. Furthermore, we have performed a large-
scale reaction with 25 mmol of 1a (3 g, see S2.5) and this
scale-up reaction yielded 52% of the product by maintaining
a 10:1 p/m ratio. Additionally, to assess the stability of the
photocatalyst, a photocatalytic trifluoromethylation reaction
of nitrobenzene (1la) with Togni-I (2a) was recycled for at
least seven consecutive cycles under the identical reaction
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conditions (Figures 1c, S2.4, ESI). The high reproducibility
of the yield across multiple recycling experiments highlights
the excellent stability and photocatalytic efficiency of the
Cu@f-gC;Ny catalyst. In contrast, when the Cu-free support
(f-gC3N,) was used under identical conditions, both the yield
and regioselectivity dropped significantly-from 64 % yield and
a 10:1 para-to-meta ratio to 25% yield and a 3:1 ratio (Table 1,
entry 16). These results clearly indicate that the presence
of Cu is essential for achieving high catalytic efficiency and
para-selectivity. Importantly, Cu alone does not confer this
effect; rather, it is the synergistic interaction between the
isolated Cu atoms and the f-gC;N, support that governs both
the reactivity and the regioselectivity of the transformation
(see S2.6 in Supporting Information for detailed comparison).
After optimizing the reaction conditions, the kinetics of this
reaction were also investigated and revealed the steady linear
increase of the yield while keeping the p/m ratio of the
product always constant (S2.7, Supporting Information).

After optimizing the reaction conditions (Table 1, entry
10), the scope of this reaction was investigated by applying
it to different aromatic compounds (Figure 2a). Initially,
in alignment with our hypothesis, commonly recognized
electron-deficient aromatic compounds such as trifluoro- and
cyano-benzene were examined and yielded a para-selective
product up to the yield of 50%-44% with a selectivity
ratio of 5:1-4:1(3b-c). In addition to derivatives of trifluoro-
and cyano-benzene, other electron-poor arenes such as
azobenzene, 4-methoxy azobenzene, and phenylsulfoxide also
produced their respective products with satisfactory yield
and selectivity (3d—f). The obtained results revealed that the
efficacy of electron-withdrawing groups may be attributed
to the plausible interaction between polar groups present in
the substrate and the photocatalyst throughout the course
of the reaction. These interactions played a pivotal role in
influencing the overall reaction pathway, thereby serving as
critical factors for comprehending the mechanistic intricacies
inherent in the photochemical process. Further introduction
of various substitutions at different positions on the aromatic
ring of electron-poor arenes, including -halide and -alkyl
groups, did not compromise the yield and selectivity (3g—m).
The additional substituents are positioned in regions that do
not interfere with the n?-binding mode. DFT analysis (Figure
S8, Supporting Information) shows that substituents orient
away from the Cu-ligand interface, minimizing steric inter-
ference. Substituted electron-deficient arenes, particularly
those containing nitro groups, exhibited favorable reactivity,
underscoring the consistent engagement of these substituents
in interaction phenomena with the photocatalyst.

To demonstrate the broad applicability of this photocat-
alytic system, we tested other hypervalent iodine compounds
as radical precursors for the regioselective functionaliza-
tion of electron-poor arenes beyond just —CF; derivatives
(Figure 2b). To our delight, halogenation (—F and —Cl) of
electron-poor arenes also went smoothly, yielding product 3n—
q in moderate to good yields with modest regioselectivity.In
addition to its effective application to electron-deficient
aromatic compounds, this approach has been successfully
extended to electron-rich molecules (Figure 2c). In this
regard, it is worth noting that the regioselective trifluo-
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romethylation of electron-rich arenes was previously attained
by several research groups by using homogeneous photoredox
catalysis,’’] transition-metal catalysis,[*!] or electrochemical
processes.[’?] However, these methods suffer from the use
of nonrecyclable photocatalysts, prefunctionalized arene, and
stoichiometric use of additives. Following our reaction condi-
tions, a variety of anisole derivatives produced para-selective
trifluoromethylated products with exceptional selectivity (3r—
s). Unlike traditional electrophilic aromatic substitution
reactions that yield a mixture of ortho and para products, our
designed photocatalyst afforded specifically para-selective
products under these reaction conditions. Small molecules
such as phenol, fluorobenzene, and iodobenzene also pro-
duced trifluoromethylated products with high selectivity
(3t-v). Although our devised reaction conditions facilitated
the smooth generation of corresponding products from oxy-
genated, halogenated, and alkylated arenes, chlorobenzene
exhibited sluggish reactivity under the reaction conditions,
attributable to the higher electron affinity of chlorine relative
to fluorine and iodine.

