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Owing to the high activity and low-cost, copper-based catalysts are promising candidates for transforming
aromatic halides to yield phenols. In this work, we report the selective hydroxylation of aromatic iodides to
produce phenols using an atomically dispersed copper catalyst (Cu-ZnO-ZrO,) under mild reaction
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Introduction

Phenol derivatives are highly valuable structural scaffolds
widely present in natural and pharmaceutical compounds,**
and are also employed as versatile intermediates in synthetic
organic chemistry. The development of effective protocols for
the preparation of functionalized phenols significantly impacts
modern chemical science. Although various approaches have
been developed starting from assorted molecules, such as the
aryl halides,® benzyne,* aromatic boronic acids,®> through C-H
activation,®® and diazonium salts,’ there is still a challenge to
make this process more efficient.'®*> Among these methods,
due to the simplicity and availability of aryl halides, metal-
catalyzed hydroxylation of aryl halides is the most favorable
reaction for the synthesis of phenol derivatives. Palladium,>***°
and copper®***’-based catalysts have attracted extensive atten-
tion owing to their high activity and great selectivity (Scheme 1a
and b). The iron-based catalytic system was also studied at high
temperatures.*® However, most of the systems are homogeneous
with high catalyst loadings and complicated ligands are indis-
pensable, which makes these methods unacceptable in industry
processes. Therefore, designing new, highly efficient catalysts to
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with only 1.24 mol% Cu loading, which shows great potential in mass production.

reduce the cost is very important from both scientific and
industrial viewpoints.

Heterogeneous catalysis has attracted increasing attention
due to its high catalyst recyclability and easy product separation
and purification. However, heterogeneous catalytic systems for
the hydroxylation reaction of aryl halides have not been exten-
sively studied (Scheme 1c). A sulfonic acid resin (INDION-770)
in combination with copper salts*®* and CuO supported on
mesoporous silica*® were reported for the hydroxylation of the
aryl halides, but expensive CsOH was used. Cu-MOF was also
found to be active in the hydroxylation of aryl iodides; unfor-
tunately, the Cu-MOF was decomposed after the reaction and
cannot be recycled.* The ligand-free heterogeneous copper
catalyst, Cu-g-C;N,, was studied for the hydroxylation of aryl
iodides to synthesize phenols using low-cost bases, which
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Scheme 1 Different catalytic systems in the hydroxylation of aryl
halides.
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shows great potential in the synthesis of substituted phenols.**
Therefore, developing heterogeneous, low-cost, and highly
efficient catalysts for hydroxylation reactions is highly desirable
yet challenging.

More recently, atomically dispersed copper catalysts have
emerged as a new frontier in catalysis science and have attrac-
ted increasing attention in both academia and industry.**™*
However, till now there is no reported research on hydroxylation
of aryl halides catalyzed by atomically dispersed copper cata-
lysts. Also, copper is one of the most abundant elements with
relatively low cost. It is urgent and necessary to extend the
application of atomically dispersed copper catalysts to
a broader scope of chemical transformation reactions.

Herein, we report the first atomically dispersed Cu catalyst
for highly efficient hydroxylation of aryl iodides under mild
conditions (Scheme 1d). The material can be easily fabricated
through an in situ coprecipitation method on large scales. This
new Cu catalyst was fully characterized systematically, and TEM
and EXAFS characterization tests indicated that the copper
atoms are atomically dispersed throughout the sample. The
catalytic system tolerates a broad substrate scope with good to
excellent isolated yields of phenols, with only 1.24 mol% Cu
catalyst loading.

