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Selective hydroxylation of benzene to phenol via
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The one-step oxidation of benzene to phenol represents a significant and promising advancement in
modern industries focused on the production of high-value-added chemical products. Nevertheless,
challenges persist in achieving sufficient catalytic selectivity and preventing over-oxidation. Inspired by
copper enzymes, we present a nonsymmetric dicopper complex ([Cug(TPMAN)(p-OH)(HZO)]3+, 1) for the
selective oxidation of benzene to phenol. Utilizing H,O, as the oxidant, complex 1 demonstrates remark-
able catalytic activity (a TON of 14 000 within 29 hours) and selectivity exceeding 97%, comparable to the
finest homogeneous catalyst derived from first-row transition metals. It is noteworthy that the significant
substituent effect, alongside a negligible kinetic isotope effect (KIE = 1.05), radical trapping experiments,
and an inconsistent standard selectivity test of the "OH radicals, all contradict the conventional Fenton
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mechanism and rebound pathway. Theoretical investigations indicate that the active Cu'(p-O")Cu'"-OH
species generated through the cleavage of the O-O bond in the Cu"(p-1,1-O0OH)Cu' intermediate facili-
tates the hydroxylation of benzene via an electrophilic attack mechanism. The nonsymmetric coordi-
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Introduction

Phenol is a vital chemical extensively utilized in the manufac-
turing of plastics, phenolic resins, pharmaceuticals, disinfec-
tants, and various other products.' Currently, the industrial
synthesis of phenol predominantly relies on the three-step
cumene process, which necessitates harsh reaction conditions
and yields a mere 5% overall yield, accompanied by the equi-
molar production of acetone.”® Consequently, the one-step
hydroxylation of benzene to phenol using inexpensive oxidants
such as oxygen or hydrogen peroxide has emerged as a promis-
ing alternative approach, gathering substantial interest.®°
However, this process faces two primary challenges: the acti-
vation of the phenylic C-H bond, which possesses a high bond
dissociation energy of 113 kcal mol™, and the prevention of
over-oxidation of the resulting phenol.
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nation geometry is crucial in activating H,O, and in the process of O—-O bond cleavage.

Significant advancements have been made in the develop-
ment of heterogeneous materials’*® and homogeneous mole-
cular catalysts®*° that facilitate this one-step phenol pro-
duction. Nonetheless, these approaches remain distant from
achieving large-scale industrial viability due to inadequate
phenol yields and selectivity. To enhance the design of more
efficient catalysts, extensive research has focused on elucidat-
ing the mechanism underlying aromatic hydroxylation,
leading to the proposal of several reaction pathways. Notably,
one mechanism suggests direct activation of the C-H bond by
hydroxyl ("fOH) or hydroperoxyl ("fOOH) radicals produced via
the Fenton-type reaction.**™** Alternative pathways include an
electrophilic aromatic substitution pathway and a rebound
pathway mediated by highly energetic metal-oxygen species,
such as Fe™=O species found in cytochrome-Ps0.*"™>°
Systematic investigations into molecular catalysts have revealed
that the ligand denticity plays a crucial role in modulating the
reaction activity and mechanism.’™*> For instance, mono-
nuclear iron complexes, featuring tridentate N3 ligands, pre-
ferentially follow a hydroxyl radical pathway due to the
instability of the iron-oxygen intermediate, thereby resulting
in lower selectivity.”® In contrast, tetradentate N4 coordinated
iron catalysts facilitate heterolytic cleavage of the O-O bond in
the Fe™-OOH species, aided by a free coordination site, ulti-
mately yielding more reactive Fe'=—O intermediates that
enhance both yield and selectivity.”® However, pentadentate

This journal is © The Royal Society of Chemistry 2025
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N5 ligands in Fe'™~OOH intermediates tend to favor homolytic
cleavage of the O-O bond, leading to the generation of Fe™"=0
and "OH, which activates benzene for hydroxylation.’®