Furthermore, electronically neutral molecules such as
benzene, isopropyl, and tert-butyl benzene demonstrated
robust reactivity under our reaction conditions, yielding the
corresponding products up to the yields of 50%-52% and
selectivity of 10:1 (3w-y). To our observation, different
protected and unprotected N-alkyl anilines (3z-ad), afforded
a series of aryl trifluoromethylated products in good to
excellent yields (53%-83% ), maintaining the high regioselec-
tivity (up to 20:1). A notable observation was made when
heterocyclic ring with an aromatic amine was employed,
selective trifluoromethylation occurred at the C-2 position
of the thiophene moiety, driven by the elevated electron
richness of the heterocycle (3ae; 56%). Additionally, while
conducting the reaction of mixing both nitrobenzene and a
toluene derivative under our standard conditions the yields of
compounds 3a and 3x were 28% and 31%, respectively, which
excludes Hammett type LFER phenomena.

Encouraged by these promising results, we explored the
application of this photocatalyst in late-stage transformations
(LST), an effective strategy for precise chemical modifi-
cations in complex molecules. Notably, LST enables the
functionalization of complex molecular structures, yielding
novel and valuable compounds.[*}] Recognizing the potential
of aromatic CF;-containing molecules to enhance antibiotic,
antitumor, and antidepressant properties in pharmaceuticals,
we reasoned that our straightforward synthetic approach
should pave the way for advancing drug discovery through
LST. As shown in Figure 2d, the (+)-dehydroabietylamine
was effectively functionalized to 3af in 67% yield, which
might become an interesting candidate for fragrance and
triple-negative breast cancer treatment. Furthermore, a tri-
fluoromethyl group was successfully installed in a fungicide
(famoxadone) to protect agricultural products against var-
ious fungal diseases on fruiting vegetables (3ag, 51%). In
addition to LST, we have pursued the direct synthesis of
pharmaceutical compounds from their immediate precursors.
The antidepressant fluoxetine (3ah), a selective serotonin
reuptake inhibitor with affinities for various serotonin recep-
tors, was successfully synthesized through our approach.
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Figure 2. Trifluoromethylation substrate scope. Reaction conditions: 1 (0.2 mmol, 1 equiv), 2a (0.3 mmol, 1.5 equiv), catalyst (5 mg), MeCN (0.13 M)
irradiated under blue LED irradiation for indicated time at room temperature. ®CF3SO,Cl (2b) was used instead of 2a. The ratio mentioned is p/m in
Figure 2a,b and p/o Figure 2¢,d.
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Figure 3. HAADF-STEM image and EDX mapping and solid-state NMR: a), b) HAADF-STEM EDX elemental maps (scale bar: a) 400 nm and c)
100 nm) and a high-resolution image of the fresh catalyst and c), d) the catalyst after reaction respectively. e) 'H MAS, f) TH—"2C CPMAS, g) TH—"> N
CPMAS, and h) °F MAS NMR spectra of Cu@f-gC3Ny4 catalyst at 14.1 T. Spinning sideband is marked with an asterisk.

Employing N-methyl-3-phenoxy-3-phenylpropan-1-amine as
the precursor yielded the drug molecule with a significant
yield and selectivity (60%, 10:1). This subtle structural modi-
fication led to a remarkable enhancement in serotonin uptake
selectivity.?*] Additionally, the diphenyl ether derivative,
fomesafen (3ai), was synthesized from its direct precursors
with a moderate yield but notable para-selectivity (45%,
10:1). This transformation resulted in the production of
one of the most widely used herbicides in soybean and
peanut fields, owing to its potent herbicidal activity at low
concentrations.*] The synthesis of flufenoxuron (3aj) using
our approach yielded the desired product with a 55% yield.
This trifluoromethylated product, recognized as a benzoy-
lurea pesticide, serves as an insect growth regulator and chitin
synthesis inhibitor, effectively controlling immature stages of
insects.**] Our proposed methodology can also be applied
to synthesize several important biologically active molecules
containing a para-CF3 group on an electron-poor arene as a
key structural motif. For example (Figure 2e), prostaglandin
endoperoxide H synthasel*’! (7) can be synthesized by using
our strategy step-economically via intermediate 5 starting
from 3-bromonitrobenzene (4). According to the literature,
the synthesis of intermediate 5 requires three steps from 4,[%7]
whereas our reaction conditions enable its synthesis in single
step from 4.

