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Abstract: The synthesis of esters is one of the most fundamental and significant subjects in organic
chemistry and chemical industry because they are used in high-value products such as cosmetics,
biofuel, pharmaceuticals, surfactants, and food ingredients. In this study, an efficient, economic,
sustainable, and green protocol for oxidative esterification reaction has been developed. A one-pot
direct transformation of aliphatic, aromatic, and unsaturated aldehydes into esters in the presence
of oxygen has been carried out over mesoporous organosilica-supported palladium nanocatalyst
(Pd-Cyt@SBA-15) under ambient conditions. Pd-Cyt@SBA-15 efficiently catalyzed selectively large-
scale conversion of aldehydes into esters in high yields and large turnover numbers (TON = 98,000).
Pd-Cyt@SBA-15 nanocatalyst demonstrated excellent reusability and stability and could be recycled
up to ten times without loss of significant reactivity. ICP-AES analysis showed that no leaching of
active palladium species occurred during the recycling process of the heterogeneous Pd-Cyt@SBA-
15 nanocatalyst.

Keywords: oxidative esterification; palladium nanocatalyst; aldehydes; aerobic; SBA-15; heterogeneous

1. Introduction

In the past few decades, sustainable and green processes have urged scientific research to
shift towards greener and more efficient catalytic systems for chemical transformations [1-3].
In this context, direct oxidative synthesis of esters from a wide range of aldehydes has
emerged as a green chemistry method and is considered good for atom utilization efficiency
due to the incorporation of two separate reaction steps, oxidation of aldehydes to carboxylic
acids and C-O bond formation with alcohols, into a single one-pot reaction. Over the last
decade, numerous homogeneous [4-6] and heterogeneous catalysts including transition
metal (-free) for direct esterification of aldehydes have been developed by using several
organic and inorganic oxidants such as sodium hypochlorite, pyridinium hydrobromide
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perbromide, hydrogen peroxide, iodine-based oxidants, and oxone. However, most of these
methods outlined above suffer from drawbacks due to steric attributes of aldehydes and /or
the alcohols, limited substrate scope, using expensive and noble metals such as gold and
palladium, toxic reagents, harsh operational conditions, ow efficiency, and environmental
impacts. In particular, for industrial implications of one-pot esterification of aldehydes,
homogeneous catalysts are mainly restricted by difficulties and catalyst separation from
the reaction media and recovery of the catalyst. Recoverable heterogeneous catalysts have
advantages for commercially sustainable industrialization and have attracted more atten-
tion during recent years. By far, heterogenization of homogeneous catalysts on various
organic and inorganic materials has been supported and applied for the one-pot oxidative
conversion of aldehydes to ester products. Supported gold and palladium catalysts have
been reported to exhibit good performance in oxidative esterification of aldehydes with
alcohols. For instance, Tan et al. used Zn-Al-hydrotalcites (HTs) and recently supported
atomically precise Auys nanoclusters (Auys/ZnxAl-400) for the aerobic oxidative ester-
ification of aldehydes (no reusability study) [7]. Patel et al. found that a bi-functional
catalyst consisting of nickel and supported 12-tungstophosphoric acid (Ni-TPA /ZrO,)
showed a synergic effect in oxidative esterification of aldehydes, with methanol in the
presence of hydrogen peroxide as an oxidant [8]. Leadbeater and coworkers reported
hexafluoroisopropyl and aldehydes by oxoammonium tetrafluoroborate salt as an oxidant
in the presence of pyridine. However, the heterogeneous oxoammonium tetrafluoroborate
salt could be only reused for one oxidative esterification reaction cycle [9]. The Aerobic
oxidative esterification of aldehydes with methanol was also reported using gold-nickel
oxide nanoparticle catalysts with a core—shell structure at high pressures of O, (3MPa) [10].
Ni-TPA /ZrO; could be recycled three times. Recently, Au nanoparticles bound to crys-
talline CeO, dispersed on magnesium hydroxide (Au/CeO,-Mg(OH),) were found to
be efficient multifunctional heterogeneous catalysts for aerobic oxidation of aldehydes to
esters using oxygen (9 bar) with recyclability of up to eight reaction runs [11]. However, in
various cases, the effectiveness of these supported catalysts is not optimum due to its low
activity, mass transfer, high oxygen pressure, low ester selectivity, and substrate limitation
of immobilized homogeneous catalysts as well as the aforementioned issues of catalyst
reusability [12,13]. Accordingly, it is necessary to develop new heterogeneous catalysts
that can be efficiently recovered while retaining the original activity and selectivity of the
active sites. Among different routes with respect to the heterogenization of homogeneous
catalysts, the most common route is covalent immobilization of homogeneous catalysts on
solid supports. In this regard, several attempts have been successfully developed for the
immobilization of homogeneous catalysts on solid supports, including organic and inor-
ganic polymers. For these reasons and following recent efforts from the group in the design
of supported nanocatalysts for green and sustainable chemical transformations [14-16], we
have studied the possibility of developing a green and versatile alternative protocol for
one-pot conversions of various aliphatic and aromatic aldehydes with common alcohols
using a palladium bearing a functionalized cytosine on the surface of mesoporous silica ma-
terials (Pd-Cyt@SMA-15) as an efficient and selective reusable nanocatalyst (Scheme 1). In
this regard, we have investigated the possibility of developing a more general method that
is effective for converting a wide range of aldehydes to corresponding esters and report
herein the catalytic activity of recycling-supported cytosine—palladium complex nano-
material in the direct esterification of aldehydes with alcohols under aerobic conditions.
This study demonstrated an excellent recoverable nanocatalytic system for the selective
esterification of aldehydes using benign oxygen as terminal oxidant under extremely
mild conditions, which is an industrially important aspect for developing practical and
cost-effective catalytic oxidative esterification processes with a broad scope of aldehydes
and alcohols.
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(Pd-Cyt@SBA-15)

