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Abstract: This work describes the application of raw and chemically modified cellulose and sug-
arcane bagasse for ipso-hydroxylation of aryl boronic acids in environmentally friendly reaction
conditions. The catalytic efficiency of five support-[Cu] materials was compared in forming phenols
from aryl boronic acids. Our investigation highlights that the CEDA-[Cu] material (6-deoxy-6-
aminoethyleneamino cellulose loaded with Cu) leads to the best results under very mild reaction
conditions. The optimized catalytic sequence, allowing a facile transformation of boronic acids
to phenols, required the mandatory and joint presence of the support, Cu,O, and KOH at room
temperature. CEDA-[Cu] was characterized using 13C solid-state NMR, ICP, and FTIR. The use of
CEDA-[Cu] accounts for the efficacious synthesis of variously substituted phenol derivatives and
presents very good recyclability after five catalytic cycles.

Keywords: cellulose; heterogeneous catalysis; ipso-hydroxylation; phenol; copper

1. Introduction

Due to the necessity to use renewable resources versus fossil resources, materials
prepared from biomass, such as chitosan, sugarcane bagasse or cellulose, are of partic-
ular interest [1-4]. Recently, biopolymers such as cellulose have received tremendous
global attention as a biodegradable, abundant, easy to modify, non-toxic solid support
for metal catalysts [5,6]. In general, the polymer-surface modification through the intro-
duction of new ligand-type fragments may result in the formation of different chelating
sites, which can be used to produce new organic matrices [5]. If raw and modified cel-
lulose are able to complex many metals as Cu [6], Pt [6,7], Pd [8,9], Co [10], and Mo [10],
cellulose-[Cu] materials have garnered attention due to their versatile catalytic properties.
Indeed, copper-catalysed transformations are part of the chemical toolbox available to the
scientific community to increase molecular diversity and complexity. Among these, the
ipso-hydroxylation of boronic acids represents one of the preparation routes to phenols.
The scientific community’s interest in this useful synthetic transformation arises from the
wide occurrence of phenols in biologically active compounds, agrochemicals, synthetic in-
termediates, and polymers [11-17]. The access to phenols by ipso-hydroxylation of boronic
acids can be achieved in three main ways including photocatalysis [18], the use of strong
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oxidants [19-22], and the use of transition metals. Among the latter, Cu-catalysed synthe-
sis of phenols from boronic acid precursors appears as a general and efficient procedure
under both homogeneous [23] and heterogeneous catalysis using various solid supports
including Cu,O nanoparticles and banana pulp extracts [20], carbon nanotube-chitosan
nanohybrid films [24], microheterogeneous biphasic systems [25], biogenic Cu,O nanopar-
ticles [26], Cu-Phen [23], Cu(OH)«-Clay [27], CuCly-cryptand-[2.2.Benzo] [28], or modified
chitosan [5,18,29]. However, these protocols may suffer from drawbacks such as longer
reaction time, higher temperature, the use of organic solvents and oxidants, and lack of
recyclability. Thus, the development of approaches combining concepts of green absorbent
ability and capacity to promote organic transformations such as ipso-substitution of boronic
acids under environmentally friendly conditions is a current major concern.

In this work, we investigated the application of five solid supports (Figure 1), including
raw and modified cellulose and sugarcane bagasse as new heterogeneous catalysts for
ipso-substitution of aryl boronic acids.

OH
@]
HO&O g > NH
OH HN
Cellulose " Bagasse 0) 0
HO 0
0N OH OH /)
o o)
HO 0 O CEDA
OH
Cox n Box

7\ OH Support{Cu] /7 \
R/ "on R =

Figure 1. Bio-based solid supports: raw cellulose, oxidized cellulose (Cox), raw sugarcane bagasse,
oxidized sugarcane bagasse (Box), 6-deoxy-6-aminoethyleneamino cellulose (CEDA) and ipso-
hydroxilation of boronic acids.

2. Results and Discussion

If raw cellulose and sugarcane bagasse are commercially available biopolymers, Box
and Cox must be prepared. The latter two chemically modified biopolymers have been
easily obtained using oxidative procedures recently developed by us [4]. Similarly, CEDA
is readily prepared from cellulose through a short one-pot two-step synthetic sequence
involving tosylation followed by the addition of ethylenediamine as recently described [2].

