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A sustainable and selective photo-mediated strategy for aromatic C-H hydroxylation is reported using
Cu(i)-amido-quinoline complexes under mild conditions (50 °C). This method enables the efficient
hydroxylation of benzene, achieving a conversion of ~60% with 90% selectivity toward phenol. This work
highlights a green and practical approach to the selective functionalization of substituted arenes, offering
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valuable implications for the synthesis of key industrial intermediates such as 2,5-DCP, a precursor to the
widely used herbicide dicamba, and overcoming the typical challenge of isomer separation limitations of
conventional multi-step synthesis. Mechanistic investigations, including kinetic isotope effect (KIE)

DOI: 10.1039/d5¢cy01283j
measurements, product analysis, and electron paramagnetic resonance (EPR) spectroscopy, support a
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1. Introduction

Phenol is a chemically significant industrial compound widely
used in the production of bisphenol A, adipic acid, resins, fibres,
nylon, herbicides, pharmaceuticals, and other products.
Industrially, phenol is synthesized through a three-step process
involving high temperatures (around 250 °C) and elevated oxygen
pressure.'” This process begins with the formation of cumyl
hydroperoxide from benzene and propylene, followed by its acid-
catalyzed decomposition. However, the overall yield of phenol
using this method is only about 5%. Therefore, there is an urgent
need for more cost-effective, environmentally friendly, and
sustainable approaches to convert benzene directly to phenol in a
single step using green oxidants such as O, or H,0,.*° Most
catalytic systems developed to date operate under high
temperature and/or pressure and still face challenges such as low
conversion efficiency, mainly due to the inherently low reactivity
of aromatic C-H bonds. Additionally, phenol's higher reactivity
compared to benzene makes it prone to over-oxidation,
complicating the selective hydroxylation of benzene, particularly
under conventional thermal conditions.'® As a result, developing
economically viable methods for the selective oxidation of
benzene to phenol under mild conditions remains highly
important.

In recent years, various approaches have been explored for
the direct conversion of benzene to phenol by using palladium
membranes," electrochemical oxidation,"” nonthermal plasma
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Fenton-type reaction pathway involving the generation of hydroxyl radicals.

technologies,"® biocatalysis,"* photocatalysis,">'® renewable

resources such as biomass and bio-oils, etc."”'® Among these,
photocatalysis has attracted the scientific community due to its
ability to harness light energy to drive chemical reactions under
mild conditions. TiO, is the most extensively explored
semiconductor in photocatalytic phenol synthesis.'” Doping
with various metals like V, Fe, Cu, Zn, Au, Ag, and Pt can
enhance the catalytic activity, selectivity, and stability of TiO,
for benzene hydroxylation.>* Other than TiO,, polyoxometalates
(POMs),*** graphitic carbon nitride (g-C;N,),>* metal-organic
frameworks (MOFs),>>° and carbon materials®**" are also used
as heterogeneous photocatalysts (HPs). HPs can be easily
separated and reused, making them more appealing for
industrial applications. However, their catalytic performance
often falls short compared to homogeneous systems.*
Furthermore, some synthetic methods used for preparing
heterogeneous photocatalysts are complex and challenging to
scale up. The potential leaching of active components,
particularly in metal-doped heterogeneous catalysts, also poses
a concern. Therefore, a deeper understanding of the catalytic
mechanisms is essential to develop a highly efficient visible-
light-responsive methodology for benzene hydroxylation. In this
regard, homogeneous catalysis often provides a more detailed
understanding of reaction mechanisms at a molecular level. To
date, there are very few reports of homogeneous photocatalytic
hydroxylation of aromatic C-H bonds.**?*

Using [Ru"(Me,phen);** as a photocatalyst, Fukuzumi and co-
workers reported that photocatalytic hydroxylation of benzene to
phenol by O, occurs using [Co™(Cp*)(bpy)(H,O)*" as an efficient
catalyst in the presence of Sc®* (TON >500, ~30% conversion with
respect to conversion of benzene).*® Mechanistic studies revealed
that the photocatalytic reduction of O, to H,O, is the rate-

This journal is © The Royal Society of Chemistry 2026
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determining step. In a separate study, the same research group
described photoexcitation of a Mn'Y-oxo complex binding
scandium ions, ([(Bn-TPEN)Mn"(0)**~(Sc(OTf);),), in a solvent
mixture of trifluoroethanol and acetonitrile (v/v = 1:1) resulting in
the formation of the long-lived photoexcited state, which can
hydroxylate benzene to phenol.*® This study has paved a new way
to utilize the high oxidizing power of the long-lived photoexcited
state of redox-inactive metal ion-bound high-valent metal-oxo
complexes to oxidise substrates, which would otherwise be
difficult to achieve. On this background, we aim to develop a
methodology that operates with very low catalyst loading while
achieving high conversion in the presence of visible light. This
report describes the photo-mediated aromatic C-H activation
using Cu(m-amido-quinoline complexes at 50 ©°C. The
methodology achieves approximately 60% benzene conversion,
with phenol selectivity reaching 90% (Scheme 1). Using the same
method, the direct hydroxylation of 1,4-dichlorobenzene (1,4-DCB)
to 2,5-dichlorophenol (2,5-DCP) was achieved with 70% conversion
and remarkable 100% selectivity, an impressive improvement over
conventional multi-step synthesis routes. Notably, this approach
circumvents the typical challenge of separating 2,5-DCP from
2,4-dichlorophenol (2,4-DCP), which are difficult to isolate when
produced. 2,5-DCP is a key intermediate in synthesizing dicamba,
a widely used herbicide valued by farmers for its effectiveness in
controlling a broad spectrum of weeds.*’