Scheme 1. Chemical structure of Pd-Cyt@SBA-15.

2. Experimental
2.1. Synthesis of Pd-Cyt@SBA-15 Nanomaterial

The preparation and surface textural properties of Pd-Cyt@SBA-15 nanomaterial
are already conducted and reported according to a previously established protocol [16].
Palladium chloride (0.4 mmol, 0.071 g) was added to a suspension of Cyt@SBA-15 (1 g) and
dry acetone (20 mL). The reaction mixture was stirred at room temperature overnight, and
all volatiles were removed under vacuum, and the residue was washed with ether. Finally,
it was dried in an oven at 50 °C overnight in order to obtain the corresponding catalyst
PACyt@SBA-15 at a loading ca. 0.35 4- 0.001 mmol g~ ! measured by ICP-MS analysis.

2.2. One-Pot Oxidative Esterification of Aldehydes Catalyzed by Pd-Cyt@SBA-15 Nanocatalyst

In a two necked flask equipped with a condenser, Pd-Cyt@SBA-15 (0.005 mmol, 14 mg)
was added to a solution of aldehyde (5 mmol) in alcohol (3 mL). The resulting mixture
was then stirred at 50 °C under an oxygen atmosphere (2.5 L balloon) for 5 h. The reaction
progress was monitored by thin layer chromatography (TLC, mixture of hexane: ethyl
acetate = 5:1). After completion of the reaction, the supported palladium nanocatalyst was
filtered from the reaction mixture, rinsed with ethyl acetate, and dried before its reuse in
another reaction run. Reuse reactions were carried out under similarly optimized reaction
conditions. The combined filtrate was eventually dried over sodium sulfate and purified
by pad of silica gel. The solvent was evaporated under reduced pressure to afford the
corresponding ester products. Products were characterized according to their 'H and
I3CNMR spectra.

3. Results and Discussion

The preparation and surface textural properties of Pd-Cyt@SBA-15 nanomaterial was
already reported according to a previously established protocol [16]. Pd-Cyt@SBA-15 was
characterized by XRD (Bruker-AXS diffractometer using Cu K« radiation (A = 1.5409 A),
Rheinstetten, Germany), BET (Micromeritics ASAP 2000 instrument, Norcross, GA, USA),
N, adsorption, and desorption analysis and TG (NETZSCH STA 409 PC/PG Instrument,
Selb, Germany). The characteristics of the Pd-Cyt@SBA-15 nanomaterial used herein are
also found to be the same as the previous study; thus, it will not be re-reported. Palladium
loading was around 0.35 mmolg ! and was determined by ICP-AES analysis (Philips PU
70000 sequential spectrometer, Philips, Almelo, The Netherlands). Further characterization
results of the Pd-Cyt@SBA-15 nanomaterial indicated a surface area of 367 m?g~!, with
an average pore size of 3.55 nm and mesoporous pore volume of 0.76 cm3g~!, with an
excellent homogeneous dispersion of palladium species on the 2D-hexagonal ordered
structure of nanomaterial support.