CEDA-[Cu] was characterized by FTIR and '3C MC-CP MAS NMR and the presence
of Cu species in CEDA-[Cu] was quantified by ICP.

2.1. Fourier Transform Infrared Spectroscopy (FTIR)

Box and Cox materials have already been synthesized and characterized by our
group [4]. In order to prove the formation of the CEDA-[Cu] material, the FTIR analysis
of the cellulose, CEDA, and CEDA-[Cu] were performed and the spectra recorded were
compared. The FTIR spectra for cellulose, CEDA, and CEDA-[Cu] are presented in Figure 2.
By comparing the spectra of CEDA and cellulose, it was possible to notice some evident
changes due to the introduction of ethylenediamine units into the cellulose structure, such
as (i) the appearance of a band at 1573 cm ™!, corresponding to angular deformation of the
N-H bond in primary amines, (ii) the appearance of a band related to the stretching of the
C-N bond overlapped in the 1240-1064 cm ! region, and (iii) the appearance of a band at
813 cm~! corresponding to out-of-plane bending of N-H bond [2].
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Figure 2. FTIR spectra of cellulose, CEDA, and CEDA-[Cu].

It was important to obtain the FTIR spectra of CEDA and CEDA-[Cu] to prove the
presence of copper in the matrix and show the influence of the presence of the metal in
the displacement and/or change of the absorption IR bands. The CEDA-[Cu] spectrum
shows displacement and decrease in intensity of the band at 3237 cm ™! corresponding to
the symmetric and asymmetric stretching of the N-H bond (primary and secondary amine),
compared to the band at 3430 cm~! for the CEDA IR spectrum. The complexation of Cu by
CEDA caused (i) the displacement of the band related to angular deformation of the amine
group (NHj) from 1573 em ™! t0 1592 em ™}, (ii) the displacement of the band corresponding
to the stretching of the C-N bond from 1064 cm~! to 1007 cm !, and (iii) the widening of
the bands related to the formation of mono- and bidentate complexes with Cu* and Cu?*
compared to the CEDA IR spectrum.

2.2. 13C Solid-State Nuclear Magnetic Resonance ('3C SS NMR)

As shown in our previous work [3], 1*C MC-CP MAS NMR represents an accurate
characterization technique in the solid-state allowing the quantitative determination of
the grafting ratio [30] (unmodified cellulose vs. vicinal diamine-substituted solid sup-
port). Thus, the chemical structure of CEDA was investigated by 1*C MC-CP MAS NMR
spectroscopy. The corresponding NMR spectrum is shown in Figure 3. Comparison with lit-
erature data on cellulose [31-33] allowed unambiguous attribution of characteristic vicinal
diamine fragment.

Indeed, the NMR spectrum clearly shows the presence of signals corresponding to
the vicinal diamine fragment carbon atoms 8 (50.5 ppm) and 9 (41.0 ppm). If carbon 6 of
the unmodified subunit appears at 62.2 ppm, carbon 7 of the vicinal diamine fragment
undergoes an expected upfield shift due to the presence of the neighbouring nitrogen atom.
In addition, the 13C MC-CP MAS NMR 3C-NMR quantitative spectrum accounts for the
determination of the grafting ratio. CEDA displays a 2:1 ratio between the unmodified
subunit (n = 0.67) and the functionalized subunit (m = 0.33).

In an attempt to gain more information on the capacity of the vicinal fragment to
accommodate Cu species, the classical CPMAS sequence was employed on CEDA-[Cul].
Unfortunately, the paramagnetic properties of the complexed Cu species generated a fast
relaxation process of the carbons near the metal, preventing a quantitative analysis. As a
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result, only the disappearance or decrease of the corresponding signals can be observed,
allowing a qualitative comparison of the structural modifications between CEDA and
CEDA-[Cu] (Figure 4). Classical CPMAS sequences '*C-NMR undoubtedly showed that
signals of C7, C8, and C9 were impacted by the proximity of the Cu species, evidencing
the formation of the expected Cu complex in agreement with recent works dealing with
paramagnetic Cu-complexes [34].