2. Experimental
2.1 General instrumentation

UV-vis absorption spectra were recorded on a Cary 8454
spectrophotometer (Agilent Technologies). "H and *C NMR
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Paper

spectra were acquired using a 400 MHz Bruker spectrometer,
with chemical shifts reported in ppm relative to
tetramethylsilane (TMS) as the internal standard. Cyclic
voltammetry (CV) experiments were conducted using a BioLogic
SP-300 at room temperature, with a glassy carbon working
electrode, a platinum wire counter electrode, and an Ag/AgNO;
(0.01 M) reference electrode. High-resolution mass spectrometry
(HR-MS) was performed on an Agilent 6540 UHD Accurate-Mass
Q-TOF LC/MS system coupled with a 1290 UPLC. Reaction
products were analyzed by reversed-phase high-performance
liquid chromatography (HPLC) using a Waters Alliance System
equipped with an e2695 separation module and a 2998
photodiode-array detector, operated via EMPOWER software.
Products from the reaction mixture were identified using an
Agilent 5977B GC/MSD, 7890B GC equipped with an HP-5 MS/
HP-5 capillary column (30 m x 0.32 mm x 0.25 um). Calibration
curves for quantification were prepared using authentic
standards. Single-crystal X-ray diffraction of the Cu(i) complexes
was carried out using a D8 Venture Bruker AXS diffractometer.
X-band EPR spectra were recorded using a JEOL Model No.
X320.

Materials and methods. All commercially available
reagents from Sigma-Aldrich, Finar, TCI, and Rankem were
used as received without further purification. HPLC-grade
solvents were employed for reactions and crystallizations,
and Milli-Q water was used throughout all experiments.

2.2 Synthesis of L1, L2, and L3

Ligand L1 was synthesized according to a reported method.*®
Ligand L2 was synthesized by reacting two equivalents of

(a) Photocatalytic Hydroxylation by TiO,
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Scheme 1 Photo-mediated aromatic C-H hydroxylation.
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8-aminoquinoline with phenyl malonyl dichloride, while the
tetradentate amido-quinoline ligand L3 was prepared using
two equivalents of 2-methylquinoline-8-amine and malonyl
dichloride; both reactions were carried out under an inert
atmosphere in the presence of triethylamine as a base. Under
reduced pressure, the solvent was evaporated, and the
residue was dissolved in dichloromethane, layered with
diethyl ether, and left for crystallization. The characterization
of ligands including HR-MS, 'H, and "*C NMR spectra, is
described in the SI.

2.3 Synthesis of Cu(u) complexes (CuL1, CuL2, and CuL3)

Copper complexes (CuLl and CuL2) were synthesized by
reacting copper(u) chloride dihydrate (CuCl,-2H,0) with the
corresponding amido-quinoline ligands. CuCl,-2H,0 (19 mg,
0.11 mmol) was added to a reaction mixture containing
either L1 (50.0 mg, 0.13 mmol) or L2 (50.0 mg, 0.11 mmol),
triethylamine (NEt;, 30 pL, 0.22 mmol), and 2 mL of
tetrahydrofuran (THF), under a nitrogen atmosphere. The
mixture was stirred at room temperature for 6 h. Upon
completion, the solution turned dark green and was filtered
through a Celite pad. The filtrate was then left undisturbed
for crystallization, yielding pure crystals of the complexes
within 15 days. The same procedure was followed for the
synthesis of CuL3, except that methanol (2 mL) was used
instead of THF as the solvent.

2.4 Reactivity studies

All reactions were carried out using a Kessil lamp (PR160L,
440 nm, 40 W) mounted inside a PR160 Rig, designed
explicitly for typical laboratory-scale photocatalytic reactions.
Reactions were conducted in a 5 mL reaction vial equipped
with magnetic stir bars, and the setup was placed on a
magnetic stirrer at 50 °C. A binary solvent system consisting
of acetonitrile and water (total volume: 1 mL) was used, and
the reaction mixture was stirred under irradiation for 6 h.
Photocatalytic hydroxylation reactions were performed using
Cu(n)-amido-quinoline complexes as catalysts at a
concentration of 0.02 mM, in the presence of hydrogen
peroxide (3 M, 307 pL) and aromatic hydrocarbons such as
benzene (1 M, 89 uL). Upon completion, 500 pL of ethanol
was added to convert the biphasic mixture into a single-
phase solution. A portion of the reaction mixture was
analyzed by reverse-phase HPLC, and the product was
identified by comparison with authentic standards.