In order to optimize various parameters such as catalyst loading, oxidant, reaction
time, and temperature, a preliminary screening of the catalytic activity of Pd-Cyt@SBA-15
nanomaterial in the model oxidative esterification reaction of benzaldehyde and methanol
was conducted under different conditions included in Table 1 (Scheme 2). The one-pot
esterification reaction was initially performed at 60 °C using 30% aqueous hydrogen
peroxide. The blank run (in the absence of catalyst) produced no yield to the ester product
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even after 10 h of reaction time (Table 1, entry 1). When a similar oxidative esterification
reaction was conducted in the presence of 0.002 mmol of Pd-Cyt@SBA-15 as catalyst,
methyl benzoate was obtained at 48% yield (entry 2). The oxidative esterification of the
same reaction with atmospheric air afforded ester products at low yields (entry 3). Then,
the aerobic oxidative esterification reaction was investigated by using an oxygen balloon.
Molecular oxygen is a cheap, unlimited, eco-friendly, and ideal oxidant from the viewpoint
of green and sustainable chemistry. Remarkably, moderate yield was obtained (entry 4)
when oxygen was used as oxidant in the model reaction. Interestingly, decreasing the
reaction temperature from 60 to 50 °C produced the same reaction yield (entry 5). Increasing
the amount of catalyst up to 0.5 mol% provided improved results, and methyl benzoate
was obtained in good to excellent yield (entries 5-8). Entries 8-11 display the effect of
reaction time from 10 to 5 h. Interestingly, the reaction could still afford an excellent yield
of ester product after 5 h (entry 10). However, the oxidative esterification reaction yield
decreased if the reaction temperature decreased to 40 °C.

Table 1. Screening of reaction conditions in the oxidative esterification of benzaldehyde and methanol.

Entry Pd-Cyt@SBA-15 (mmol) Oxidant T(CO T (h) Yield (%) 2
1 - H,0, 60 10 gb
2 0.002 H,0, 60 10 48
3 0.002 air 60 10 30
4 0.002 0O, 60 10 45
5 0.002 (o)) 50 10 45
6 0.003 0, 50 10 68
7 0.004 0O, 50 10 92
8 0.005 0O, 50 10 98
9 0.005 )} 50 6 98
10 0.005 0O, 50 5 98
11 0.005 (o)) 50 4 89
12 0.005 Oy 40 6 80

2 Isolated yield; b only benzoic acid was obtained.

O
0}
H  Pd-Cyt@SBA-15
> OMe
MeOH (3 mL)
5 mmol Oxidant, T, t

Scheme 2. Esterification reaction of benzaldehyde and methanol over Pd-Cyt@SBA-15 nano catalyst
(model reaction).

After the optimization of reaction conditions, the scope and limitation of the cat-
alytic system were investigated for a range of aliphatic and aromatic aldehydes with short
chain primary and secondary alcohols (Table 2). The substituted aromatic aldehydes with
electron-withdrawing group as well as electron-donating group at different positions of
the aromatic rings showed excellent reactivity during the oxidative esterification reaction
and underwent oxidative esterification transformation to ester products (entries 2-17).
1-naphthaldehyde relatively showed lower reactivity than compared to other aromatic
aldehydes (entries 12-14), indicating a possible steric hindrance. Remarkably, the oxidative
esterification reaction of aliphatic aldehydes presented similar reaction yields compare with
aromatic aldehydes (entries 18-19). These results showed that the Pd-Cyt@SBA-15 nanoma-
terial has excellent activity and selectivity for structurally varied aldehydes and alcohols.
Neither steric nor electronic factors of aldehydes and alcohols had significant influence
on the yield of ester products. Pd-Cyt@SBA-15 nanocatalyst exhibited excellent catalytic
performance in terms of both selectivity and substrate scope for one-pot esterification of
aldehydes with short chain alcohols under green conditions.
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Table 2. Oxidative esterification reaction of aldehydes with alcohols catalyzed by Pd-Cyt@SBA-15 nanocatalyst 2.

o) Pd-Cyt@SBA-15 o
)l\ (0.005mmol)
—_—
R TH ROH (3 mL) R{” TOR

0, (1atm), 50°C, Sh

Entry Aldehyde ROH Ester Product Yield (%) P

1 MeOH 98
2 MeOH 94
3 MeOH 95
4 MeOH 96
5 MeOH 92
6 MeOH 88
7 EtOH 92
8 PrOH 93
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Table 2. Cont.