Experimental
General information

All chemicals were used as purchased without further purifi-
cation. All reactions were carried out in the air. Cu(NO3),-3H,0,
sodium hydroxide, dimethyl sulfoxide, ethanol, methanol,
petroleum ether, ethyl acetate, Zn(NOj), 6H,0, ZrO(NOs3),-
-xH,0, and (NH,4),CO; were purchased from Sigma-Aldrich,
Alfa Aesar, and Fisher Scientific Co. Ltd. The "H NMR and *C
NMR spectra were recorded on an Agilent DD2 600 MHz or
Agilent Varian 400 MR NMR spectrometer in CDCl; with TMS as
an internal standard. Chemical shifts for protons were refer-
enced to the residual solvent peak (CDCl;, "H NMR: 7.26 ppm;
CD,OD: 'H NMR: 4.87, 3.51; DMSO: 'H NMR: 2.50), and
chemical shifts for carbons were referenced to the residual
solvent peaks (CDCl;, "*C NMR: 77.16 ppm; CD;0D: >C NMR:
49.15; DMSO: *C NMR: 39.52). PXRD patterns were collected on
a Rigaku Miniflex 600 and a Bruker D2 Phaser using Cu Ko
radiation. N, adsorption data were collected on a Micrometrics
ASAP 2020Plus accelerated surface area and porosimetry system
at 77 K. Samples were activated under vacuum at 150 °C for
12 hours with the activation port equipped on ASAP 2020Plus.
The morphologies of the catalysts were characterized by
aberration-corrected scanning transmission electron micros-
copy equipped with an energy-dispersive X-ray spectrometer on
FEI Titan Cubed Themis G2 300 with a probe corrector. Before
microscopy examination, samples were suspended in ethanol
with an ultrasonic dispersion for 30 min, and then a drop of the
resulting solution was placed onto a porous carbon film on
a TEM copper grid. Gas chromatography was operated on Shi-
madzu GC-MS-QP2010 SE equipped with an FID detector and
a DB-5 ms column. XPS was obtained with an ESCALab220i-XL
electron spectrometer from VG Scientific using 300 W AlKa
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radiation. The base pressure was about 3 x 10~ ° mbar. The
binding energies were referenced to the C 1s line at 284.8 eV
from adventitious carbon. X-ray absorption measurements
(XAS), including XANES and EXAFS spectroscopy, were per-
formed at 12 BM and 20-BM of the Advanced Photon Source
(APS) at Argonne National Lab to investigate the local environ-
ment around the Cu atoms of Cu-ZnO-ZrO, samples. The
XANES spectroscopy was performed in fluorescence mode due
to the low loading of Cu at the Cu K-edge (8970 eV). The Cu foil
EXAFS was measured with the aid of a reference ion chamber
for energy calibration for each scan of the samples. Several
scans were taken and averaged for each sample to gain a better
signal-to-noise ratio. The normalized, energy-calibrated Cu K-
edge XANES spectra were obtained using standard data reduc-
tion techniques with Athena and Artemis software. The EXAFS
oscillations x(k) as a function of photoelectron wave number k
was extracted by following standard procedures.

Synthesis of catalyst Cu-ZnO-ZrO,,

Initially, 0.6 g of Zn(NOj3), 6H,0 and 5.8 g of ZrO(NOj3), xH,0
were dissolved in 100 mL of deionized water at 70 °C in
a 250 mL round bottle, and 1.0 mmol of Cu(NO;),-3H,0 was
added. Next, 3.0 g of (NH,),CO; was dissolved in 100 mL DI
water and was added dropwise to the aforementioned solution
under vigorous stirring at 70 °C to form a precipitate. The
suspension was continuously stirred for additional 2 hours at
70 °C, followed by filtering and washing, three times with DI
water. The filtered sample was dried at 110 °C for 4 hours and
calcined at 500 °C in static air for 3 hours (2.395 g). After which,
the sample was reduced in pure H, atmosphere at 300 °C for 3 h.
This was followed by cooling the sample naturally to room
temperature with nitrogen gas. The catalyst was finally obtained
and named Cu-ZnO-ZrO, (2.320 g, Cu content: 4.13 X
10~* mmol mg ™).

Procedures for the optimization of the reaction conditions
based on iodobenzene

In the experiment, iodobenzene (1.0 mmol), suitable amounts
of DMSO, water, base, and Cu-ZnO-ZrO, were loaded into the
reactor. The reactor was placed in an oil bath at the desired
temperature. The reaction mixture was cooled to room
temperature after the desired reaction time. The reaction
mixture was carefully acidified with dilute aqueous HCI, and
then 10 mL ethyl acetate was added. After centrifugation, the
reaction mother liquid was analyzed by gas chromatography on
Shimadzu GC-MS-QP2010 SE equipped with an FID detector
and a DB-5 column. An internal standard, tetradecane, was used
to quantify the generated phenol.

General procedures for the synthesis of phenols from aryl
iodides

A mixture of aryl iodides (1.0 mmol), Cu-ZnO-ZrO, (30 mg,
1.24 mol% Cu) and NaOH (3.0 mmol) were added into the
DMSO aqueous solutions. The reaction mixture was stirred at
110 °C for 24 h. After completion of the reaction, 15 mL of ethyl
acetate and dilute HCI solution were added to the reaction
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mixture. The mixture was filtered and washed with 5 mL of ethyl
acetate three times. The catalyst was separated and washed with
ethanol, methanol, and water. The combined organic phases
were washed with water three times. The organic layer was dried
over MgSO, and then evaporated under reduced pressure. The
crude residue was purified by column chromatography on silica
gel using n-hexane/EtOAc (80/20), to afford the desired phenol.
The reaction products were characterized by "H NMR and “*C
NMR.