2.5 Crystal structure determination

Crystal structures of three copper complexes were determined
by measuring X-ray diffraction data on a D8 Venture Bruker
AXS single crystal X-ray diffractometer equipped with a CMOS
PHOTON 100 detector having monochromatic microfocus
sources (Mo-Ka. = 0.71073 A). All the crystal data were
collected at room temperature. Structures were solved using
the SHELX program implemented in APEX3. The non-H
atoms were in the successive difference Fourier syntheses
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and refined with anisotropic thermal parameters. All the
hydrogen atoms were placed at the calculated positions and
refined using a riding model with appropriate HFIX
commands.**** The data collection and structure refinement
parameters are summarized below in the table, and
geometrical parameters, including bond lengths and angles,
are listed in the SI (Tables S1 and S2).

2.6 DFT calculation

The theoretical calculations (DFT) were performed using the
Gaussian 16 program.’® Unrestricted (spin-polarized)
calculations were done in the presence of acetonitrile solvent.
The geometries were optimized using the B3LYP hybrid
functional with the basis set 6-311++G(d,p).*>*” The polarized
continuum model (PCM) was utilized to incorporate the role
of the solvent. Hessian calculations and intrinsic reaction
coordinate searches were performed to identify the transition
states. Potential energy scanning determined the highest
energy point along the potential energy surface. The highest
energy point geometries were optimized using Berny's
optimization approach to obtain the transition states. The
frequency analysis was performed to verify the transition
states and locate the imaginary frequency corresponding to
the expected reaction coordinate.**° All the free energies of
intermediates were reported with respect to the [Cu(u)-L-
OOH] intermediate. The zero-point, enthalpy, and entropic
corrections were made at room temperature using the
harmonic approximation.

3. Results and discussion
3.1 Characterization of the ligands and Cu(u) complexes

The ligands were characterized using various spectroscopic
techniques such as HR-MS, 'H, and *C NMR spectra (Fig.
S1-S3). The copper complexes were synthesized by the
reaction of CuCl,-2H,0 with the respective amido-quinoline
ligands, as shown in Scheme 2. These Cu(i) complexes have
been isolated as dark green crystals, which were further
characterized by single-crystal X-ray diffraction (Fig. 1, Tables
S1 and S2) and various spectroscopic techniques (Fig. S4-S6).
The geometry around the Cu-centre appears to be square
planar; however, it is significantly distorted with tetrahedral
distortion parameters z, in the range of 0.1-0.4 (Table S2). 7,
values tell the distortion in the crystal structure; the values
for a perfect square planar and tetrahedral geometries are 0
and 1, respectively.”’ The Cu-N,iqc bond lengths are shorter
than the Cu-Nguinoiine bond length, thus suggesting a
significant delocalization of m-electron density around the
sixxmembered chelate ring. The Nguinoline=CU~Namide five-
membered chelate angles were smaller than 90°, thus
suggesting tight chelation around the copper centre.

The UV-vis spectra of the CuL2 and CuL3 complexes were
recorded in acetonitrile, and the spectral features were very
similar to those of CuLl. The visible region (370-400 nm),
ascribed to a ligand-to-metal charge transfer (LMCT) transition
from the quinoline to the metal d orbitals (Fig. S5). All the

This journal is © The Royal Society of Chemistry 2026
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Scheme 2 Synthetic scheme of Cu(i)-amido-quinoline complexes.

complexes exhibited a similar type of voltammogram consisting
of an irreversible one-electron oxidation wave attributed to Cu'"/
Cu™ (vs. NHE) (Fig. S6). For CuL2, an irreversible oxidation peak
was observed at 1.22 V, while for CuL3, an irreversible oxidation
peak was observed at 1.26 V. EPR spectra of the Cu complexes
in DMF at low temperature (123 K) showed a characteristic axial
symmetry, indicating Cu(u) ions situated in a distorted square
planar environment (Fig. S7). Earlier, a similar feature was
observed for the CuL1 complex.*®

3.2 Optimization of the reaction conditions

For optimizing the reaction condition, benzene and CuL1l
were selected as the model substrate and catalyst, respectively

Fig. 1 (a) ORTEP plot of (a) CuL2 (CCDC No. 2491828) and (b) CuL3
(CCDC No. 2477383) shown at the 50% probability level with only
heteroatoms labelled. Selective interatomic bond distances and angles
for Cul2: Cu(1)-N(4) = 1.941 A, Cu(1)-N(5) = 2.015 A, Cu(1)-N(6) =
1.941 A, Cu(1)-N(8) = 1.989 A, [N(4)-Cu(1)-N(5)] = 83.0°, [N(4)-Cu(1)-
N(6)] = 98.7°, [N(4)-Cu(1)-N(8)] = 172.9°, [N(5)-Cu(1)-N(6)] = 159.3°,
[N(5)-Cu(1)-N(8)] = 97.7°, [N(6)-Cu(1)-N(8)] = 83.2°. CuL3: Cu(1)-N(1) =
1.997 A, Cu(1)-N(2) = 1.912 A, Cu(1)-N(6) = 2.003 A, Cu(1)-N(8) = 1.914
A, IN(D-Cu())-N(2)] = 83.6°, IN(1)-Cu(1)-N(4)] = 105.9°, [N(1)-Cu(1)-
N(3)] = 156.4°, [N(2)-Cu(1)-N(4)] = 148.0°, [N(2)-Cu(1)-N(3)] = 98.4°,
[N(4)-Cu(1)-N(3)] = 84.9°.