115 110 105 100 o5 90 & &80 75 70 65 60 55 50 45 40 35
T e W W w
- = L =) e

Figure 3. Quantitative 3C-NMR spectrum of CEDA.
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2.3. Ipso-Hydroxylation of Boronic Acids

We started our investigations based on the recent work by Kim et al. [5] dealing
with hydroxylation of boronic acids using modified chitosan as solid support. In this
work, experimental conditions were thoroughly studied and optimized. Best results were
obtained using Cu;O and KOH in water at room temperature for 24 h.

We used these conditions to initiate our own study. First, we focused on phenyl
boronic acid to compare several biopolymers as the support and identify the most efficient
one. Second, we determined the optimum reaction time for 4-bromo phenyl boronic acid
transformation to 4-bromophenol. Indeed, the study of ipso-hydroxylation in the presence
of a bromine atom on the substrate might represent a challenge under transition metal
catalytic conditions and its preservation after transformation, an opportunity for further
functionalizations on the aromatic ring.

Four different supports have been tested under the same set of conditions (Cu,0O,
KOH 3 eq., HyO, rt, Oy, 24 h). As shown in Table 1, raw cellulose and sugarcane bagasse
afforded only partial conversion, the starting phenylboronic acid 1 and the starting phenyl-
boronic acid 1 remained the crude product’s major component (entries 1 and 2). Rates have
been determined by integrating characteristic 'H-NMR signals of ortho protons of both
the reactant (8.26 ppm) and the product (6.86 ppm). Oxidized solid supports such as Cox
and Box behaved differently. The use of Cox (entry 3) did not afford any conversion after
24 h. In contrast, Box showed an enhanced reactivity by comparison with raw sugarcane
bagasse, allowing obtaining phenol 2 as the major product in a 1/1.2 ratio (entry 4). Inter-
estingly, CEDA afforded under identical conditions a complete conversion, as no traces of
the starting boronic acid could be detected in the crude material 'H-NMR (entry 5). Control
experiments ran alternatively without KOH (entry 6) or Cu,O (entry 7), which led the
starting boronic acid to be unchanged after 24 h. It is worth noting that cellulose, bagasse,
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and Box behaved similarly under complementary control experiments. In conditions C, no
conversion of the starting boronic acid could be observed.

2.3.5

CEDA-[Cu]

T ¥ 4 v 1 v v 4 T
100 0 60 20 ppm]

Figure 4. Comparison of CPMAS 3C-NMR of CEDA and CEDA-[Cu].

As aresult, the combined presence of both reactants is mandatory to the ipso-hydroxylation
process. Interestingly, in the absence of CEDA (entry 8), ipso-hydroxylation occurred,
although it led to a modest 1/0.5 ratio of phenylboronic acid to phenol. This result shows
that (i) the presence of the vicinal diamine unit is essential to achieve complete conversion;
(ii) the joint presence of CuyO, KOH, and CEDA provides a relevant catalytic system for
hydroxylation of boronic acids; (iii) the plausible formation of a (N,N)Cu complex within
the solid support helps to exacerbate the reactivity of the catalytic active species, giving rise
to increased rate and completion of the reaction. Attempting to decrease the reaction time
to 7 h instead of 24 h afforded a modest reactant to product ratio of 1:1.2 (entry 9), which led
us to examine the evolution of the ratio with time. To this end, we further investigated the
ipso-hydroxylation process of valuable 4-bromophenylboronic acid 3 under the conditions
mentioned above at room temperature by varying the reaction time.

Four identical reactions were carried out using Cup,O, KOH, and H,O at room temper-
ature. The reaction mixtures were filtrated at 7, 14, 19, and 24 h. Filtrates were subjected to
classical workup (see experimental section) and 'H-NMR to determine 3/4 ratio. As shown
in Figure 5, after 7 h, 2/3 of the starting boronic acid was converted into the corresponding
phenol derivative. The proportion of 4 in the crude reaction mixture increases after 14 h,
then after 19 h until obtaining a complete conversion of 3 in 24 h. Further, 4-bromophenol 4
could be isolated in 41, 81, and 93% and quantitative yields at 7, 14, 19, and 24 h reaction
course, respectively.

Increasing temperature from rt to 40 °C and further 60 °C allowed complete con-
sumption of the starting material in 5 h. However, under such conditions, the presence
of biphenyl, most likely arising from a homocoupling of boronic acid, was also detected
decreasing the yield of expected phenol [23,35]. Thus, the substrate scope was examined at
room temperature for 24 h.