Result and discussion

The catalytic materials were fabricated through a coprecipita-
tion method.*® Cu(NOj3),-3H,0 was used as the Cu precursor.
The synthesized catalyst was characterized systematically. The
powder X-ray diffraction (PXRD) pattern of the Cu-ZnO-ZrO,
between 20 and 80 degrees resembled the pristine bimetal oxide
support ZnO-ZrO, (Fig. 1a).>* Due to the high dispersion of Cu
atoms and the low Cu content, no diffraction peaks of copper
species were observed. The existence of Cu species was
confirmed by XPS analysis (ESI Fig. S1}). The high-resolution Cu
2p XPS spectrum of the sample in Fig. 1b shows two main peaks
located at about 952.3 and 932.5 eV corresponding to Cu 2py,
and Cu 2pz),,°>** which confirms the existence of Cu(0) and
Cu(1) species on the surfaces of the catalyst. These results
indicated that the Cu(u) was reduced during the H, thermal
process. The color of the material also changed from greenish
gray to black (Fig. S21), which also indicates the successful
reduction of Cu(u) to Cu(0). The UV-vis spectrum and the Tauc
plot were also consistent with the color of the material, Fig. S6.1
Moreover, the existence of Cu species was further confirmed by
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC HAADF-STEM) and cor-
responding energy-dispersive X-ray spectroscopy (EDX) element
mapping of the Cu-ZnO-ZrO, catalyst (Fig. 2c). The FTIR
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Fig. 1 PXRD patterns (a), high-resolution XPS of Cu element (b),
nitrogen isotherms (c), and pore size distribution (d) for the catalyst
Cu-Zn0O-ZrO, and the pristine bimetal oxide support ZnO-ZrO,.
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Fig. 2 Characterizations of the catalyst Cu-ZnO-ZrO,. XANES (a),
EXAFS (b), and AC-HAADF (c) with EDS mapping. Cu (blue), Zn (red), Zr
(yellow), and O (green).

spectra of the material before and after the incorporation of Cu
species do not show obvious differences (Fig. S47).

N, adsorption-desorption tests show type II hysteresis loops
for both ZnO-ZrO, and Cu-ZnO-ZrO,, revealing the existence of
mesopores (Fig. 1c). The Brunauer-Emmett-Teller (BET)
surface area of Cu-ZnO-ZrO, is 77.5 m” g~ slightly decreased
from that of the pristine ZnO-Zr0O,.*® The internal surface area
is 7.0 m* g ', and the external surface area is about 70.4 m* g ",
Fig. S8.7 For pore size distributions, the Cu-ZnO-ZrO, show
a much broader range (centered around 6.32 nm) than that of
the pristine support ZnO-ZrO, (centered at 5.04 nm) (Fig. 1d),
which is beneficial for higher mass transfer in catalysis.**

Table 1 Reaction condition optimization of the hydroxylation of
jodobenzene®

Entry Base/equiv. T/°C Solvents” Catalyst t/h  Yield“/%
1 4 120 DMSO/H,0 50 mg 15 75
2 4 110 DMSO/H,0 50 mg 24 99
3 4 100 DMSO/H,0 50 mg 24 5
4 3 110 DMSO/H,0 50 mg 24 99
5 2 110 DMSO/H,0 50 mg 24 79
6 1 110 DMSO/H,0 50 mg 24 2
7 4 120 EtOH/H,0 50 mg 15 —
8 3 110 DMSO 30 mg 24 0.1
9 3 110 H,0 30 mg 24 —
10 3 110 DMSO/H,0 30 mg 24 99
11 3 110 DMSO/H,0 17 mg 24 48
12 3 110 DMSO/H,0 — 24—
13 3 110 DMSO/H,0 ZnO-ZrO, 24 —
14 — 110 DMSO/H,0 50 mg 24 —