This journal is © The Royal Society of Chemistry 2026

(Table 1). Analytical high-performance liquid chromatography
(HPLC) was used to track the progress of a reaction and
quantify reaction products (Fig. S8 and S9). Initially, aromatic
hydroxylation of benzene was performed in acetonitrile (ACN)
under blue light irradiation (440 nm, 40 W) at 50 °C with
continuous stirring for 6 h (entry 1) in the absence of CulLl,
where 12% conversion of benzene was observed (entry 1).
When the reaction was performed in water under the same
conditions, the conversion decreased to below 8% (entry 2).
Adding CuLl (0.02 mM) significantly improved the
conversion to 48% in ACN (entry 3). In water, the presence of
CuLl increased benzene conversion to 27% (entry 4).
However, in the ACN-water mixture (5:1) with CuLl as a
catalyst, 60% of benzene was converted to phenol, accounting
for 90% of the total oxidation products (entry 5). Decreasing
the catalyst amount from 0.02 mM to 0.01 mM reduced
benzene conversion to 37% (entry 6, Fig. S10a and S12b). By
increasing the catalyst amount from 0.02 mM to 0.05 mM,
there was a considerable decrease in the conversion (60% to
41%, entries 7, 8, and 9; Fig. S10a and S12b). The selectivity
of phenol as the oxidized product was dependent on the
reaction time (entries 12, 13, 14, 15, 16, and 17). Increasing
the reaction time from 0.5 h to 6 h, the selectivity of phenol
as the oxidized product was increased to 100% from 90%.
However, by increasing the reaction time from 6 h to 12 h,
the selectivity of phenol generation decreased to 70% from
90% (entries 10 and 11). In addition, the conversion of
benzene increases with time (14% in 0.5 h, 60% in 6 h; Fig.
S10b and S11, entry 17 and entry 5). The reaction is highly
affected by the intensity of the light (entries 18, 19, and 20).
The result showed that increasing the intensity of the light
directly increases the rate (Fig. S10d). In the absence of light,
benzene conversion at 50 °C is only 11% (entry 20) compared
to 60% under blue light irradiation (440 nm, 40 W) under the
same conditions (Fig. S12a). Keeping the other conditions
same, by decreasing the temperature from 50 °C to 30 °C, a

Catal Sci. Technol,, 2026, 16, 1610-1621 | 1613
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Table 1 Optimization of the reaction conditions
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H OH (0]
CU-L, H202
i +
Light, 50 °C, 6 hr
(0]
Entry Catalyst (mM) Time (h) Solvent Blue LED (W) Temp. (°C) Conversion (%) Selectivity (%)
1 0.000 6 CH;CN 40 50 12 88
2 0.000 6 H,0 40 50 <8 84
3¢ 0.02 6 CH;CN 40 50 48 92
4 0.02 6 H,0 40 50 27 80
54 0.02 6 H,0/CH,;CN 40 50 60 90
6% 0.01 6 H,0/CH,CN 40 50 37 92
7¢ 0.03 6 H,0/CH,CN 40 50 44 84-87
8“ 0.04 6 H,0/CH;CN 40 50 42 84-87
9“ 0.05 6 H,0/CH;CN 40 50 41 82
10° 0.02 12 H,0O/CH;CN 40 50 85 70
11 0.02 7 H,0/CH;CN 40 50 65 84
12¢ 0.02 5 H,0/CH;CN 40 50 50 92
13¢ 0.02 4 H,0/CH,CN 40 50 46 94
14¢ 0.02 3 H,0/CH;CN 40 50 39 94
15 0.02 2 H,0O/CH;CN 40 50 28 97
16° 0.02 1 H,0/CH,CN 40 50 25 100
17% 0.02 0.5 H,0/CH,;CN 40 50 14 100
18° 0.02 6 H,0/CH,;CN 20° 50 48 87
19¢ 0.02 6 H,0/CH,CN 10° 50 32 90
20 0.02 6 H,0/CH;CN 0 50 11 100
21¢ 0.02 6 H,0/CH;CN 40 30 34 95
22° 0.02 6 H,0/CH,;CN 40 60 65 80
237 0.02 6 H,0/CH,CN 40 50 55 88
24° 0.02 6 H,0/CH;CN 40 50 43 85