Inspired by copper-containing metalloenzymes, such as tyr-
osinase and catechol oxidase,”*®" which perform aromatic
ring oxidation, copper-based catalysts have also attracted con-
siderable attention due to their superior catalytic activity com-
pared to other first-row transition metals, particularly in the
cases of dicopper catalysts.”’>>*"3? Notably, the Cu,(6-hpa)(u-
OH) catalyst, with 6-hpa representing 1,2-bis[2-[bis(2-pyridyl-
methyl)aminomethyl]-6-pyridyl|ethane, exhibits a remarkable
turnover number (TON) exceeding 12000 for phenol pro-
duction,* attributed to bimetallic cooperation catalysis via a
p-n"m"-0, type dicopper peroxo intermediate. Research in Cu-
oxygen chemistry has shown that ligand denticity can signifi-
cantly influence the coordination geometries of key Cu-O,
adducts and subsequently alter their reactivity, particularly
regarding O-O bond cleavage.®'®® In recent years, a diverse
range of dicopper-oxygen adducts, including Cu(p-n'n'-0,)
Cu, Cu(p—n*n*0,)Cu, and Cu(p-ox0),Cu intermediates, have
been explored for the hydroxylation reaction of aromatic rings
(Fig. 1a and b).>”®7° Meanwhile, the Cu(u-n":1*-0,)Cu type
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Fig. 1 (a) Hydroxylation of aromatics catalyzed by copper—oxygen
intermediates; (b) different coordinated structures of dicopper—0O, inter-
mediates have been well studied; and (c) the molecular structure of the
nonsymmetric dicopper catalyst [Cug(TPMAN)(p-OH)(HZO)PJr (1) in this
work.
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peroxo intermediate remains largely uncharacterized in the
context of selective benzene hydroxylation.

Recently, we developed a dicopper water oxidation catalyst
[Cull(TPMAN)(1-OH)(H,0)*(1, Fig. 1c), featuring a nonsym-
metric ligand TPMAN (= 1-(7-((bis(pyridin-2-ylmethyl)amino)
methyl)-1,8-naphthyridin-2-yl)-N-methyl-N-( pyridin-2-ylmethyl)
methanamine), in which two Cu" ions respectively possess
different free coordination sites. This structure leads to the for-
mation of a p-n'n>O, type dicopperperoxo intermediate,
allowing for enhanced catalytic performance.®® In this study,
we employ this structurally well-defined dicopper complex for
the direct hydroxylation of benzene with H,0, as the oxidant,
demonstrating exceptional catalytic activity (a TON of 14 000
within 29 hours) and selectivity (up to 97%) for phenol pro-
duction. Mechanistic investigations reveal that the Cu(u-n'n>-
0,)Cu intermediate can be effectively reduced by H,0,, directly
generating the Cu"(p-1,1-OOH)Cu’ intermediate, which facili-
tates O-O bond cleavage. The resulting Cu"(p-O")Cu"-OH
species serves as the active entity for the electrophilic hydroxy-
lation of benzene. Compared to previously reported dicopper
catalysts,>*°”°”7° our uniquely coordinated dicopper site
alters the activation pathway of H,0,, yielding a distinct
copper-oxyl intermediate that enhances the selectivity of
benzene hydroxylation.