“ All reactions were performed using 1.0 mmol of iodobenzene. ” 4 mL
solvent was used. Volume ratio of DMSO/H,0 or EtOH/H,0 was 1/1).
“Yield was determined by GC with tetradecane as the internal
standard based on the added iodobenzene.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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To probe the detailed structural information of Cu species in
Cu-ZnO-ZrO,, synchrotron extended X-ray absorption fine
structure (EXAFS) experiment was conducted. As shown in
Fig. 2b, there is only a main peak located at 1.46 A, which can be
attributed to Cu-O coordination, whereas the Cu-Cu peak (2.15
A) was not detected in the catalyst Cu-ZnO-ZrO,, indicating the
isolated copper atoms were dispersed discretely on the support.
This is in a good agreement with the X-ray diffraction result,
which shows no Cu nanoparticle diffraction peaks (Fig. 1a). X-
ray absorption near-edge structure spectroscopy shows an
absorption edge energy located at 8975.8 eV which is higher
than that of the Cu foil (8973.6 eV), further indicating that the
Cu species were partially positively charged (Cu®"). This obser-
vation agrees well with the XPS results (Fig. 1b). The single-atom
Cu structure was further demonstrated by the HAADF-STEM
image and corresponding EDX element mappings, as shown
in Fig. 2c. These results corroborated the atomic distribution of
Cu dispersed evenly on the support.

The catalytic performance of Cu-ZnO-ZrO, was evaluated in
the hydroxylation cross-coupling between aryl iodides and
sodium hydroxide. Iodobenzene was selected as the model
substrate to optimize the reaction conditions (Table 1). Initially,
the hydroxylation reaction was performed in DMSO/water
solution using 50 mg of Cu-ZnO-ZrO, at 120 °C, with sodium
hydroxide as the nucleophile (Table 1, entry 1). The product was
obtained in 75% yield after 15 hours. Encouraged by the results,
the effect of reaction temperature, amounts of NaOH, and
reaction solvents were further investigated. Surprisingly, the
yield of phenol reached 99% at 110 °C after 24 h (Table 1, entry
2). When the temperature was further lowered to 100 °C, the
yield of phenol was dramatically decreased (Table 1, entry 3).
Settled with the ideal temperature, we sought to alter the
amount of nucleophiles. When three equivalents of NaOH were
used, quantitative conversion was realized without any detect-
able byproducts (Table 1, entries 4-6). For a catalytic reaction,
the solvent usually possesses a remarkable impact on the
reactivity of the catalyst.>® The ethanol/water mixture or water
only solvent systems did not produce any products (Table 1,
entries 7 and 9). Only a 0.1% yield of phenol was formed when
DMSO was used (Table 1, entry 8). The DMSO/water mixture is
ideal for the hydroxylation reaction of iodobenzene (Table 1,
entries 2, 4, and 10). This can be attributed to the high solubility
of iodobenzene and NaOH in DMSO and water, respectively.
Given the increased activity of single-atom catalysts, a low
amount of the catalyst was used to test the activity. When the
amount of the catalyst was lowered from 50 mg to 30 mg, the
reaction yield was not affected (Table 1, entry 10). However,
when the amount of catalyst was further decreased to 17 mg, the
product yield was only 48% after 24 h (Table 1, entry 11). To
confirm the crucial role of the Cu species and NaOH, control
experiments were also conducted, and no reaction took place in
the absence of the catalyst and NaOH (Table 1, entries 12-14).
Finally, the optimized reaction condition was selected with
30 mg Cu-ZnO-ZrO,, three equivalent of NaOH (3 equiv.) in
DMSO/water mixture solution at 110 °C in the air for 24 h (Table
1, entry 10). It is worth noting that Cu-ZnO and Cu-ZrO, also
possess high activity for the hydroxylation of aryl iodides (93%

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and 95% yields, respectively). However, aggregation of Cu to
form nanoparticles was observed in those systems. Therefore,
those two catalysts were not investigated further. The recycling
of the catalyst was also conducted, and the result shows that the
catalyst could be used for two cycles with very high product
yields, Fig. S9.7 Further cycling experiments were not conducted
due to the loss of catalyst during the reaction. This could be
attributed to the decreased particle size of the material, which is

Table 2 Hydroxylation of aryl iodides catalyzed by Cu-ZnO-ZrO, in
DMSO aqueous solution®

Entry  Aryl halides t/h  Product Yield?/%
1 @' 24 & ,—OH 91
2 mc@—\ 24 Hc—( )—OH 88
| ~ »—OH
3 Q 24 \_ 80
CH, CH;
| [ M—oH
4 Q 24 \ 88
HaC HaC
5 H3co©—| 24 H,cO—{  )—OH 98
[ OCH, HO.__~_OCH
6 \©/ 24 , 93
| B OH
7 @i 24 | 0
OCH, ~NOCH,
8 FOI 24 F— )—OH 87
9 CIOI 24 a—{ /)—OH 92
10 Br@l 24 B—( )—OH 85
11 || 24 p— 85
CHa
12 Hch—| 24 90
CHa
13 oZNO—x 24 ON— )—OH 94
14 Nc—®—| 24 HOOC—{  )—OH 40
15 Br@ 36 —OH 0 (0)°
16 o~ 36 \Wahs 0 (0

