Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Boric Acid-Promoted Hydroxylation of Aryl Halides
over a Magnetic SBA-15-Supported Pd-bis(NHC)
Catalyst

Somayeh Fekri
University of Mohaghegh Ardabili

Yagoub Mansoori

ya_mansoorifuma, ac, ir

University of Mohaghegh Ardabili

Dolores Esquivel
Instituto Universitario de, Nanoquimica IUNAN, Universidad de Cérdoba

Article

Keywords: Magnetic heterogeneous catalysis, Pd-NHC catalysis, aryl halide hydroxylation, mesoporous
SBA-15, catalyst recyclability

Posted Date: November 13th, 2026
DOI: https://doi.org/10.21203/rs.3.rs-11521237/v1

License: €© ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.


https://doi.org/10.21203/rs.3.rs-11521237/v1
https://doi.org/10.21203/rs.3.rs-11521237/v1
https://doi.org/10.21203/rs.3.rs-11521237/v1
https://creativecommons.org/licenses/by/4.0/

Boric Acid-Promoted Hydroxylation of Aryl Halides over a Magnetic SBA-15-

Supported Pd-bis(NHC) Catalyst

Somayeh Fekri,!'"', Yagoub Mansoori,*"* 22 Dolores Esquivel 3

I Department of Applied Chemistry, Faculty of Science, University of Mohaghegh Ardabili,

Ardabil, Iran, 56199-11367. Tel: +98 45 31505205. Fax: +98 45 33514024.

? Nanoscience and Nanotechnology Research Group, University of Mohaghegh Ardabili,

Ardabil, Iran, 56199-11367.

3 Departamento de Quimica Orgdnica, Instituto Universitario de, Nanoquimica IUNAN,
Facultad de Ciencias, Universidad de Cordoba, Campus de Rabanales, Edificio Marie Curie,
Cordoba E-14071, Esparnia.

*Correspondence: ya_mansoori@uma.ac.ir

Abstract

Fe;04@SBA-bis(NHC)-Pd(II) is a highly effective and magnetically removable catalyst for
hydroxylating aryl halides. The substrates showed the effects of halogens, electronic effects,
and steric effects. Aryl iodides and bromides were found to have higher reactivity than other
substrates. The low leaching of palladium (0.03%) show that the catalysis is mainly due to the
immobilized palladium species. The structural and textural stability of the catalyst during
recycling was also confirmed. Magnetic separation allowed the catalyst to be readily recovered
and reused for seven consecutive runs, retaining 79% of its initial activity. Overall,
Fe;04@SBA-bis(NHC)-Pd(II) is a reliable platform for recycling heterogeneous aryl halide

hydroxylation processes.
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1. Introduction

Phenols are important structural motifs in a wide range of compounds used in agricultural
chemicals !, flavorings and colorings 2, food items °, and medicines *. Industrial phenol
production relies predominantly on the cumene process, which was introduced by Hock and
Lang in 1944 °. In the cumene process, cumene is first produced from benzene and propene,
and then converted to phenol. Despite its efficiency for large-scale production, the process is
less suitable for synthesizing structurally complex phenols with sensitive functional groups.

The widespread occurrence and importance of phenols have driven the development of
efficient and broadly applicable synthetic methods for their preparation. Transition-metal-
catalyzed hydroxylation of aryl halides with hydroxide salts or surrogates is a widely used route
to phenols %'2. However, the strong basicity and poor nucleophilicity of hydroxide limit its
effectiveness in SnAr reactions. Another strategy involves halogen-metal exchange followed
by borylation and oxidative hydroxylation '*!4. Although borylation is generally mild, the use
of organolithium or Grignard reagents compromises functional-group tolerance. The
subsequent oxidative step further narrows the substrate scope '°.