Results and discussion

For the dicopper complex [Cul(TPMAN)(p-OH)(H,0)]** (1), the
detailed synthetic procedure and characterization have been
documented in our previous work.®® Subsequently, we con-
ducted the hydroxylation of benzene utilizing complex 1 as the
catalyst and 30% hydrogen peroxide (H,O,) as the oxidant.
Under representative reaction conditions, 30 mmol benzene
was dissolved in 20 mL of acetonitrile (CH;CN) and treated
with 120 mmol H,0, and 5 pmol triethylamine (Et;N) as the
base, with 1 pmol catalyst 1 under heating at 45 °C for 6 hours.
Following the reaction, the mixture was extracted with chloro-
form (CHCl;) and subsequently purified using a short neutral
alumina column. After solvent removal, an analysis by 'H
NMR confirmed the formation of phenol in the residue.
Building on this preliminary finding, we optimized the reac-
tion conditions, focusing on the catalyst, the ratio of oxidant/
benzene, base concentrations and reaction temperature (refer
to Tables 1 and S1-S3, Fig. S1}), and the products were
detected and quantified by gas chromatography (Fig. S27).
Notably, the method of oxidant addition, whether one-pot or
sequential, did not significantly influence the reaction
outcome. Examining varying amounts of Et;N (Table S2t), we
observed that when no Et;N (entry 1) was added or when
excess Et;N was added (entry 3), the rate of phenol generation
during the initial 7 hours was lower compared to when an
optimal amount of Et;N was employed (entry 2). However,
after 24 hours, the final conversion ratios and yields were com-
parable across all trials. Intriguingly, extending the reaction
time to approximately 44 hours in the presence of high con-
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Table 1 The catalytic activity of the catalyst 1 at different temperatures

Catalyst 1 (0.44 umol), OH Q
© H,0, (44 mmol), Et;N (5 umol) @ .
CH4CN, A
(0]

benzene henol b )
(11 mmol) phenol  p-benzoquinone
Entry T(°C) Conv.”(%) Yield’ (%) Selectivity for phenol® (%)
1 45 25 3.4 78
2 65 61 6.7 92
3 70 52 7.3¢ 92
4 80 61 7.0° 92

Conditions: 11 mmol of benzene, 44 mmol of 30% H,0,, 0.44 pmol of
catalyst 1, and 5 pmol of Et;N in 6.3 mL of CH;CN. “ Conversation% =
n(consumed benzene)/n(starting benzene). ?Yield% = n(phenol)/n-
(starting benzene). ¢Selectivity is calculated based on the products
detected by GC. Selectivity% = n(phenol)/(n(phenol) + n-
(benzoquinone)). The reaction time is 20 h. “24 h. ¢12 h.

centrations of Et;N resulted in catalytic selectivity reaching
100% (entry 3). We also evaluated various alternative bases
(Table S31), which exhibited performance analogous to that of
Et;N. Additionally, the molar ratio of H,O, to benzene signifi-
cantly impacted the oxidation results (Table S1, entries 2, 4,
and 57). At a lower H,0,-to-benzene ratio, the reaction selecti-
vity for phenol increased; however, this selectivity decreased to
about 70% as the ratio increased. Conversely, the yield of
phenol improved with higher ratios of hydrogen peroxide.
Finally, we further optimized the catalytic activity of catalyst 1
by varying the reaction temperatures (Table 1). Our results
indicate that moderate temperature enhances catalytic per-
formance. At 65 °C after 20 h, the yield of phenol reached
approximately 6.7%, based on the initial amount of benzene,
with the selectivity reaching up to 92%. Notably, increasing
the temperature beyond 70 °C did not yield any significant
improvement in the reaction outcome.

Subsequent investigations focused on the long-term cata-
lytic performance of benzene hydroxylation using catalyst 1,
with the time courses of phenol production illustrated in
Fig. 2 and S5.1 At a temperature of 65 °C, catalyst 1 exhibits a
maximum turnover frequency (TOF,,.,) of approximately
859 h™' and a maximum turnover number (TON) of 14 000
after 29 hours, resulting in a phenol yield of 6.1% and a
remarkable selectivity of 97%. This impressive catalytic per-
formance is comparable to the highest TON for benzene
hydroxylation using H,O0, in homogeneous catalysis
(Table S4t).>* At a reduced reaction temperature of 45 °C, cata-
lyst 1 still displayed a noteworthy TON of 8500 for phenol
(Fig. S57). It is important to note that p-benzoquinone was also
generated during the early stages of the reaction alongside
phenol, indicating that p-benzoquinone is a product of phenol
over-oxidation.>®> However, the yield of p-benzoquinone
remained consistently low throughout the reaction period
(Fig. S3 and S4t). These findings suggest that this nonsym-
metric dicopper catalyst is capable of selectively promoting the
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Fig. 2 Time profile formation of phenol in the hydroxylation of
benzene using catalyst 1 (0.05 pmol) with 11 mmol of benzene,
44 mmol of 30% H,0,, and 5 pmol of EtzN in 6.3 mL of CH3zCN at 65 °C.

hydroxylation of benzene to phenol, achieving the highest
TON reported to date.