Under the optimized conditions, a range of aryl boronic acids were subjected to the hy-
droxylation process and the results were gathered in Figure 6. Methyl cresols 5 and 6 as well
as the 2,4-xylenol 7 were isolated in good 54, 72, and 83% yields, respectively. Interesting
results have been obtained for phenyl boronic acids bearing methoxy substituents, leading
to the corresponding phenols 9 and 10 in high yields, except for the ortho substituted pat-
tern, which did not afford the expected guaiacol 8. Hydroquinone 12 bearing two hydroxyl
functions has been isolated in 90% yield. In contrast, ortho-bromophenol 11 was isolated
in a poor 9% yield. Attempts to prepare the expected phenol 13 remained unsuccessful
since the nucleophilic substitution of the benzylic bromine competes favourably to the



Catalysts 2022, 12,92

6 of 12

ipso-hydroxylation process. o« and 3-naphthols 14 and 15 have been isolated in fair 47 and
51% yields, respectively. It is worth noting that attempts to transform higher polycyclic
aromatic hydrocarbon boronic acids, such as anthracene, phenanthrene or pyrene failed
under these conditions. Boronic acids located at 7-deficient heterocycle such as pyrimi-
dine 16 or substituted electron-withdrawing group such as CF3 17 failed to undergo the
hydroxylation process.

Table 1. Determination of most suitable solid support and catalytic system.
e 8.26 ppm e 6.86 ppm

H H
BOH):2  conditions OH

1 2

Entry Solid Support Conditions Time (h) Ratio 1/2 @

1 Cellulose A 24 1/0.8
2 Bagasse A 24 1/0.5
3 Cox A 24 1/0
4 Box A 24 1/1.2
5 CEDA A 24 0/1
6 CEDA B 24 1/0
7 CEDA C 24 1/0
8 - D 24 1/0.5
9 CEDA A 7 1/1.2

Conditions A: solid support, Cu,O, KOH 3 eq., H;O, rt, O, ballon; Conditions B: condition A without KOH;
Conditions C: condition A without Cu,O; Conditions D: condition A without solid support; @ ratio determined
by TH-NMR.

B(OH),  CEDA,Cuz0, KOH OH
/©/ H,0, rt, time - /©/
Br Br

3 4

100 -
80 1

60 1

Ratio and Yield (%)

OC-/IlllIlllllllllllllllllllllllll
0 5 10 15 20 25 30

—@— 3/4 ratio »—vyield (%)

Figure 5. Optimization of reaction time using CEDA-[Cu]. In blue dots/line, the ratio determined by
'H-NMR. In orange dots/line isolated yields.
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Figure 6. Substrate scope (isolated yields, ratio starting material / product).

Finally, para fluoro, chloro, and bromo phenylboronic acids were also tested. Interest-
ingly, the presence of halogen atoms did not hamper the hydroxylation process, giving rise
to a chemoselective metal-catalysed hydroxylation. The corresponding fluoro, chloro, and
bromo phenols 18, 19, and 4 were isolated in 82% to quantitative yields.

Copper-based catalytic systems in water have been shown to be recyclable for the
obtention of various functional groups from aryl boronic acids [36]. Our next goal was
thus to test the recyclability of our material. The experimental workup of the classical
hydroxylation process implies the filtration and washings of the CEDA-[Cu] heterogeneous
catalytic system. After filtration, the CEDA-[Cu] was dried at 50 °C overnight and used
again for a further run. We decided to test the recyclability with 4-bromophenylboronic
acid. Cu contents after each run have been determined using ICP-OES.

As shown in Figure 7, we observed a slight erosion of yields from quantitative in the
first run to 82% in cycle number 5. This erosion parallels the moderate decrease of the
Cu content of the catalytic system determined by the ICP measurements. Therefore, this
trend could be attributed to the weak leaching of Cu species from the solid support and
not a loss of catalytic activity. A control experiment using 8% loading of Cu,O afforded
the expected phenol in nearly 74% yield, confirming that erosion of yields observed is due
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to the leaching phenomenon. Our heterogeneous Cu-based catalytic system appears thus

robust after five runs and compares favourably to recent reports [5].

B(OH), /©/OH
/©/ Br

100 4 100 95 91
90 85 82
80
70
60
50
40
30
20
10
0 —
1 2 3 4 5
Cycle number

Br

Yield %

Hcycle ® % copper

Figure 7. The evolution of catalytic process efficiency and CEDA-[Cu] reuse.