Photocatalytic hydroxylation has emerged as a promising approach for converting aryl

halides to phenols under mild conditions. It was found by Sun et al. '

that aryl chlorides could
be hydroxylated with water as a source of hydroxyl and UO>(OAc),.2H>O under blue LED
irradiation. The reaction proceeds through single-electron transfer, hydrogen atom transfer, and

oxygen transfer process steps. Photocatalytic methods, despite recent progress, remain

constrained by several factors. These include the necessity for combined photoredox and



transition-metal catalysis, the requirement for complex ligands, the use of sacrificial electron
donors, and extended irradiation periods. Additional challenges include a restricted substrate
scope, catalyst deactivation, insufficient recyclability, and difficulties in scaling up !"-'°.

Boric acid, a reagent characterized by its stability, affordability, and low toxicity, is widely
employed in organic synthesis 2°. Notably, its application as a hydroxyl source in the
palladium-catalyzed hydroxylation of (hetero)aryl halides has been documented only once.
Interestingly, boric acid has been used only once as the hydroxyl source in the palladium-
catalyzed hydroxylation of (hetero)aryl halides. Song and Wang 2! described the application of
Pd(OAc)/tert-BuBrettPhos as a catalytic system for the hydroxylation of different (hetero)aryl
halides. It exhibited excellent functional-group tolerance, including for sensitive
functionalities.

Although boric acid is an effective hydroxylating agent, the catalytic system still requires a
bulky phosphine ligand. Therefore, palladium -catalysts modified with diverse ligand
frameworks offer potential for expanding the scope of boric acid-mediated hydroxylation. N-
heterocyclic carbenes (NHCs) represent a notable class of such ligands that has garnered
significant research interest. Since their first introduction by Ofele et al. ****, NHCs have
become versatile catalytic ligands. This observation is attributed to the strong electron-donating
capacity, limited electron-accepting character, and inherent stability of these complexes.
Palladium-N-heterocyclic carbene (NHC) complexes are effective catalysts for various

2526 nitroaromatic reduction 27, and

transformations, including C-C and C-N bond formation
the transfer hydrogenation of alkynes and functionalized aromatics 2%, Their application in the
hydroxylation of aryl halides has not been investigated, suggesting a potential area for
expanding NHC-palladium catalysis.

The immobilization of homogeneous catalysts on solid supports facilitates catalyst recovery

29-31

but often compromises catalytic activity . Nanostructured supports can improve the



accessibility of active sites while maintaining the main advantages of heterogeneous catalysis
32, SBA-15 and MCM-41, examples of mesoporous materials, exhibit high surface areas,
ordered pore structures, and thermal stability, making them suitable catalyst supports. Their
ordered mesoporous structures enhance reactant diffusion and active species distribution 334,
For instance, the work done by Havasi et al. *° describes a palladium complex containing
dithizone immobilized on MCM-41, which catalyzes the conversion of aryl halides to phenols.

Although mesoporous silica-supported catalysts are attractive for catalytic applications,
getting them back from the reaction mixture usually needs filtration or centrifugation. The
introduction of magnetic nanoparticles makes it possible to isolate them easily using magnetic
isolation. are potential supports due to their superparamagnetic nature, large surface area, low
cost, and easy isolation *®. However, aggregation and oxidation limit their use. The mesoporous
silica-coated magnetite nanoparticle may be useful in overcoming these limitations 37,
Consequently, Fe;Os4@mesoporous silica nanocomposites have emerged as effective and
magnetically recoverable solid supports for heterogeneous catalysis.

Our group has previously developed and applied Pd-NHC complexes supported on magnetic
mesoporous silica (Fe3;O4@SBA-15) in a variety of catalytic transformations, including cross-
coupling, hydrodehalogenation, reduction, oxidation, amination, and carbonylation reactions
4045 Building on these studies, we report the first supported Pd-NHC catalyst for boric acid-
mediated hydroxylation of aryl halides. The immobilization of the Pd-NHC complex onto
magnetic mesoporous silica yielded the reusable Fe;Os@SBA-bis(NHC)-Pd(II) catalyst. It
facilitated the conversion of aryl halides to phenols through hydroxylation in NMP in the

presence of potassium carbonate. The catalyst was readily recovered by magnetic separation

and reused for seven consecutive cycles with minimal loss of activity.