HAADF-STEM

To confirm the presence of copper (Cu) atom on the sup-
port, chemical mapping was conducted of the photocatalyst
before and after the reaction by using energy dispersive
X-ray spectroscopy (EDX) in low magnification scanning
transmission electron microscopy (STEM) mode. As shown
in Figure 3a, the EDX elemental maps indicated the presence
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of Cu (Figure S6), dispersed over the g-C3N, support. The Cu-
loading was quantified from various regions over the sample
and was found to be 0.1-1 atom%. Furthermore, the high—
resolution high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) image was used to
distinguish the heavier metallic element, Cu, from the lighter
support. Figure 3b shows high contrast for specific sites that
are likely to agree with the presence of Cu as atomic sites
randomly distributed over the CsNy support. It is however to
be noted that distinguishing single-atomic Cu sites from few-
atomic Cussites is difficult due to the difference in the contrast
generated from the support (varying thickness). We have
carefully chosen only thin edges of the supported catalyst
where the contrast of Cu sites could be distinguished well
from that of the supports. A similar analysis was repeated
for the photocatalyst after the reaction. To our delight, the
HAADF-STEM image (Figure 3c) again revealed a similar
contrast, indicating no differences for Cu on the support. The
corresponding EDX elemental maps (Figure 3d) furthermore
confirmed the presence of Cu on the support. The EDX
spectra used for quantification are shown in Supplementary
Figure S6.

SS-NMR Study

To gain further insight into the local structure of the catalyst
and to investigate any potential structural changes upon
material doping with Cu?* ions, solid-state magic angle
spinning nuclear magnetic resonance (MAS NMR) was
performed. The solid-state MAS NMR spectra of all NMR-
active nuclei present in the material (‘H, *C, ¥ N, and
F) are shown in Figure 3. The 'H MAS NMR spectrum
(Figure 3e) of Cu@f-gC;N, showed two dominant signals
at 8.6 and 3.9 ppm from —NH linkers and —NH, terminal
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groups, respectively. The high intensity of the signal from
—NH linkers compared to that of —NH, terminal groups
indicated a high degree of polymerization. Figure 3f depicted
two 13C signals corresponding to the “edge” (C.; 165 ppm)
and the “internal” (C;; 157 ppm) carbon sites, in accordance
with the material structure. The higher intensity of the C.
signal than the C; signal was expected since the distance
between C. and protons of the —NH and —NH, groups
was shorter, allowing for more efficient cross-polarization in
the CPMAS experiment. In the 'H—'N CPMAS spectrum
(Figure 3g), nitrogen resonances from all four different
types of nitrogen environments present in the material were
observed. The signal at —187 and —223 ppm originated from
the nitrogen atoms situated at the edge (N.) and inside (N;)
of the monomer units, respectively. The number of N, sites in
relation to N; was expected to be 6:1, but the signal integral at
—187 ppm when compared —223 ppm was even higher than
the factor of 6, since the distance of the Nj-type nitrogen
atoms to the closest protons was substantially longer than in
the case of N, sites, which is in accordance with the material
structure and corroborates signal assignment. The other two
signals at —244 and —265 ppm corresponded to —NH linkers
and —NH, terminal groups, respectively. Note that the signal
of the latter group is overrepresented in the spectrum due
to more efficient cross-polarization from the two protons
involved. Considering that the '"H MAS, 3C CPMAS, and ° N
CPMAS spectra were comparable to the recently reported
NMR study on the related polymeric carbon nitride,*!
it can be concluded that doping with Cu?>* ions did not
significantly affect the overall structure and polymerization
degree of the materials to any significant extent. However,
in the ’F MAS NMR spectrum shown in Figure 3h, a new
signal appeared at —202 ppm in addition to the resonance
signal at —105 ppm that was previously observed for the
undoped polymeric carbon nitride. The F chemical shift of
—105 ppm indicated the presence of the =CF, moiety and
consequently confirmed the successful incorporation of the
fluorine atoms at one specific chemical site. To determine if
the appearance of the signal at —202 ppm was due to the
introduction of Cu®** ions in the material, an additional *F
MAS spectrum was recorded using a shorter relaxation delay
(0.2 s, Figure 3h red trace). The spectrum showed that even
using a shorter relaxation delay of 0.2 s, the intensity of the
signal at =202 ppm was almost not affected, while the signal
at —105 ppm was completely saturated and not observed in
the spectrum under such detection conditions. This can be
explained by paramagnetic relaxation enhancement for °F
nuclei in close contact with paramagnetic Cu?>* ions. The
additional signal with a shift of —202 ppm may have originated
from an induced paramagnetic NMR shift due to unpaired
electron(s) of the Cu?* ions.*’]