“ Reactions were carried out with 1.0 mmol of aryl halides, 30 mg of Cu,
3 eq. NaOH, 2.0 mL DMSO and 2.0 mL H,O at 110 °C under air
conditions. ? Isolated yields based on the added aryl iodides. ° Data in
parentheses indicate 2.0 equiv. KI was added, 150 °C.
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supported by the broadening of the XRD pattern after the
reaction, Fig. S3.1

With the optimized reaction conditions determined, the
reaction was then investigated with a wider scope of aryl iodides
as the substrates and NaOH as the base. The results are listed in
Table 2. As shown in Table 2, the hydroxylation reactions of aryl
iodides with NaOH proceeded efficiently at 110 °C in the air to
afford the corresponding products. Various substrates with
electron-donating and electron-withdrawing groups such as
-CHj3, -OCH3;, -F, -Cl, -Br, -NO,, and -CN were well tolerated to
yield the desired phenols in good to excellent yields. Since the
electronic effect did not show appreciable difference in the
catalytic reactions, similar isolated product yields were obtained
(Table 2, entries 2-6, and 12). For substrates with bulk functional
groups, a potent steric effect was observed. For example, a slightly
lower reaction yield was obtained when 2-methyl-iodobenzene
was used (Table 2, entry 3). Interestingly, compared with 3-
methoxyl-iodobenzene and 4-methoxyl-iodobenzene, when 2-
methoxyl-iodobenzene was employed as the substrate, no desired
product was detected under the same reaction conditions (Table
2, entries 5-7). It should be noted that, besides the steric effect,
the interaction between oxygen from the -OCH; group and the
catalytic Cu species might play an more important role.
Remarkably, we can see from Table 2 that the reaction only
happens to the iodide functional group, when 1-fluoro-4-
iodobenzene, 1-chloro-4-iodobenzene, and 1-bromo-4-
iodobenzene were used, -F, —Cl, and -Br functionalize phenols
were produced (Table 2, entries 8-10). It has been reported that
when excess amount of potassium iodide was added, the
substrates with —Cl and -Br groups can be converted to phenols
to some degree.*” However, in the present catalytic systems, -Cl
and -Br groups are still inert even at high temperatures with
longer reaction times. Thus our catalytic system provides a highly
selective cross-coupling reaction of aryl iodides with NaOH under
practical, mild conditions (Table 2, entries 15 and 16). The high
selectivity of the reaction to only the iodide functional group
makes it the ideal process to synthesize fluoro-, chloro-, or
bromo-phenols, which can be further modified through subse-
quent cross-coupling strategies.***®* The conversion of 4,4’
diiodo-1,1"-biphenyl to [1,1-biphenyl]-4,4’-diol could be realized
in 85% yield (entry 11), indicating the catalyst is capable of
converting multiple iodide groups. When 2-iodo-1,3,5-
trimethylbenzene was used as the starting material, 2, 4, 6-tri-
methylphenol could be produced in 90% yield (entry 12), illus-
trating the fact that the reaction is not affected very much by the
steric hindrance of methyl groups on the ortho positions. Entry
13 indicated that the nitro functional group would not affect the
reaction. Interestingly, when 4-iodobenzonitrile was used as the
starting material, 4-hydroxybenzoic acid was produced with a low
yield (entry 14). To reveal the reaction mechanisms, 4-iodo-
benzoic acid was selected as the starting material, and no 4-
hydroxybenzoic acid could be detected in the reaction mixture
after 24 hours. The result indicated that the carboxylate group
hinders the conversion of the iodo group to phenol, which
explains the low yield of the reaction when 4-iodobenzonitrile
was used as the starting material.
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Conclusions

In summary, we have developed a new atomically dispersed
copper catalyst (Cu-ZnO-ZrO,). The new Cu catalyst was char-
acterized systematically. The cross-coupling reactions of various
aryl iodides with NaOH proceeded very effectively with low
loading of Cu catalyst at 110 °C in the air to afford the corre-
sponding products in good to excellent yields. The catalyst can
be easily prepared with low-cost and scalable, and is air and
moisture-tolerant. The high selectivity of the reaction, targeting
only the iodide functional group, makes the synthesis of halo-
genated phenols much more accessible at a low cost.
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