2. Experimental



2.1. General information

APTES was sourced from Exir (Austria), while Pluronic P123, tetraecthoxysilane (TEOS),
and PdCl, were purchased from Sigma-Aldrich. Unless otherwise stated, the remaining
reagents and chemicals were obtained from Merck. All solvents used in this study were of
laboratory grade and were dried prior to use following established literature procedures *°.
Magnetite nanoparticles and the palladium precursor trans-[PdCl2(SMe»)2] were synthesized
following established literature procedures 4’3, The supported Pd catalyst was subsequently
prepared using the procedure described in our previous work [44]. A complete account of the
catalyst synthesis, including the individual preparation and functionalization steps, is provided

in the Supporting Information (SI).

2.2. Hydroxylation of aryl halides

A 10 mL thick-walled vial containing a magnetic stir bar was charged with aryl halide (0.50
mmol), Pd catalyst (30 mg, 1.60 mol% Pd), NMP (1.0 mL), potassium carbonate (0.207 g, 1.50
mmol), and boric acid (0.061 g, 0.75 mmol). The vial was purged with argon, sealed, and heated
to 100 °C with magnetic stirring. The vial was flushed with argon gas, sealed, and then heated
in an oil bath at 100 °C with magnetic stirring. Once the reaction had been completed-as
monitored by TLC-the mixture was cooled to room temperature and diluted with water (3.0
mL). The catalyst was separated using a magnet, washed with ethyl acetate and acetone, and
then dried in order to be used again. The aqueous layer was extracted with ethyl acetate, dried
using sodium sulfate, and the solution was concentrated under reduced pressure. The crude
product was purified by plate chromatography using a mixture of hexane and ethyl acetate as

the eluent.



Phenol (2a): Colorless oil. (°C): '"H NMR (250 MHz, DMSO-ds) & 9.41 (s, 1H), 7.18 (t, J =
7.8 Hz, 2H), 6.90 - 6.72 (m, 3H). '*C NMR (63 MHz, DMSO-ds) & 157.08, 129.06, 118.54,
114.98.

4-Aminophenol (2b): Pale yellow solid. m.p.(°C): 171-173 (Lit. 170-175 **). "H NMR (300
MHz, DMSO-ds) & 8.29 (bs, 1H), 6.56 - 6.42 (m, 4H), 4.43 (bs, 2H). '*C NMR (75 MHz,
DMSO-ds) 5 148.36, 140.54, 115.65, 115.44.

4-Hydroxybenzoic acid (2¢): White solid. m.p.(°C): 214-217 (Lit. 214-217 °°). 'TH NMR (250
MHz, DMSO-ds) & 12.40 (s, 1H), 10.20 (s, 1H), 7.80 (d, J = 8.4 Hz, 2H), 6.81 (d, J = 8.4 Hz,
2H). 1*C NMR (63 MHz, DMSO-ds) & 166.93, 161.29, 131.26, 121.03, 114.80.
4-Hydroxyacetophenone (2d): White solid. m.p.(°C):105-107 (Lit. 106 °!). 'H NMR (250
MHz, DMSO-ds) § 10.34 (s, 1H), 7.80 (d, J = 8.1 Hz, 2H), 6.84 (d, J = 8.2 Hz, 2H), 2.43 (s,
3H). *C NMR (63 MHz, DMSO-ds) & 195.65, 161.70, 130.36, 128.25, 114.81, 25.81.
4-Hydroxybenzyl alcohol (2e): White solid. m.p.(°C): 120-122 (Lit. 118-119 *2). 'H NMR
(250 MHz, DMSO-ds) § 9.22 (s, 1H), 6.93 (dd, J = 98.4, 7.8 Hz, 4H), 4.97 (s, 1H), 4.38 (s,
2H). 13*C NMR (63 MHz, DMSO-ds) § 155.88, 132.41, 127.81, 114.51, 62.52.
2-Hydroxybenzyl alcohol (2f): White solid. m.p.(°C): 82-84 (Lit. 82-84 3%). 'TH NMR (250
MHz, DMSO-ds) § 9.31 (s, 1H), 7.29 (d, J = 6.6 Hz, 1H), 7.01 (s, 1H), 6.78 (d, J = 4.2 Hz,
2H), 4.98 (s, 1H), 4.52 (s, 2H). '3C NMR (63 MHz, DMSO-ds) & 153.86, 128.14, 127.05,
118.37, 114.21, 58.00.