Reaction condition: benzene (1 M), H,0, (3 M), H,O/CH;CN (1:5) 1 mL. “ Catalyst (CuL1). ” 50% intensity of the blue LED. ¢ 25% intensity of

the blue LED. ¢ Catalyst (CuL2). ¢ Catalyst (CuL3).

substantial decrease in benzene conversion was observed
(entry 21). On the other hand, by increasing the temperature
from 50 °C to 60 °C, a negligible increase in conversion was
noted (entry 22; Fig. S10c and S13a). However, the selectivity
of phenol as a product was dropped as the over-oxidised
product was formed more. Furthermore, increasing the H,O0,
concentration from 1 M to 5 M leads to higher conversion,
accompanied by a gradual decrease in selectivity (Fig. S10e
and S13b). Under the best optimized conditions, the
reactivity of CuL2 was very similar to Cull (entry 23).
However, CuL3 showed less reactivity compared to CuL1 and
CuL2 (Fig. S14, entry 24). The reduced reactivity of the CuL3
complex is likely due to a distortion from its ideal square
planar geometry.

3.3 Substrate scope

With the optimal conditions in hand (entry 5), the reaction
scope was investigated using a variety of substituted benzenes,
and the resulting product distribution is summarized in Fig. 2.
Regardless of the nature of the substituents, whether electron-
donating or electron-withdrawing, and their substitution (ortho
or para), the reaction predominantly yielded ortho- and
para-hydroxylated products. To evaluate the selectivity between

1614 | Catal. Sci. Technol., 2026, 16, 1610-1621

3 3 Br Cl
1_OH 1_OH 1_OH 1. OH
2 2 2 2
1, 30%" 2, 12%"* 3, 22%* 4, 22%"
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Fig. 2 Substrate scope for photocatalyzed aromatic C-H activation by
Cu(n)-amido-quinoline complexes, conversion calculated by HPLC at
254 nm; °C3 is over-oxidised product and C4 is the hydroxylated
product; “conversion calculated by GC; Yoxidation of phenol.

This journal is © The Royal Society of Chemistry 2026
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aromatic and aliphatic C-H functionalization, product
distributions for the hydroxylation of toluene and ethylbenzene
were analyzed by GC-MS (Scheme S1, Fig. S15a and Scheme S2,
Fig. S16a), and conversion was calculated by reverse-phase
HPLC. (Fig. S15b and S16b). For toluene, selectivity of
ortho-cresol, para-cresol and benzaldehyde were 43%, 22% and
35%, respectively. This indicates that hydroxylation
preferentially occurs at the aromatic C-H bonds. Similar
observation was observed for ethylbenzene (Scheme S2, Fig.
S16a). It is well known that the bond dissociation energy (BDE)
of aromatic C-H bonds (C(sp*)-H) is significantly higher than
that of benzylic C(sp®)-H bonds; the observed product profiles
provide insights into reaction selectivity. Bromobenzene and
chlorobenzene predominantly  yielded ortho- and
para-hydroxylated products with a conversion rate of ~22%
(Schemes S3 and S4, Fig. S17 and S18). Nitrobenzene primarily
produced 2-nitrophenol (Scheme S5, Fig. S19). Cumene gave a
mixture of ortho- and para-hydroxylated products (Scheme S6,
Fig. S20). Hydroxylation of 1,2-dichlorobenzene afforded
2,3-dichlorophenol and 3,4-dichlorophenol as the main
products, with an overall conversion of 30% (Scheme S7, Fig.
S21). Likewise, the hydroxylation of biphenyl predominantly
yielded major ortho-hydroxylated product and some minor
amount of para-hydroxylated products (Scheme S8, Fig. S22).
Exclusively, quinone was formed from phenol (Scheme S9, Fig.
S23). In the case of a polyaromatic substrate such as
anthracene, oxidation under the optimized conditions in a
chloroform : acetonitrile (8:1) solvent system for 2 h led to the
formation of anthraquinone as the primary product (Scheme
S10, Fig. S24). Current industrial methods for synthesizing
anthraquinone typically utilize chromic acid as an oxidant for
anthracene under harsh conditions.

The hydroxyl radical ('OH) is extremely reactive and largely
non-selective. Unsubstituted benzene provides six equivalent
C-H positions, thereby maximizing the probability of
productive radical attack. Electron-donating substituents
such as methyl, ethyl, and isopropyl groups increase the
electron density at the ortho and para positions of the
aromatic ring; however, our experimental results indicate
that steric effects play a dominant role in governing
reactivity, following the trend:C¢Hs > CsHs-Me > C¢Hs-Et ~
C¢Hs—"Pr. In contrast, electron-withdrawing substituents such
as nitro groups strongly destabilize the aryl radical
intermediate, leading to reduced reactivity. Notably, previous
studies have shown that the reactivity of substituted
benzenes toward "OH does not follow a universal trend. For
example, Summers et al.’” reported the following reactivity
order for phenyl radical attack: CéHsNO, > C¢HsCH;3 > CgHs-
OCH; > CgHsCl > C¢H;sBr > CgHg. Similarly, Edwards and
Curci®® compiled reaction rates of various substituted
benzenes with Fenton's reagent and observed the order:
CcHsOH > CcH; > C¢H:OCH; > CgH;—Cl> C.H,NO, >
C¢H5CHj;. These results show no clear correlation with the
conventional activating or deactivating effects of substituents,
underscoring the complex interplay of electronic and steric
factors in "'OH-mediated aromatic reactions.