To further explore the reactivity of the active species, we
examined various aromatic substrates, including phenol,
toluene, and nitrobenzene, under identical reaction conditions
(Table 2 and Fig. S6-S8t). For phenol, p-benzoquinone was the
only product detected initially, while catechol was observed
after 12 h, resulting in a total TON of 3200 after 23 hours.
Using toluene as the substrate yielded o-cresol, p-cresol, and
benzaldehyde as the major products, with a total TON of 1700
after 23 hours. The ratio of aromatic to aliphatic oxidations

Table 2 Product analysis of oxidation of different substrates using cata-
lyst1

Catalyst 1 (0.44 umol),
/@ H,0, (44 mmol), EtzN (5 pmol)
R CH3CN, 45°C, 23 h

R = H, OH, CHa, NO,

Products

Entry®  Substrate Products [%] (o/p/m)  TOF°(h™') TON?

1 Benzene Phenol 83] 196 1200
p-Benzoquinone [17]

2P Benzene Phenol [97] 859 14 000
p-Benzoquinone [3]

3 Phenol Catechol [40] 332 3200
p-Benzoquinone [60]

4 Toluene Cresol [73] 245 1700
(60: 40 : trace)
Benzaldehyde [27]

5 Nitrobenzene  No product — —

%0.44 pmol catalyst, 5 pmol base (Et;N), 44 mmol H,0, (30%), 6.3 mL
CH;CN, 45 °C, and 23 h. The substrate: 1 and 2: 11 mmol benzene; 3:
8.5 mmol phenol; 4: 8.2 mmol toluene; and 5: 8.2 mmol nitrobenzene.
%0.05 pmol catalyst, 5 pmol base (Et;N), 44 mmol H,0, (30%), 6.3 mL
CH;CN, 65 °C, and 23 h. “ TOF of all products after 23 h. 4TON of all
products after 23 h.

This journal is © The Royal Society of Chemistry 2025
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was approximately 2.7 : 1.0, and the distribution of cresols was
about 1.6:1.0: 0 (0: p: m), which is in contrast with the ratios
typically associated with the Fenton mechanism.”" In the case
of nitrobenzene, neither o-nitrophenol nor p-nitrophenol was
detected. Consequently, the relative reactivity order based on
the TON under the same reaction conditions was determined
as follows: phenol > toluene > benzene > nitrobenzene. This
trend highlights the propensity for oxidation to occur preferen-
tially on aromatic rings with electron-donating substituents,
and the observed sensitivity to the electronic density of the
aromatic ring suggests that the oxidation mechanism is likely
metal-mediated through an electrophilic intermediate rather
than involving radical pathways.

To investigate the reaction mechanism in depth, 5,5
dimethyl-1-pyrroline N-oxide (DMPO) was employed as a
radical scavenger to assess the formation of hydroxyl ("OH) or
hydroperoxyl ("OOH) radicals, which are potential active
species in the Fenton mechanism. As demonstrated in Fig. 3a,
the rates of phenol production in the presence of either

(@) 57 [DMPO] a
® 0mM
4] ®mosmm

¢ 5.0mM

Phenol (mM)

20 30 40 50
Time (min)
(b) 144
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=
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T T T T T T T
10 20 30 40 50 60 70
Time (min)