2-Aminophenol (2g): Pale yellow solid. m.p.(°C): 185-188 (Lit. 186-188 3*). "H NMR (300
MHz, DMSO-ds) § 8.80 (s, 1H), 6.79 (t, J= 8.1 Hz, 1H), 6.07 - 5.92 (m, 3H), 4.79 (s, 2H). 1*C
NMR (75 MHz, DMSO-ds) § 158.07, 149.75, 129.51, 105.56, 103.48, 101.08.
4-Nitrophenol (2h): Pale yellow solid. m.p.(°C):112-114 (Lit. 114 3%). '"H NMR (250 MHz,
DMSO-ds) & 9.98 (s, 1H), 8.05 (d, J = 8.7 Hz, 2H), 6.85 (s, 2H). '3C NMR (63 MHz, DMSO-

ds) 6 164.01, 138.98, 125.75, 115.40.



4-Hydroxybenzaldehyde (2i): White solid. m.p. (°C): 111-115 (Lit. 112-16 >°). "H NMR (250
MHz, DMSO-ds) & 10.60 (s, 1H), 9.76 (s, 1H), 7.73 (d, J = 8.0 Hz, 2H), 6.91 (d, J = 8.2 Hz,
2H). 1*C NMR (63 MHz, DMSO-ds) § 190.58, 162.99, 131.77, 128.09, 115.50.
2-Nitrophenol (2j): Pale Yellow solid. m.p.(°C): 170-172 (Lit.171-172 7). '"H NMR (250
MHz, DMSO-ds) § 10.92 (s, 1H), 7.85 (d, J = 8.2 Hz, 1H), 7.51 (t, J= 7.9 Hz, 1H), 7.02 (dd,
J=45.1,8.1 Hz, 2H). 3C NMR (63 MHz, DMSO-ds) & 157.05, 151.76, 136.45, 134.92, 124.79,
118.94, 118.72.

2-Hydroxybenzaldehyde (2k): Colorless oil. '"H NMR (300 MHz, DMSO-ds) § 11.01 (s, 1H),
9.87 (s, 1H), 7.57 - 7.46 (m, 2H), 7.04 - 6.93 (m, 2H). 1*C NMR (75 MHz, DMSO-d) § 196.16,
161.15, 136.52, 133.29, 120.23, 119.40, 117.13.

3-Aminophenol (21): Pale yellow solid. m.p.(°C): 119-121 (Lit. 119-120 %7). 'TH NMR (250
MHz, DMSO-ds) & 8.89 (s, 1H), 6.94 - 6.67 (m, 1H), 6.08 - 5.97 (m, 3H), 4.82 (s, 2H). 1*C
NMR (63 MHz, DMSO-d) § 157.71, 149.32, 129.25, 105.30, 103.23, 100.77.

1-Naphthol (2m): White solid. m.p.(°C):94-96 (Lit. 95 ¥). 'TH NMR (250 MHz, DMSO-ds) &
10.26 (s, 1H), 8.28 (s, 1H), 7.80 (s, 1H), 7.62 - 7.26 (m, 4H), 7.02 (s, 1H). *C NMR (63 MHz,

DMSO-ds) 6 153.02, 134.22, 127.11, 126.16, 125.79, 124.27, 121.81, 118.12, 107.85.