Although the mechanism of the ipso-hydroxylation of boronic acids is still being
debated at this time [26], our experiments and observations strongly support a potential
catalytic cycle involving (i) the intervention of Cu species early in the catalytic cycle
and coordination of copper to the aryl boronic acid towards intermediate A [37]; (ii) the
transformation into boronate complex B in basic medium [22,38]; (iii) migration of the aryl
group towards C followed by hydrolysis and generation of D and boric acid B(OH)3; and

(iv) reductive elimination releasing the phenol derivative [35] (Figure 8).

©
[Cul, OH el
ArB(OH), O-B,
\/ A Ar
[Cu]\ /OH
[Cu] g O0BO
HO Ar
ArOH’\\ /
H,O
/Ar 7 Ar
[Cu] ~7J [Cul.  OH
b OH \O—B
\
B(OH)3 ¢ OH

Figure 8. Proposed catalytic cycle.

3. Materials and Methods
3.1. Materials

Microcrystalline cellulose (Avicel PH-101), LiCl, triethylamine (TEA), and tosyl chlo-
ride (TsCl), Phenylboronic acid (97%), 4-Methylbenzeneboronic acid (98%), 4-hydroxybenze
neboronic acid (97%), 4-(Bromomethyl)phenylboronic acid (95%), 2-Naphthylboronic acid
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(95%), 1-Naphthylboronic acid (95%), 4-(Trifluoromethyl)phenylboronic acid (95%), 4-
chlorophenylboronic acid (95%), 4-bromophenylboronic acid (95%), 4-fluorobenzeneboronic
acid (95%) were purchased from Sigma-Aldrich (San Luis, MO, USA). N,N-dimethylacetamide
(DMA) and ethylenediamine (EDA) were purchased from Dindmica Quimica Contem-
porénea (Indaiatuba, Brazil). HCl, Cuy0O, and CaCl, were purchased from Vetec (Sao Paulo,
Brazil). Acetone, and diethyl ether were purchased from Synth (Suzano, Brazil). NaOH
and ethanol, were purchased from Neon (Suzano, Brazil). 4-Methylbenzeneboronic acid
(98%) was purchased from Alfa-Aesar (Haverhill, MA, EUA). 3,5-Dimethylphenylboronic
acid was purchased from Maison (Xinji City, China). 3,4,5-Trimethoxyphenylboronic acid
was purchased from Fluorochem (Hadfield, UK). 3 4,5-Trimethoxyphenylboronic acid was
purchased from Acros (Pittsburgh, PA, USA). 2-Methoxyphenylboronic acid (99%) was
purchased from Carlo (Val de Reuil, France). 5-Pyrimidinylboronic acid, (97%) was pur-
chased from Maybridge (Altrincham, UK). Thin-layer chromatography (TLC) was carried
out on aluminium sheets precoated with silica gel plates (Fluka Kiesel gel 60 F254, Merck
Company, (Kenilworth, NJ, USA)) and visualized by a 254 nm UV lamp and potassium
permanganate. 'H-NMR analysis of compounds 7-9, 11-14, 16-17, and 21-23 was in
agreement with commercially available samples.

The ratio between starting boronic acids and phenol derivatives was determined by
integrating 'H-NMR signals. Unless otherwise stated, yields are isolated yields.

3.2. Methods
3.2.1. Synthesis of Cox and Box

Raw cellulose and sugarcane bagasse were oxidized with an H3PO4-NaNO, mixture
to obtain Cox and Box, respectively. The optimized oxidation conditions for the preparation
of Cox and Box are described in our previous work [4].

3.2.2. Synthesis of CEDA

The solid support CEDA was prepared by tosylation of microcrystalline cellulose
followed by nucleophilic substitution of the tosyl group by ethylenediamine. CEDA was
produced as described in our previous work [2].

3.2.3. Synthesis of CEDA-[Cu]

A round-bottom flask (25 mL) was charged with 0.500 g of CEDA, 0.1 mmol of Cu,0O,
3.0 mmol of KOH, and 5 mL of H,O. The mixture was stirred at room temperature for 24 h.
At the end of the reaction, the mixture was vacuum filtered and washed with H,O. The
solid was dried and powdered.