Fig. 3 (a) Time courses for phenol production in the reaction of
benzene oxidation catalyzed by 1 in the absence (red) and presence of
DMPO [0.5 mM (black) and 5 mM (blue)] during the first hour. (b) Time
courses for phenol production in the oxidation of benzene (red) and de¢-
benzene (black) as the substrates catalyzed by 1 under the conditions
described.
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0.5 mM or 5.0 mM DMPO were consistent with the rate
observed in the absence of DMPO. Additionally, the introduc-
tion of carbon tetrachloride (CCl,) did not yield detectable
chlorobenzene or biphenyl species at any point during the
reaction. These results indicate that no obvious radical
species, including hydroxyl ("OH) or hydroperoxyl ("lOOH) rad-
icals, exist in the reaction solution to catalyze hydroxylation of
benzene through the radical-chain mechanism. Furthermore,
the kinetic isotope effect (KIE) was investigated using hexadeu-
terio-benzene (des-benzene) as a substrate, resulting in a KIE
value of 1.05 determined from the initial rates of phenol pro-
duction (Fig. 3b). This value suggests that the C-H bond clea-
vage of benzene is not part of the rate-determining step. This
relatively low KIE value differs significantly from the KIE
(approximately 1.7-1.8) reported for Fenton-type hydroxy-
lation”® or those existing values greater than 4 for rebound
mechanisms.*>”*7* Additionally, a standard selectivity test for
the reaction involving the "OH radical was conducted using
methylcyclohexane under standard conditions.”” The gas
chromatography (GC) results reveal that the product ratio of
tertiary alcohol to secondary alcohol is approximately 1:15
(Fig. S9t), which does not align with the expected selectivity
ratio of 3:10 (ref. 75) for the "OH radical mechanism.
Furthermore, the lack of hydroxylation reactivity observed with
nitrobenzene is inconsistent with the Fenton-type mecha-
nism.”> These findings seem to contradict the Fenton-type
mechanism and the rebound process, while they are consistent
with an electrophilic aromatic substitution mechanism.>"%%7¢

Moreover, the reaction kinetics of benzene oxidation cata-
lyzed by 1 was analyzed through the initial rates of phenol pro-
duction. As depicted in Fig. S10-S12,f the concentrations of
benzene, catalyst, and H,O, each exhibit a first-order linear
relationship with the rate of phenol production. Based on
these dependencies, the kinetic equation governing the
benzene oxidation reaction can be articulated as:

d[Phenol]/dt = kcq[catalyst 1][benzene][H,0,],

where k., represents the catalytic rate constant.

Based on the experimental results outlined above, compu-
tational studies were performed to elucidate the details of the
catalytic mechanism. The initial [Cul[(TPMAN)(u-OH)(H,O0)]
species (labeled as complex 1, Fig. 4a, for detailed structure,
see Table S57), featuring two penta-coordinated copper sites,
can react with H,0, to form the Cu"(p—n':n"-OOH)Cu™ inter-
mediate Int1 (Table S51), accompanied by an energy release of
3.8 kcal mol™". Following this, the deprotonation of Int1 by
Et;N  occurs, and the generated dicopperperoxo Int2
([Cu™(p-n"n>-0,)Cu™], Table S6) is then reduced by 1/2 equi-
valent of H,0,, leading to the formation of Int3 ([Cu"(p-1,1-
OOH)Cu'], Table $67), which has been confirmed to be a vital
intermediate in our previous study,’”” and 1/2 equivalent of
0,. The deprotonation process is calculated to be exergonic by
10.0 kcal mol™?, while the reduction of Int2 to Int3 is endergo-
nic by +1.8 kcal mol™'; thus, Int2 has been assigned as the
starting point of the energy profile (Fig. 4b). Additionally, the
possibility of a direct electrophilic attack of benzene on the

Dalton Trans., 2025, 54,1896-1904 | 1899


https://doi.org/10.1039/d4dt02872d

Published on 05 December 2024. Downloaded on 6/2/2025 6:27:30 AM.