XPS

The surface composition of Cu@f-gC;N, was confirmed by
X-ray photoelectron spectroscopy (XPS). Figure S5 (see in
Supporting Information) exhibits the XPS peaks attributed
to the g-C;N, phase: (i) at 288.1 eV (sp?>-bonded C atoms in
N—C=N) in the C 1 s region, as well as (ii) at 398.6 eV (sp*-
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hybridized N atoms in C—N=C), 400.1 eV (bridging N atoms
in N-(C)3) and 401.2 eV (N atoms in amino groups) in the
N 1 s region.[**#!] Additional confirmation of the presence of
a properly developed g-C;N, phase is the determined atomic
ratio N/C = 1.4, which is very close to the expected one.
The XPS Cu 2p spectrum shows the lack of distinct peaks,
indicating a low content and high dispersion of Cu atoms on
the surface.

XANES and EXAFS Experiments

The presence of isolated Cu single-atom active sites was
further confirmed by analyzing the Cu@f-gC;N, through
XANES and EXAFS experiments, which show a clear
fingerprint of the valence state and neighboring environment
of the Cu atoms in the support matrix, respectively. Figure 4a
compares the Cu K-edge XANES spectra of the photocatalyst
with the reference spectra of Cu foil, CuO, CuO,, and
Cu(II)Pc, the near-edge feature of Cu@f-gC;N, sample was
in between of those of Cu,O and CuO, indicating that
the Cu species were partially positively charged (Cu’t, 1<
5< 2).I2] Fourier-transformed k-weighted extended X-ray
absorption fine structure (EXAFS) in R space was performed
to elucidate the coordination environments of Cu atoms
anchored on modified g-C;N, (Figure 4b). For Cu@f-gC;Ny,
the major distinct scattering was observed at around 1.5 A
which corresponds to the first coordination shell of Cu-N/O
and the minor peak at around 2.52 A (not phase corrected),
which seems to be at the same distance for Cs;H;sCuNg,
which corresponds to the second coordination shell of Cu-
C. The main peak at 1.50 A and the higher shell peak
at 2.52 A coincide well with the Cu-N and Cu-C peaks
for Cu(II)Pc (C3,Hi6CuNy), respectively.[*’] Additionally, the
peak at around 2.2 A that is ascribed to Cu-Cu scattering
cannot be observed in Cu@f-gC;N,. This evidence Cu exists
as an isolated atom that is atomically dispersed on a modi-
fied g-C3;N, matrix through Cu—N—C bonding.[*>#%] These
findings are in perfect agreement with the HAADF-STEM
results described above. Figure 4c,d shows the comparison
between the FT of the experimental spectra (empty circles)
and the best-fit simulations (colored lines) for the synthesized
material. The coordination numbers, bond lengths, Debye—
Waller factors (o2), and the energy shift parameter (AE))
were refined. The best-fit parameters are summarized in
Table S2 in Supporting Information. The first shell best-fit
results show that each Cu atom is coordinated with 2 N/O
atoms on average.!*]