3. Results and discussion
3.1. Catalyst preparation

The Fe;04@SBA-bis(NHC)-Pd(II) catalyst was synthesized according to the previously
reported procedure **. Details on the characterization of Fe;O4@SBA-15 and the catalyst itself
can be found in the Supporting Information (SI). The formation of Fe3O04@SiO> core-shell
nanoparticles was done via hydrothermal co-precipitation of Fe(Il)/Fe(Ill) ions in a water

medium followed by silica coating *®. The resulting magnetic core-shell nanoparticles were



subsequently incorporated into the mesoporous SBA-15 framework as reported by Wang et al.
59

SEM studies showed that pure SBA-15 shows a highly ordered structure (Figure S1-a). On
the other hand, Fe;Os@SBA-15 samples showed a well-dispersed coating of Fe3O4@Si0;
core-shell structure around the mesoporous cavities (Figure S1-b). The results prove the
incorporation of magnetic nanoparticles in the SBA-15 structure.

The magnetite was first treated successively with APTES, cyanuric chloride, sodium
imidazolide, and finally 2-bromopyridine to give the bis-imidazolium precursor, Fe;O4@SBA-
bis(PI). This was followed by metalation with trans-[PdCl2(SMe»)2] at =78 °C yielded the

Fe304@SBA-bis(NHC)-Pd(II) catalyst (Figure 1).

A
N
T S
Si NH P N z
Et0” SN2 N el N Br” °N trans-[PdCl,(SMe,),]
> > —————— >
o THF, t-BuOK
Toluene, 24 h, r. t. THF, Et3N, 0°C, Dry toluene 160°C, 20 h -78"(;l

24h Reflux 24 h

F BA-bis(NHC)-Pd(ll
Fe,0,@SBA15 €30,@SBA-bis(NHC)-Pd(ll)

Figure 1. Synthetic pathway of Fe3;04@SBA-bis(NHC)-Pd(II).

The FT-IR spectrum of Fe304@SBA-bis(NHC)-Pd(II) shows pronounced changes relative
to Fes04@SBA-15 (Figures S2-a,b). The C=N stretching bands of the imidazole and pyridine
rings are observed at 1656 and 1576 cm™!, respectively, confirming the successful incorporation
of the NHC-containing ligand framework. Atomic absorption spectroscopy determined a Pd
loading of 2.26 wt%, corresponding to 0.212 mmol g.

The C 1s spectrum of Fe3O4@SBA-bis(PI) was fitted with three components at 284.6, 286.0,
and 288.5 eV, assigned to C—H/C—-C/C-ar, C-N, and C=N bonds, respectively (Figure S3-a).

Upon Pd complexation, the C=N component shifted to 289.0 eV (Figure S3-b). The shift to



higher binding energy reflects a change in the electronic environment of the imine groups upon
Pd coordination, supporting the formation of the Pd-imine complex.

The magnetic properties of the catalysts were evaluated by vibrating-sample magnetometry
(Figure S4). The saturation magnetization (Ms) decreased only slightly from 6.0 emu g™ for
Fe;04@SBA-15t0 5.9 emu g™! for Fe;04@SBA-bis(NHC)-Pd(II). Despite this minor decrease,
the catalyst remained readily magnetically separable from the reaction medium.

N> adsorption-desorption analysis was used to probe the textural properties of the prepared

materials, Table 1.

Table 1. Physical properties of the prepared materials.?

Pore volume

Sample Seet (m? g) (em?® &)
Fe;04@SBA-15 620 1.23
Fe;04@SBA-bis(NHC)-Pd(IT) 164 (120)  0.26 (0.22)

® The values in the parenthesis refer to the measured parameters in the
recovered catalysts after 6 cycles.

Fe;04@SBA-15 exhibits a type IV isotherm with an H2-type hysteresis loop, characteristic
of a mesoporous structure, Figure S5a-b . Its BET surface area and total pore volume are 620
m? g and 1.23 cm® g, respectively. Upon functionalization of Fe;Os@SBA-15 with the Pd
complex, these values decrease to 164 m? g™ and 0.26 cm® g, respectively. The BJH pore-size
distribution also changes markedly after functionalization, Figure S5-b. The substantial
reductions in surface area and pore volume, together with the decrease in pore diameter,
support the successful immobilization of the Pd complex within the Fe;O4@SBA-15

framework.