View Article Online

Paper Dalton Transactions
(a) (PK, 11.7)
on, 3 H02 o 3+ EtN 2+ 12H;0, oH _ ]2+
H 7\ o/? o
(o] : b
Cu"/ \Cu" cu' \Cu" cu' \Cu" Cu"/ \C 1
2H0 Et;NH* 120,
3 3Int1 (PK, 19.1) 3Int2 2Int3
AG,4 = -3.8 kcal/mol AG; = -10.0 kcal/mol AGj; = +1.8 kcal/mol
(b) The AIMD simulation for the
25.3 < 450
keal/mol c isomerzation from 2Int4' to 2Int4
j
. 4-B 2+ 3
¥ §
ad]
o. 502
[:> CI.I"/J*‘\ cu' (/!—J— ™ 3
7.0 ; <O 2+ o
Cluon *
1/2 H,0. _0O 2 3 4 s
i cu" \Cu" Time (ps)

: +2H,0

2Int3

Fig. 4 (a) The generated process of Int3 begins with the nonsymmetric dicopper catalyst [Cug(TPMAN)(p-OH)(HZO)]3+(complex 1); the left super-
script of the name of stationary points indicates the spin multiplicity. (b) Gibbs energy diagram for the formation of phenol catalyzed by Int3. The
core structures of important intermediates are displayed, and the half arrow near the structure represents the spin direction of the unpaired electron.

The AIMD simulation for the isomerization process is also shown.

peroxide moiety of Int2 can be ruled out, as the calculated
energy barrier is +40.7 kcal mol™" (Fig. $13, and Table S77).
Subsequently, Int3 undergoes a homolytic O-OH bond clea-
vage process via TS1, generating the diradical intermediate
Int4’ (Table S81) with a barrier of +7.6 kcal mol™'. The opti-
mized structure of the transition state TS1 is depicted in
Fig. 5. TS1 is a doublet and the Mulliken spin populations on
Cul, 01, Cu2, and O2 are 0.62, 0.42, 0.53, and —0.89, respect-
ively. Frequency analysis of >TS1 gives only one imaginary fre-
quency of 295.5i cm™", related to the cleavage of the 01-02
bond. The length of the breaking O1-O2 bond and the
forming hydrogen bond of O1-H1 measures 2.38 A and 1.91 A,
respectively. The Ab Initio Molecular Dynamics (AIMD) calcu-
lations for Int4’ indicate that Int4’ can be regarded as a meta-
stable intermediate since it can rapidly (within one ps, Fig. S14
and S15%) isomerize to the Cu'(u-O")Cu"-OH intermediate
Int4 without any applied potential. Int4 lies at —14.9 kcal
mol ™" relative to Int3, with a ground state of the doublet. In
’Int4 (Fig. 5), the distance of the formed Cu2-O2 bond is
1.80 A, consisting of a p-electron donated by the 02 moiety

1900 | Dalton Trans., 2025, 54, 1896-1904

and an a-electron from Cu2. It should be pointed out that the
decrease in Mulliken spin population on O1 (a Mulliken spin
population of 0.30) and Cu2 (a Mulliken spin population of
—0.11) atoms is due to the interaction of the remaining
B-electron on Cu2 with the O1 radical, which possesses an
a-electron. Additionally, the formation of the Cu"(u-OH)Cu"-
O’ intermediate Int4” (Table S9) has also been considered,
with a barrier of +23.5 kcal mol™" (TS1', Fig. 4b, Table S97)
relative to Int3 and +15.9 kcal mol™" higher than that of TS1.
Compared to Int4”, the formation of Int4 is kinetically more
favorable; therefore, the pathway initiating from Int4 is
described in detail here, and other pathways will be briefly dis-
cussed when necessary.

The O1 radical in Int4 then electrophilically attacks the
benzene substrate directly, forming the essential O1-C1 bond
through a quartet transition state TS2, with a significant
Mulliken spin population distributed at the O1 (a Mulliken
spin population of 0.69) and benzene (a Mulliken spin popu-
lation of 0.53). The barrier of TS2 is calculated to be +14.0 kcal
mol ™" relative to Int4 plus benzene, and the length of the O1-

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Optimized structures of TS1, Int4, TS2, and TS3. Distances are shown in A in black, Mulliken spin populations on selected atoms are shown in
red, and the imaginary frequencies (in cm™) for transition states are also shown. For clarity, unimportant hydrogen atoms are not shown.