3.2.4. Representative Procedure for Ipso-Hydroxylation of Boronic Acids

The procedures for the ipso-hydroxylation of arylboronic acids were adapted from
Joo et al. [5]. A round-bottom flask (25 mL) was loaded with 1 mmol of arylboronic acid,
0.1 mmol of Cuy0, 0.500 g of CEDA, 3.0 mmol of KOH, and 5 mL of H,O. The mixture was
stirred at room temperature in O, atmosphere for 24 h. At the end of the reaction the mixture
was vacuum filtered and washed with H,O. The solid was dried and stored, the filtrate
was acidified with HCl solution until pH 2 and extracted with diethyl ether (3 x 10 mL).
The combined organic layer was dried over anhydrous NaySO,, then the solvent was
evaporated under reduced pressure and the residue was diluted in chloroform for the 'H-
NMR analysis. Conversions were determined by 'H-NMR of the crude reaction mixture.
When necessary, mixtures of boronic acids and phenols were purified by chromatography
on silica gel (cyclohexane) to afford the desired phenol derivative.

3.2.5. Preparation of Samples for Fourier Transform Infrared Spectroscopy (FTIR)

Samples for infrared analysis were prepared by mixing 2 mg of dry powder of cellulose,
CEDA or CEDA-[Cu] with 100 mg of spectroscopy grade KBr. 13-mm diameter pellets
were obtained by pressing the mixture in a hydraulic press at 6 tons (Pike CrushIR, model
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181-1110). The FTIR spectrum was recorded on an ABB Bomen MB 3000 FTIR spectrometer
(Quebec, Canada), with the detector set at a resolution of 4 cm™! from 400 to 4000 cm !
and 32 scans per sample.

3.2.6. 13C Solid-State Nuclear Magnetic Resonance (}3C SS NMR)

CEDA was characterized by 1*C SS NMR spectroscopy, using the magic angle spinning
(MAS) and multiple-contact cross-polarization (MC-CP) methods, performed with a Bruker
NEO 500 MHz WB spectrometer. The 3C CP-MAS NMR spectra were recorded using a
static magnetic field of 11.7 T, at which 'H and 13C resonate at 500.16 and 125.76 MHz,
respectively. The sample was packed in 4 mm outer diameter zirconia rotors and spun at
10 kHz. For tosyl cellulose (TsCel), a spectrum was recorded using MC-CP NMR, which has
been shown to provide quantitative '>C-NMR spectra for chitosan derivatives [3]. Seven
CP contacts of 1.1 ms each were applied, separated by 0.5 s repolarization periods. In
addition, 1*C CP-MAS NMR spectra were recorded. The '3C radiofrequency (RF) field was
set to 50 kHz. For the 'H spectra, a 100-80% ramped amplitude.

3.2.7. 'H Nuclear Magnetic Resonance ('H-NMR)

'H-NMR spectra of reaction products were recorded at 300 MHz and 298 K, using a
spectrometer Bruker AVANCE I referenced to the tetramethylsilane (TMS) signal and was
calibrated using residual CHCl3 (5 = 7.26 ppm). 'H-NMR spectroscopic data were reported
as chemical shift o (ppm) (multiplicity, coupling constant (Hz) and integration).

3.2.8. ICP Analysis

ICP measurement were performed using an Agilent ICP-OES 720 series. Samples
were digested in 1 mL nitric acid for 24 h and then diluted to 40 mL with ultrapure water.
The measures were performed at two wavelengths (327.395 and 324.754 nm) and repeated
9 times each.

4. Conclusions

We have developed a reusable and heterogeneous Cu-based catalyst system to pre-
pare phenol derivatives from aryl boronic acids efficiently. Comparison of five raw and
chemically modified biopolymers, including cellulose, bagasse, Box, Cox, and CEDA was
carried out and CEDA-[Cu] was identified as the most efficient heterogeneous catalytic
solid support. CEDA-[Cu] was characterized using '*C solid-state NMR, ICP-OES, and
FTIR. The optimized experimental conditions imply the solid support, Cu,O, KOH joint
presence in an aqueous medium. The synthetic transformation occurred smoothly at room
temperature to afford variously substituted phenol derivatives in good to quantitative
yields. The recyclability of CEDA-[Cu] has been investigated and allows its reuse up to five
cycles with a minor loss of efficiency.
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