3.2. Hydroxylation of aryl halides
The catalytic performance of Fe;O4@SBA-bis(NHC)-Pd(II) was evaluated using the

hydroxylation of 4-bromoaniline to 4-aminophenol in the presence of boric acid as the model



reaction. The effects of solvent, base, boric acid loading, catalyst loading, and reaction

temperature were systematically investigated. The results obtained from the optimizations are

given in Table 2 and Figures 2a-c.
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Figure 2. Optimization of the hydroxylation reaction conditions: 4-Bromoaniline (0.5 mmol),
Solvent (1.0 mL), Pd(II) 1.6 mol%, reaction temperature 80°C, boric acid 0.75 mmol., and
reaction time 24 h; a) Solvent: K»COs 1.0 eq; b) Base; and c) Catalyst dosage, boric acid

content, and reaction temperature.



There is no conversion in water, ethanol, methanol, and toluene (entries 1-4). NMP proved
to be the best solvent with 44% yield (entry 11). The influence of the base was then investigated

(entries 11 and 13-19).

Table 2. Optimization of conditions for the catalytic hydroxylation of 4-aminophenol »P.

Br OH
Fe;0,@SBA-bis(NHC)-Pd(ll)
+ B(OH);3 >
Base, Solvent
H,N H,N

Base

Entry Solvent (mmol) Pd (mol%)/(mg) Yield (%) ?
1 H>O K>CO3 1.60/30 0
2 EtOH K>CO3 1.60/30 0
3 MeOH K>CO3 1.60/30 0
4 Toluene K>COs3 1.60/30 0
5 THF K>CO3 1.60/30 15
6 CHCl3 K>CO3 1.60/30 18
7 CH:Cl,  K2COs3 1.60/30 20
8 CH3:CN  K»COs3 1.60/30 22
9 DMF K>COs3 1.60/30 29
10 DMSO K>CO3 1.60/30 37
11 NMP K>COs3 1.60/30 44
12 NMP No base 1.60/30 0
13 NMP EtsN 1.60/30 14
14 NMP NaHCO3 1.60/30 18
15 NMP NaxCOs 1.60/30 18
16 NMP K3POg4 1.60/30 24
17 NMP Cs2CO03 1.60/30 44
18°¢ NMP K>CO3 1.60/30 50
199  NMP K>CO3 1.60/30 50
20 ¢ NMP K>COs No catalyst 0
21°¢ NMP K2CO;3 ¢ Pd-free pre-catalyst 0
22°¢ NMP K>CO3 1.33/25 43
23°¢ NMP K>CO3 1.86/35 50
24t NMP K>CO3 1.6/30 61
25%¢  NMP K2CO3 1.6/30 72
26" NMP K>CO3 1.6/30 73
27%1  NMP K>CO3 1.6/30 64
28%)  NMP K>CO3 1.6/30 74

Optimal reaction conditions are in bold. * Reaction conditions: 4-Bromoaniline (0.50 mmol),
Boric acid 0.75 mmol, K>,CO; (1.0 mmol), Pd (1.6 mol%, 30 mg), Solvent (1.0 mL), reaction
time 24 h, and temperature 80°C. ® Isolated yields. © K,COs3 1.5 mmol. ¢ K,COs 2.0 mmol.c Pd
free pre-catalyst 30 mg. f Reaction temperature 90°C. & Reaction temperature 100°C. ' Reaction
temperature 110°C. | B(OH); 0.50 mmol. ’ Boric acid 1.0 mmol.



It was found that potassium carbonate (K>COs, 1.5 equiv.) is the most efficient base,
increasing the yield up to 50% (entry 18). Control experiments showed that no conversion
occurred in the absence of either a base or a catalyst (Entries 12 and 20). Moreover, no
conversion was observed when the Pd-free reagent was used instead of the Pd catalyst (Entry
21). Further optimizations involved the catalyst loading, boric acid, and reaction temperature.
The maximum yield (72%) was obtained using 1.6 mol% Pd and 0.75 equiv. of boric acid at
100 °C (entry 25). Increasing the temperature to 110 °C and the boric acid loading to 1.0 equiv.
had only a slight effect (entries 26 and 28).