EPR Spectroscopy

Further evidence about the existence of Cu single atom sites
as well as their coordination to N atoms was obtained from
EPR spectroscopy. The EPR spectrum of the Cu@f-gC;N,
catalyst (Figure S7, Supporting Information) exhibited an
axial signal at g~ = 2.06 and g, = 2.173 with well-resolved
hyperfine structure (HFS) A = 198 G due to the coupling of
the single electron spin of Cu'" (d°, § = 1/2) with the nuclear
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Figure 4. Normalized Cu K-edge XANES spectra a) and Fourier transform of the k3-weighted EXAFS b) for Cu@f-gC3N4 photocatalyst, Cu foil, CuO,
CuO;, and Cu (Il)Pc (C32H16CuNg). Data (empty circles) and fits (red lines) of the magnitude of the FT signal c) and the k*-weighted EXAFS signals

in k-space d).

spin of Cu (I = 3/2), indicating the presence of isolated Cu"
ions. Moreover, the perpendicular component of the g tensor
showed a 9-line super-hyperfine structure (SHFS) as evident
from the corresponding 1st derivative of the EPR spectrum
Figure S7b, Supporting Information). This splitting is on the
order of 2nl + 1 (n = 4; I = 1) and with a coupling constant of
16 G, indicating a coordination of four nitrogen atoms to Cu
sites ("N, I =1).

The anticipated course of the direct C(sp?)—H triflu-
oromethylation of arenes with Togni-I reagent, utilizing
Cu@f-gC;N4 photocatalyst was envisioned to follow a rad-
ical mechanism. To probe this radical pathway, a radical
quenching experiment (Figure S2.8A, Supporting Informa-
tion) was conducted by subjecting nitrobenzene (la) to
Togni-I (2a) reagent under the optimized reaction conditions
in the presence of (2,2,6,6-tetramethylpiperidine-1-yl)oxyl
(TEMPO, 3.0 equiv). The introduction of TEMPO into the
reaction mixture resulted in a pronounced inhibition of
the trifluoromethylation process, ultimately preventing the
detection of the trifluoromethylated product. Similarly, the
replacement of TEMPO by butylated hydroxytoluene (BHT,
2.0 equiv) as a spin trap yielded no observable product.
Furthermore, when the model reaction was conducted with
suitable ligands (4-bromobenzenethiol and butan-1-amine),
which can coordinate with the active site of Cu in the
photocatalyst, the desired product 3a was achieved in 19%
(p/m = 2:1) and 26% (p/m = 2:1) yields, respectively
(Figure S2.8B, Supporting Information). This experimental
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validation showcased the significance of the Cu-active site in
the photocatalyst’s efficacy. Additionally, to ascertain whether
the rate-determining step was involved with the breaking
of the C—H bond, a kinetic isotope effect (KIE) analysis
was undertaken (Figure S2.8C, Supporting Information)
and strongly implied that this reaction does not involve
Friedel-Crafts type reaction mechanism (K;/Kp = 1.85).
Moreover, to elucidate the metal-substrate interaction
in a n2 fashion, wherein the Cu(I) atom forms a direct
connection with the arene substrates through an aromatic
Cortho-Cmeta bond of the ring,*7*¥] we employed the
para-blocked substrate (product 3a and 3n) under the
optimized reaction conditions (Figure S2.8D, Supporting
Information). Our observations revealed the absence of any
aromatic C—H bond functionalized product, substantiating
the hypothesis of n2-bonding between the Cu-metal and the
ortho/meta carbon of the aromatic substrate. Additionally,
XANES/EXAFS spectra further confirmed the isolated Cu
sites with a coordination environment favoring n?-binding.
These analyses explicitly link the catalyst’s atomic structure
to the steric-driven regioselectivity.We have investigated, by
density functional theory calculations (DFT), the preferential
substitution of the para- position considering a reduced model
of the Cu@f-gC3N4 photocatalyst made of two melamine sub-
units, a fluorinated ligand, and a single coordinated Cu atom.
Previous studies and electron paramagnetic resonance (EPR)
characterizations have indicated that this model accurately
represents the heightened catalytic activity of the material.[*’]
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Figure 5. a) Molecular electrostatic potential map (au units) of the catalyst-nitrobenzene—CF3 complex projected onto the corresponding molecular
electron densities calculated at the B3LYP/6-31G(d,p)+LANLO8 level in acetonitrile solution. Red regions represent negative electrostatic potential
(highest electron density -0.06), whereas blue regions represent positive potentials (lowest electron density +-0.06). The graphical representations