This journal is © The Royal Society of Chemistry 2026
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3.4 Synthesis of 2,5-dichlorophenol

Direct hydroxylation of 1,4-dichlorobenzene (1,4-DCB) to
2,5-dichlorophenol (2,5-DCP) was carried out using 0.25 M
substrate (Scheme S11, Fig. S25a, GC-MS data, 12 h).
Remarkably, 2,5-DCP is formed as the only product, contrary to
conventional multi-step synthesis (Fig. S25b, HPLC data). After
36 h, 70% conversion was calculated from GC data (Fig. S25¢).
2,5-DCP is mainly used as an imperative industrial
intermediate in synthesizing various herbicides, insecticides,
antiseptics, dyes, and pharmaceuticals. For example, it plays a
pivotal role as an intermediate in the production of the
herbicide dicamba, which is widely used by farmers to manage
a broad spectrum of weeds effectively. As global food demand
increases, effective weed management becomes increasingly
vital. 2,5-DCP’s role as a pesticide intermediate highlights its
impact on food security and agricultural productivity.
Traditional synthesis methods to produce 2,5-DCP are multi-
step processes suffering several disadvantages, such as side
reactions and isomer formation (2,4-DCP), which are difficult to
separate due to their comparable melting and boiling points.*”

cl Cl

Cu-L, H,0, OH

Light, 50°C, 36 hr
i cl

3.5 Mechanistic finding

After establishing the catalytic activity of the copper
complexes, we focused our attention on investigating the
reaction mechanism. At first, we checked whether the
reaction was going through an oxygen-based non-metal
radical intermediate or via a metal oxyl intermediate. We
observed the formation of a bis-aryl product in GC-MS (Fig.
S26), which confirms the in situ generation of a phenyl
radical.>® Further, a reaction was carried out using CulL1 as a
catalyst in the presence of CCl, (1:1 with respect to oxidant).
Benzene conversion was decreased from 60% to 25%, and
chlorobenzene was obtained as the coproduct, which
supports the formation of the CgH; radical during the
catalytic process (Fig. S27).>° In the presence of radical
scavengers such as TEMPO (5 equivalents relative to the
oxidant) and isopropyl alcohol (IPA),*® benzene conversion
decreased to a great extent (Fig. S28). The above experiments
suggest that the reaction proceeds by a radical pathway.
Kinetic isotope effect (KIE) has been investigated using
copper complex (CuLl) under optimized conditions. The
calculated KIE value of 1.75 + 0.2 (Fig. S29) was determined
from peak intensity ratios of phenol to the phenol-d, ratio by
GC-MS for all three Cu complexes (benzene hydroxylation).
As per previous reports, KIE values of 1.7 are frequently
reported for Fenton-type hydroxylations where C-H bond
cleavage occurs in the rate-determining step of the reaction.*®
Based on these experimental observations and supporting
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literature,”> we conclude that the reaction proceeds via
oxygen species (ROS). The isotope-labelling
experiment was performed with CuLl in the presence of
H,0'® and keeping the other reaction conditions the same.
However, O'®-labelled phenol was not obtained as a product,
this observation suggests that the utilization of H,O, is
crucial for the transformation of benzene to phenol, as the
predominant source of ‘OH radical species is H,O,. Following
the various experimental findings, such as the KIE value
(1.75 £ 0.2), formation of bis-aryl product, and formation of
chlorobenzene in the presence of CCl,, these indicate that
our reaction proceeds via a Fenton-type mechanism.” In our
previous study, various spectroscopic techniques, including
UV-vis, HR-MS, and EPR, demonstrated that treatment of
CuL1 with 10 equivalents of H,0, at room temperature leads
to the formation of a Cu(u)L1-OOH intermediate.*® This
raises the key question: how are the reactive oxygen species
generated during the course of the reaction? An EPR
experiment was carried out to find the answer.

DMPO (5,5-dimethyl-1-pyrroline N-oxide) is a widely used
spin trap for detecting radicals in catalytic hydroxylation
reactions. DMPO is EPR-silent; it forms a spin adduct upon
reacting with free radicals, making it EPR-active. The
hyperfine splitting pattern of the detected radical adduct
clearly confirms the generation of hydroxyl radicals (Fig. 3
).2%2931 Additional control experiments, where DMPO was
added to a solution of benzene and H,O, either at room
temperature or under visible light, showed no significant
EPR signal, further confirming the necessity of both the
catalyst and light for radical generation (Fig. 3). Further, in
the absence of blue light, we have performed the EPR
experiment with the Cu catalyst and observed a very small
EPR signal (Fig. S30). Moreover, changing the intensity of the

reactive

benzene +H,0,
CuL1 + benzene + H,0,

A AN N NN A ]