A wide range of aryl halides underwent hydroxylation under the optimized conditions,
Scheme 2. The reaction efficiency was strongly dependent on the halogen identity, electronic

nature of the substituents, and substitution pattern.

OH
X Fe30,@SBA-bis(NHC)-Pd(ll)
R + B(OH); » R
K,CO3, NMP, 100 °C

1a-1u 2a-2m

R=H 1a: X =1
1b: X =Br 2a:R=H
1c: X=ClI 2b: R = 4-NH,

R = 4-NH, 1d: X = Br 2c: R=4-COOH
1e: X=ClI 2d: R=4-COCH;3

R=4-COOH 1f:X=Br 2e: R = 4-CH,0H
1g: X = Cl 2f: R = 2-CH,0H

R=4-COCH; 1h:X=Br 2g: R = 2-NH,
1i: X =Cl 2h: R = 4-NO,

R=4-CH,0OH 1j: X=Br 2i: R=4-CHO
1k: X = Cl 2j: R = 2-NO,

R=2-CH,0OH 1I:X=Br 2k:R = 2-CHO
1m: X=Cl 21: 3-NH,

R = 2-NH, 1n: X = Br 2m: 1-Naphthol
10: X =CI

R =4-NO, 1p: X =Br
R =4-CHO 1q9: X=Br

R =2-NO, 1r: X=Br
R =2-CHO 1s: X=Br
R =3-NH, 1t: X = Br

1u: 1-Bromonaphthalene
Scheme 2. The hydroxylation reaction of aryl halides catalyzed by Fe;Os@SBA-bis(NHC)-

Pd(1D).



As shown in Table 3, the catalytic activity also depended on the nature of the halogen

substituent. Yields of phenol were 56%, 47%, and 31% from iodobenzene (1a), bromobenzene

(1b), and chlorobenzene (1c¢), respectively.

Table 3. Hydroxylation of haloarenes.

X
R@ + B(OH);

a,b

OH
Fe;0,@SBA-bis(NHC)-Pd(ll)
» R
K,CO3, NMP, 100 °C

1a-1u 2a-2m
Entry R X Product Time (h) Yield (%)/TOF (h™)
x 10
1 H I (1a) 2a 23 56/18
Br (1b) 24 47/15
3 Cl(1¢) 24 31/10
4 4- NH» Br(1d) 2b 20 72/23
5 Cl(1e) 20 54/17
6 4-COOH Br(f) 2¢ 21 40/13
7 Cl(1g) 22 30/9
8 4-COCHs Br(1h) 2d 25 40/13
9 CI (1i) 25 -/-
10 4-CH,OH Br(1j) 2e 25 40/13
11 CI (1k) 26 33/10
12 2-CH.OH Br1l) 2f 25 40/13
13 Cl (1m) 25 -/-
14 2-NH» Br(In) 2g 20 62/19
15 Cl (10) 23 49/15
16 4-NO; Br(1p) 2h 25 30/9
17 4-CHO Br(1q) 2i 22 53/17
18 2-NO> Br(1r) 2j 25 21/7
19 2-CHO Br(1s) 2k 22 46/14
20 3-NH: Br(1t) 2l 22 60/19
21 1-Naphthyl Br (1u) 2m 25 33/10

2 Reaction conditions: Arylhalide 0.5 mmol; K,COs; 1.5 mmol; B(OH); 0.75
mmol; Pd mol% 1.6; and NMP 1.0 ml. ® Isolated yields.