were generated by mapping the ESP onto a molecular surface corresponding
UV-vis spectra of the catalyst-nitrobenzene—CF3 complex (top right) and int

to an isodensity contour at 0.1 e au™> using UCSF Chimera.[>%] Predicted
ermediate catalyst-nitrobenzene catalyst-nitrobenzene—CF3.geometry

(top left). The orbitals involved in the dominant transitions are displayed below the absorption plots. The mechanism to get the final product is

shown in the middle. Color codes: Cu orange, N blue, C grey, O red, F green,

This enhancement primarily arises from the entrapment of
the Cu atom between two pyridinic nitrogen of the f-gC;N,
rings, the presence of the adjacent ligand (Figure S8, see
in Supporting Information), which determines an optimal d-
band position for the catalyst, the system’s absorption in the
blue region of the spectrum, and the direct adsorption of the
reactant onto the metal center through a C—C bond on the
ring. Subsequently, the photocatalyst activates the para-C—H
bond of the arene complex due to the adopted preferential
binding mode of the benzene ring. This observation aligns
well with existing literature.[478] All the calculations were
first carried out on the nitrobenzene reactant to reproduce
all the steps of the mechanism leading to the final products.
The optimized configuration of the catalyst-reactant complex
resulted in an almost stacked geometry of the nitroben-
zene and melamine unit, with the nitrobenzene molecule
directly connected to the Cu(I) atom through an aromatic
Cortho—Cmeta bond of the ring, which slightly elongated
from 1.39 to 1.41 A.[*7] This proposed n’-benzene bonding
was also obtained in all the substituted species examined in
this work and confirmed by previous X-ray crystallography
studies for other systems.[*] The coordination of Cu to the
ring nitrogen was found at similar, slightly shorter distances
of about 2.06 A. Instead, the preferential location of the
—NO2 group (and the other substituents of the considered
adsorbed species) was in the region of the photocatalyst’s
ligand but inclined toward the opposite direction to minimize
unfavorable interactions (similar MEP zones).

The NBO analysis helped to interpret the system’s
charge distribution to disclose the arene ring’s activation
mechanism. Before the adsorption of nitrobenzene, the Cu-
cation was trapped between the nitrogen of two opposite
triazine rings had a charge of approximately +0.85. Still,
after the adsorption of the molecule, Cu showed a reduced
net charge of roughly +0.74, whereas the LIG-f-gC;N,

Angew. Chem. Int. Ed. 2025, 64, 202508512 (9 of 11) © 2025 The Au

and H white. b) Proposed mechanism.

system (photocatalyst) and nitrobenzene had —0.40 and —0.34
charges, respectively. This suggested that the electron density
flowed from the photocatalyst (mainly the ligand — Figure S8
red regions, see in Supporting Information) to the adsorbed
nitrobenzene-Cu orbitals, and the para-C—H bond (with a
total charge of +0.11 compared to the —0.04 charge of the
meta positions) was found more prone to accept the vacant
radical anion CF; moiety placed nearby (Figure 5a). Besides
rationalizing a more probable para substitution by looking
at the local NBO charges, we resorted to the visualization
of the molecular electrostatic potential maps projected onto
the corresponding one-electron densities at the level of the
theory mentioned above to confirm the adsorption scenario.
As shown in Figure S8 (see in Supporting Information), the
MEP of nitrobenzene is positive everywhere above the aryl
plane and negative in the regions of the oxygen/nitrogen
lone pairs (and fluorine), indicating that both the catalyst
ligand and the —NO, moiety are relatively strong inductive
electron-withdrawing groups. The MEPs of the complexes,
with and without (Figure 5a) the —CF; group placed on
top of nitrobenzene, show a redistribution of the charges
(thus slightly different MEP areas) and reveal that the para-
C—H site was less hindered and more complementary to the
approaching species.