C1 bond in TS2 is 1.92 A. The generated “Int5 (Table S107) is
+5.2 kecal mol ™" higher in energy than *Int4, which contains a
benzene radical (a Mulliken spin population of 0.92) and two
Ccu" ion centers. Notably, when nitrobenzene acts as a sub-
strate, the O1-C1 bond formation via the electrophilic attack
of Int4 needs to overcome higher barriers of about
+15.4-16.7 kcal mol™" (Tables S11 and S12t), consistent with
the above-mentioned experimental findings. If CH;CN as the
substrate is activated by Int4 abstracting the hydrogen atom,
the energy barrier is also obviously higher than that of the
benzene activation (Tables S11 and S12t). Thus, the CH3;CN
solvent would not interfere with the benzene hydroxylation
reaction, and no CH3;CN-related products are observed in the
gas chromatograph (Fig. S81). These results further confirm
that Int4 activates the benzene via electrophilic attack rather
than the abstraction of hydrogen atoms.

The ground state of transition state TS3 (Fig. 5) is a
doublet, showing that the electron on the benzene radical is
flipped (a Mulliken spin population of —0.43) and coupled
with Cu1™ (a Mulliken spin population of 0.32) antiferromag-

This journal is © The Royal Society of Chemistry 2025

netically. TS3 involves proton transfer from C1 to the OH
moiety and electron transfer from the benzene radical to the
Cu1" ion. The C1-H2, H2-02, and Cu2-01 bond distances in
2183 are 1.16, 1.79, and 1.98 A, respectively; the barrier of TS3
is +6.3 kcal mol™, and the imaginary frequency is 198.8i cm™".
Downhill from TS3, Int6 (Table S10f) is formed, and it is
associated with a large energy release of 49.7 kcal mol™" rela-
tive to Int5. Based on the Mulliken spin population analysis of
Int6, Cul accepts the p-electron transferred from the benzene
radical, resulting in its oxidation state becoming +1; Cu2
remains at +2 and coordinated with the generated H,O.
Finally, the oxidant H,O, reacts with Int6, yielding H,O mole-
cules and the target product phenol and regenerating species
Int3 to catalyze the next cycle.

According to the Gibbs free energy diagram derived from
the DFT calculations, the electrophilic attack of the catalyti-
cally active species Int4 on the benzene (TS2) is the rate-deter-
mining step, with a calculated barrier of +14.0 kcal mol~". This
finding aligns with the experimental evidence indicating that
the C-H bond cleavage of benzene was not involved in the
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rate-determining step. The additive base (Et;N) is solely
responsible for the deprotonation of Int1 to form Int2, initiat-
ing the catalytic process via the generated active intermediate
Int3. Moreover, the generation of catalytically active species
Int4 (Cu"(p-O’)Cu™-OH) benefits from the nonsymmetric
coordination geometry of Int3, which provides vacant coordi-
nation sites to receive the OH group.

Conclusions

In this study, we successfully demonstrated the efficacy of a
nonsymmetric dicopper water oxidation catalyst ([Cul/(TPMAN)
(-OH)(H,O)**, 1) for the direct oxidation of benzene to
phenol using the environmentally benign oxidant H,0,. Its
catalytic performance was found to be comparable to the most
effective copper-based molecular catalyst reported to date.
Investigations into the substituent effects on the benzene ring
revealed that electron-donating groups enhanced the oxidation
reaction, while electron-withdrawing groups exhibited the
opposite effect, thereby suggesting the involvement of an elec-
trophilically active intermediate in the reaction mechanism.
Notably, experimental results indicating no interaction with
the radical scavenger DMPO, coupled with a kinetic isotope
effect (KIE) of 1.05 and an inconsistent standard selectivity
test of the "OH radical, contradict the traditional Fenton and
rebound mechanisms as pathways for this reaction.
Additionally, density functional theory (DFT) calculations elu-
cidated how the unique geometrical arrangement of the dicop-
per core modulates the activation pathway of H,0,, leading to
the formation of an electrophilic Cu"(p-O")Cu™-OH species.
This species is pivotal in facilitating the selective hydroxylation
of benzene to phenol in a controllable manner. Overall, this
work advances the understanding of the mechanism under-
lying the one-step oxidation of benzene and provides valuable
insights for the design of efficient catalysts for benzene
hydroxylation.