Reactivities are higher for aryl iodides and bromides, which can perhaps be attributed to a

greater ease of palladium-mediated activation of the C-X bond. A trend for substituted



substrates was apparent too. The yield of (2b) with 4-bromoaniline (1d) was 72% whereas with
4-chloroaniline (1e) was 54%. The electronic nature of the substituents also influenced the
reaction. Electron-rich starting materials seem to be the most reactive. E.g., 4-bromoaniline
(1d) produces (2b) in 72% yield, compared to only 30% yield for the reduction of 4-
bromonitrobenzene (1p) to (2h). Carbonyls appear tolerant. 4-Bromobenzaldehyde (1q)
produced (2i) in 53% yield, and 4-bromoacetophenone produced (2d) in 40% yield.
Conversely, 4-chloroacetophenone (1i) gave no reaction. Steric effects were evident from the
substitution pattern. Para isomers proved to be better than their ortho counterparts; for example,
while (1d) and (1p) produced yields of 72% and 30%, respectively, (In) and (1r) produced
yields of 62% and 21% for (1p) and (1r), respectively. Meta-substituted substrates showed
moderate reactivity. Benzyl alcohol derivatives (1j-1m) and 2-bromonaphthalene (1u) were
also reactive, affording the corresponding phenols in 33-40% yields. Thus, aryl iodides and
bromides, particularly electron-rich and less sterically hindered aromatic substrates, showed
the highest reactivity.

As shown in Figure 3, the Fe3s04@SBA-bis(NHC)-Pd(II) catalyst was active for seven

consecutive hydroxylation reactions of 4-bromoaniline.

Yield (%)

Figure 3. Recycling of Fe;O4@SBA-bis(NHC)-Pd(II) in the hydroxylation of 4-bromoaniline.



The yield was steady at 72% for the first three runs and then gradually decreased to 57% at
the seventh run. This slight decrease in activity may be attributed to gradual catalyst
deactivation upon repeated use. Nevertheless, the catalyst retained 79% of its initial activity

after seven consecutive runs.

3.3. Assessment of palladium leaching and catalyst stability

Following catalyst separation, an aliquot of the 4-bromoaniline hydroxylation reaction
mixture was analyzed for Pd leaching. Only 2.1 x 10"® mmol of Pd was detected, corresponding
to 0.03% leaching. The negligible Pd loss confirms strong metal immobilization and high
catalyst stability under the reaction conditions.

The FT-IR spectra of the fresh catalyst and the catalyst recovered after seven hydroxylation

runs are shown in Figure 4.

(a)

(b)

Intensity (A.U.)

4000 3500 3000 2500 2000 1500 1000 500

Frequency (cm™)

Figure 4. FT-IR spectra of (a) fresh and (b) recovered catalyst after seven runs.

The recovered catalyst retains the characteristic vibrational features of the fresh material.

No appreciable band shifts or new absorptions are observed. Only minor changes in band



intensity are evident after seven runs. The preserved spectral profile confirms the structural
integrity of the catalyst and its surface functionalities throughout repeated catalytic cycles.
The textural characteristics of the fresh catalyst and the catalyst recovered after six

hydroxylation cycles were evaluated by N> adsorption-desorption analysis (Figure 5; Table 1).
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Figure 5. a) Nitrogen adsorption-desorption isotherms and b) pore size distribution of the fresh

and the recovered Pd(II) catalyst after seven runs.

The isotherms of both samples were similar, indicating that the mesoporous structure was
retained in the used catalyst. BET surface area was reduced from 164 to 120 m? g!, and total
pore volume was reduced from 0.26 to 0.22 cm? g™!. These modest changes demonstrate the

high textural stability of the catalyst under the reaction conditions.

Conclusion
The Fe;04@SBA-bis(NHC)-Pd(II) catalyst combines magnetic recyclability with a stable

mesoporous structure. The leaching test confirmed negligible Pd leaching, with only 0.03% of



the Pd released into the reaction medium. The catalyst did not lose its distinct spectroscopic
and textural characteristics during the reusability study. Only small variations in the specific
surface area and total pore volume occurred during six cycles of the reaction. The catalyst
retained 79% of its initial activity over seven consecutive hydroxylation cycles, demonstrating
good stability. The magnetic SBA-15 support enabled easy catalyst separation and effective

immobilization of the Pd species.
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