Moving to the calculations of the UV-vis spectra of the
optimized structures, we also found that the catalyst/reactant
complexes had intense absorption bands centered in the
425-450 nm range, which practically corresponded to the
LED emission region. After optimizing the three-component
geometry, we obtained a stable intermediate structure (where
the CF; carbon was on top of the para ring carbon at
about 3.3 A separation — Figure 5a top configuration).
Then, we calculated the UV-vis spectrum (Figure 5a), which
revealed a dominant transition at about 434 nm (HOMO-
3 LUMO) responsible for the formation of the F;C—C
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bond, as evidenced by the involved orbitals represented in
Figure 5a. Again, we optimized this intermediate complex,
obtaining a bounded structure, and then predicted its UV
absorption spectrum (Figure 5 top left spectrum). This showed
a dominant peak corresponding to a transition from the
catalyst to the adsorbed complex (HOMO-16 to LUMO
— Figure 5a left orbitals). The excited state optimization
produced the geometry corresponding to the transition state
shown in Figure 5a (structure in the middle), where the para-
C—H was halfway from C to N. Then, the transfer to the
closer nitrogen on the melamine unit was completed in the
final optimized product (Figure 5a bottom structure). The
estimated energy barrier AE* was about 16 kcal mol™'.

After demonstrating that LED light induced the adsorp-
tion of —CF; on the para site, we estimated the energy of the
intermediate complexes (obtained after the first excitation)
of other species where the NO, moiety was replaced with
the —CF3, —CN, and —OCHj; groups (Table S3, Supporting
Information). In these optimized complexes, the arenes
adopted similar binding modes and were all prone to accept
the —CF; moiety in the para position (Table S3, Supporting
Information). An estimate of the reactant and transition
structures (where the ring H was transferred to the catalyst)
energies also confirmed in these cases the para preference
(Table S3, Supporting Information).

Drawing upon the outcomes of preliminary optimization
trials (Table 1), control experiments (Figure S2.8, Supporting
Information), DFT calculation and pertinent references in the
literature, we proposed the following mechanistic pathway for
the photocatalytic trifluoromethylation process (Figure 5b).

Initiated by blue LED irradiation, the Cu@f-gC;N, pho-
tocatalyst underwent activation, generating positive holes at
the valence band and an excess of electrons at the conduction
band on its surface. The trifluoromethyl radical (+CF3) species
emerged through a single electron transfer (SET) from the
catalyst’s conduction band (Ecy = —1.40 V vs. SCE) to
the trifluoromethylating agent 2a (E;, = —0.18 to —1.09 V
vs. SCE).B%! Following this, the trifluoromethyl radical
interacted with the arene substrate, resulting in a CF; inserted
arene radical intermediate 1’. This C-radical intermediate
underwent oxidation at the valence band, forming a carbo-
cation intermediate. Subsequent deprotonation facilitated the
regeneration of the aromatic system, ultimately yielding the
desired trifluoromethylated product 3. We further calculated
the quantum yield of this process to assess whether the
reaction followed a radical chain mechanism (see the ESI
for details), and the low quantum yield (® = 1.01) indicated
that a radical chain process was unlikely to be involved.
In a nutshell, from the mechanistic experiments and DFT
calculation it is conclusive that regioselectivity is not governed
by the electronic nature of substituents. Instead, steric control
via the n’-bonding interaction between the Cu catalyst and
the aromatic ring is the dominant factor.

The theoretical viability of this reaction pathway is
supported by DFT calculations which also suggest a possible
mechanism for alternative regioselective product formation
involving the preferential insertion of the incoming radical
in para position. This analysis revealed that the preferential
position (the para-position) for aromatic functionalization, is
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less hindered and complementarity to the approaching radical
species.

Conclusion

In summary, we have outlined and rationalized via advanced
experimental characterizations and modeling an efficient
strategy for the para-functionalization of arenes by using an
atomically dispersed Cu photocatalyst which does not require
the presence of a directing group. This study is articulated
into two key segments: first, the formulation and synthesis
of a Cu-based catalyst with atomic dispersion of coordinated
Cu sites on an aryl-amino-substituted graphite carbon nitride;
second, the application of this photocatalyst for accomplishing
an unprecedented para-selective C—H trifluoromethylations
of electron-poor arenes.
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