Experimental section
Materials and instruments

Chemicals were obtained commercially with the highest purity
and were used without further purification unless otherwise
specified. The ligand TPMAN was synthesized following our
previous procedure.’® Gas chromatography (GC) data were col-
lected using a Shimadzu 2010 Plus GC system with an Rxi®-
5 ms capillary column with nitrobenzene utilized as a stan-
dard. NMR spectra were recorded on a 400 MHz Bruker
BioSpin Advance III NMR spectrometer.

Synthesis of [Cul(TPMAN)(p-OH)(H,0)](CF3S0;); (1(0OTf)5)

The synthesis procedure of 1 has been reported in our previous
work.®® A solution of the TPMAN ligand (90 mg, 0.19 mmol) in
acetonitrile (10 mL), was added dropwise into a stirred solu-
tion of Cu(CF;SO;), (138.80 mg, 0.38 mmol) in 8 mL of
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MeCN : H,O (v:v = 3:1). The solution was rapidly converted to
deep blue-green and allowed to stir overnight. The resulting
solution was concentrated under reduced pressure and an oil
was obtained. Ether (20 mL) was added, and a blue crude
product was isolated after ultrasonic washing of the resulting
mixture for several minutes, followed by copious washing with
ethyl ether. The syrup product was recrystallized from aceto-
nitrile and ether. The product was obtained as a blue powder
(80 mg, yield 35%). HRMS (ESI): m/z [M — H,0-3(CF;S0;)*",
exp.: 206.0361, cal.: 206.0368; [M — H,0-2(CF3S05)*", exp.:
383.5371, cal.:  383.5312. Elemental analysis for
C3,H3,Cu,FoN;044S;5, caled: C, 35.43; H, 2.97; N, 9.04; found:
C, 35.19; H, 3.57; N, 8.76.

Catalytic reaction conditions for the hydroxylation of aromatic
compounds

Under an argon atmosphere, a solution containing compound
1 (0.48 mg, 0.44 pmol), substrates (benzene (860 mg,
11 mmol), toluene (780 mg, 8.5 mmol), phenol (770 mg,
8.2 mmol), and nitrobenzene (1010 mg, 8.2 mmol)), and tri-
ethylamine (Et;N) (0.5 mg, 5.0 pmol) was prepared in aceto-
nitrile (6.3 mL) within a Schlenk flask and heated to 65 °C
while stirring. Subsequently, 4.5 mL of 30% aqueous hydrogen
peroxide (H,O,, 44 mmol) was introduced under an argon
atmosphere. A portion of the reaction solution was extracted
using a syringe, dried with anhydrous sodium sulfate
(Na,S0,), and then analyzed by gas chromatography (GC),
using nitrobenzene as a standard.

Calibration solution preparation

Calibration solutions were prepared to ascertain the correction
factors (f;). The calibration curves were established by plotting
the linear relationship between the peak area ratio (S;i/S,) and
the mass ratio (m;/m,). Here, S; and S, denote the peak areas
of the analyte and the internal standard, respectively, while m;
and m, refer to the masses of the analyte and the internal
standard.

—(’):ﬁx—'. (1)

Quantification of the hydroxylation products

Correction factors were used to quantify the mass of the
hydroxylation products (ms) using eqn (2). Ss and S, are the
peak areas of the analyte and internal standard, while mg and
m, are the masses of the analyte and internal standard,
respectively.

Se
mszﬁxs—sxmo. (2)

0
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