Intensity

318 3%1 354 327
Magnetic field (mT)

Fig. 3 A solution of CuLl (0.02 mM), H,O, (3 M), benzene (1 M) and
DMPO (0.2 mmol) was irradiated under blue LED (40 W) in acetonitrile,
and then an EPR spectrum was recorded. A characteristic signal of
DMPO-OH was observed (blue). A solution of H,O, (3 M), benzene (1
M) and DMPO (0.2 mmol) was irradiated under blue LED or without
blue LED, showing no significant signal.
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blue light (100% to 25%), we found a decrease in signal
intensity of the EPR experiment (Fig. S30). Now, from
experimental findings and previous literature,”> we are
proposing that the copper complex (CuLX; X = 1, 2, 3) in the
presence of H,0, forms Cu(u)LX-OOH, and then it undergoes
homolytic cleavage to form CuLX-O" oxyl species and 'OH
radical species (Fig. 4). Then the 'OH radical species can
attack the benzene ring via Fenton-type pathway, leading to
cyclohexadienone and Cu(um)LX-OH formation (pathway A).
Further, the Cu(un)LX-OH species reacts with H,0, and
regenerates Cu(u)LX-OOH. Cyclohexadienone undergoes
tautomerism to give phenol as the desired product. In
pathway B, the CuLX-O" oxyl species can initiate the reaction
by abstracting a proton, followed by product formation via a
rebound pathway. According to studies by Vilella et al., this
rebound pathway proceeds through a concerted pathway,
thereby precluding the formation of a discrete biradical
intermediate.>® However, in our case, we have detected a bi-
aryl product. A density functional theory (DFT) study was
performed to understand the proposed mechanisms and
possible deactivation pathway of the catalyst.

3.6 DFT study

Geometry optimizations were done using the B3LYP hybrid
functional with the basis set 6-311++G(d,p) level of theory in
the presence of implicit acetonitrile solvent medium, with
the entropic corrections performed at room temperature. The
optimized geometries of metal complexes are shown in
Fig. 5.

Based on our observation of experimental studies, density
functional theory (DFT) calculations were carried out to explore
the Fenton-type pathway for the hydroxylation mechanism. As
established by experimental analysis, CuL1, CuL2, and CuL3
form  Cu(mL1-OOH, Cu(m)L2-0O0H and Cu(u)L3-OO0H,
respectively, in the presence of H,0,. The thermodynamic free
energy of formation of Cu(u)L1-OOH, Cu(u)L2-OOH, and Cu(u)
L3-00H was found to be 5.5 keal mol™?, 8.0 keal mol™* and 15.3
kcal mol™ (Fig. 6), respectively. These lower thermodynamic
barriers could be easily transcended under the experimental
reaction conditions. Although, as expected, the thermodynamic
barrier for CuL3 conversion to Cu(u)L3-OOH is the highest due
to the presence of methyl groups in the quinoline ring, which
offers steric hindrance to the incoming H,O,.

The homolytic cleavage of Cu(u)LX-OOH leads to the
formation of CuLX-O’ oxyl species in the triplet state, as it is the
ground state of copper oxyl species and the 'OH radical
species.”® The thermodynamic free energy of formation of
CuL1-O’, CuL2-O" and CuL3-O" copper oxyl species are 30.06
keal mol ™, 33.20 kecal mol™ and 22.48 kcal mol ™, respectively.
We have computed the Mulliken spin density for the active
catalyst, LXCu-OOH, for all three catalysts (Fig. S37). Our
findings indicate that the oxygen atom directly bonded to
copper (0O2) has the Mulliken spin density of 0.169, 0.177 and
0.160 for CuL100OH, CuL200H and CuL30OH, respectively. O2
exhibits significantly higher alpha spin unpaired electron

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Optimized DFT structures of copper metal complexes.

density in comparison to O3 (0.027, 0.026 and 0.033 for
CuL100H, CuL200H and CuL30OH, respectively). The
observed non-zero Mulliken spin densities strongly suggest that
homolytic bond cleavage of the 02-O3 bond is probable.
Consequently, the cleavage of the 02-O3 bond yields ‘OH
radical species, which subsequently interact with the substrate,
resulting in the formation of a hydroxylated product.

Next, the reaction can proceed by CuLX-O" or the 'OH
radical species attacking the benzene ring. The energy
corresponding to CuLX-O" attacking benzene is about 4.8 kcal
mol ', and that of the "OH radical attacking the benzene ring
is calculated to be —2.5 kcal mol™*. Hence, the attack of the
‘OH radical on benzene is exothermic and therefore pathway

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 The plausible mechanism is based on mechanistic findings and previously reported literature.

A is favourable over pathway B (Fig. S31). In the next step,
the "OH radical species attack the benzene ring, leading to
cyclohexadienone and CuLX-OH formation. The keto-enol
tautomerization occurs in the last step, which is a speedy
and exothermic process (Fig. 7).

Among the three copper catalysts, CuL1 has the lowest
energy for forming Cu(u)L1-OOH, which cleaves homolytically
to generate the reactive 'OH radical species, leading to
hydroxylation of benzene to phenol. The free energy profile
of CuL1l is shown in Fig. 7, and that of CuL2 and CuL3 is
shown in (Fig. S32 and S33).

We have also computed the thermodynamic barrier and
Mulliken spin for the intramolecular ligand oxidation of the

Catal Sci, Technol.,, 2026, 16, 1610-1621 | 1617
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Fig. 6 The optimized geometries of CuLl, CulL2, CuL3, Cu(n)L1-OOH, Cu()L2-OO0H, and Cu(n)L3-OOH. AG is the reaction free energy calculated

at B3LYP/6-311G++Gl(d,p) in the presence of acetonitrile implicit solvent.
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Fig. 7 Gibbs free energy in kcal mol™ of the Fenton-type mechanism for CulL1.

LXCu-O" (X =1, 2 and 3) intermediate and its conversion to the
CuLX-OH species.”” It may be possible at a higher catalyst
concentration of CuLX-O" that the oxyl species can oxidize the
catalyst ligand framework in an intermolecular fashion also.””
Density functional theory (DFT) studies indicate that the
intramolecular oxidation of the catalyst is indeed a
thermodynamically favourable process, leading to ligand
oxidation rather than the desired substrate oxidation and

1618 | Catal Sci. Technol., 2026, 16, 1610-1621

effectively deactivating the intended pathway. However, the
formed CuLX'-OH species can subsequently accept an H' from
the solvent system or from H,0,, resulting in the formation of
CuLXOH. This CuLXOH can then be oxidized by hydrogen
peroxide, thereby regenerating the active catalyst.
Subsequently, the oxidized ligand framework of CuLX-OH
further undergoes ligand oxidation and is resulting in catalyst
deactivation. (Fig. S34-S36) describe the hydrogen atom

This journal is © The Royal Society of Chemistry 2026
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abstraction from the quinoline moiety by the oxyl species,
LXCu-O'. In the case of CuL1 and CuL2, there are two types of
quinoline moieties, one attached to the metal center and one
that is a free quinoline unit, from both quinoline units,
hydrogen abstraction was studied. In general, the energy
barrier associated with hydrogen abstraction from the free
quinoline unit was more favourable, probably due to its low
rotation barrier and easier access to LXCuO'. Table S3 shows a
comparison of the energy barrier associated with the
abstraction of the hydrogen atom for all three catalysts. CuL1
has a higher energy associated with intramolecular ligand
oxidation as compared to CuL2 and CuL3 (energetically, they
are more prone to intramolecular ligand oxidation), and this
could be a contributing factor to CuLl's higher reactivity.
However, in the case of Cul3, easier hydrogen abstraction
from the methyl group attached to the quinoline moiety could
be responsible for ligand framework oxidation, leading to the
catalyst's deactivation, as the CuL3-OH species formed is
stabilized by the electron density provided from the quinoline
ring. The stabilization effect is reflected by the Mulliken spin
density as well as the decrease in bond length of the quinoline
ring carbon attached to -CHj; (Fig. S36). Recently, we have
reported water oxidation using Ni(u)-amido-quinoline
complex, NiL2.”® In that report, the Ni(un)}-amido-quinoline
complex (NiL2) shows a feasible intramolecular ligand
oxidation via a radical pathway. Both intramolecular and
intermolecular deactivation lead to ligand oxidation rather
than the desired substrate oxidation, effectively deactivating
the intended pathway. Furthermore, highly reactive,
monomeric CuLX-O" oxyl species can dimerize to form a less
reactive intermediate. We computed the energy barrier for
L1CuO’ to form a dimer species, ie, L1Cu-O-O-CuL1l
intermediate, and the conversion is found to be
thermodynamically feasible (Fig. S38). Therefore, factors such
as inter- and intramolecular ligand oxidation and competing
side reactions greatly contribute to a catalyst's reactivity.

Conclusions

In conclusion, this study demonstrates a photo-mediated
aromatic C-H activation strategy using Cu(u)-amido-quinoline
complexes at 50 °C, enabling efficient hydroxylation of
arenes. The methodology achieves ~60% benzene conversion
with 90% selectivity toward phenol. Notably, its application
to 1,4-dichlorobenzene (1,4-DCB) yields 2,5-dichlorophenol
(2,5-DCP) with 70% conversion and exceptional 100%
selectivity, surpassing conventional multi-step synthetic
approaches. Based on key experimental observations,
including a kinetic isotope effect (KIE) value of 1.75 + 0.2, the
formation of a bis-aryl product, chlorobenzene generation in
the presence of CCl,, and EPR evidence, the data collectively
support that the reaction proceeds via a Fenton-type
mechanism. These findings provide mechanistic insight into
the oxidative C-H activation process and further validate the
role of hydroxyl radicals in driving the transformation.

This journal is © The Royal Society of Chemistry 2026
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