Entry Aldehyde ROH Ester Product Yield (%) ©

9 MeOH 90
10 EtOH 94
11 iPrOH 92
12 MeOH 90
13 EtOH 92
14 iPrOH 90
15 MeOH 94
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Table 2. Cont.

He \/\)j\

Entry Aldehyde ROH Ester Product Yield (%) P
16 EtOH O,N —@—COOEt 95
CHO COOEt
17 EtOH @\ 91
OMe OMe
O 0
18 \/\)L MeOH \/\)]\ 90
H OMe
O
19 92
OEt

2 Reaction conditions: aldehyde (5 mmol), alcohol (3 mL), Pd-Cyt@SBA-15 (14 mg, 0.005 mmol), 50 °C, O, (filled balloon), and 5 h.

b Tsolated yield.

A hot filtration test evidenced that the removal of the solid catalyst by hot filtration
of the heterogeneous catalyst from the original reaction mixture completely stopped the
reaction, running the reaction mixture under catalyst free conditions for an additional 10 h
after the catalyst filtration had not affected the increase in reaction yield. Furthermore,
ICP-AES analysis of the filtrate solution showed no detectable amounts of palladium,
indicating no leaching of palladium from the support. All findings strongly supported an
active and genuine heterogeneous nature of catalysis.

For practical applications of heterogeneous catalysis systems, in addition to the ease of
separation, the lifetime of the catalyst and its recovery and extension of reusability are very
important factors. We, therefore, devised a set of experiments to recover and reutilize the
Pd-Cyt@SBA-15 nanocatalyst in the model oxidative esterification reaction. All reactions
were conducted under similar conditions (Figure 1). The leaching of palladium in the
solution was tested by ICP-AES analysis of the reaction mixture, and palladium content
was found below detectable level (0.01 ppm), which confirms no significant leaching of
palladium catalyst and the high stability of the supported palladium complex in the last
reuse. XRD analyses of Pd-Cyt@SBA-15 nanocatalyst conducted before and after recycling
are shown in Figure 2. The patterns are identical, and no obvious change was observed,
which could be another evidence of the strong stability of the Pd-Cyt@SBA-15 nanocatalyst.
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100
90
80
70 -
60 -
50 -
40
30 -
20 -

Yield(%)

Figure 1. Recycling activities obtained for the nanocatalyst after 10 runs. Reaction conditions:
benzaldehyde (5 mmol), MeOH (3 mL), Pd-Cyt@SBA-15 (14 mg, 0.005 mmol), 50 °C, O, (filled
balloon), and 5 h.

500 1
450 4
Fresh
350 4
300 -

250 4

10th Reuse

200

150

100 1

50

05 15 25 35 45 55 6.5

Figure 2. XRD pattern of fresh and recycled Pd-Cyt@SBA-15 nanocatalyst.

After achieving these promising results and using Pd-Cyt@SBA-15 for industrial
applications, the large-scale possibility was examined by using 100 mmol of benzaldehyde
in 60 mL of methanol and 280 mg of Pd-Cyt@SBA-15 under aerobic conditions. What
is noteworthy that the excellent yield (98%) of methyl benzoate was obtained with high
TON (98000) under optimized conditions. Compared with reported procedures in the
literature using other catalytic aerobic oxidative esterification systems [7-11], the results
obtained using the method described herein provide more environmentally benign and
economically attractive systems (Table 3).
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Table 3. Comparison of catalytic activities in aerobic oxidation of benzaldehyde using heteroge-
neous catalyst.

Reference Reaction Conditions Reuse Yield (%)
. Aldehyde (5 mmol), methanol (3 mL), Pd-Cyt@SBA-15
This study mg, 0.005 mmol Pd), 50 °C, O, (filled baﬁoon), 5h, 10 %
7] Aldehyde/MeOH (1/23), Auys/Zn,Al-400(0.05 g), 452
0O,(3 atm) at 80 °C, 2 h. )
(] Aldehyde (10 mmol), H,O, (30 mmol), 3 63
methanol (5 mL), Ni-TPA/ZrO, (10 mg), (80 °C), 6 h.
aldehyde (5 mmol), pyridine (63.75 mmol), HFIP
[9] (15 mmol), oxoammonium tetrafluoroborate salt 1 94

(12.5 mmol), RT, 12 h.
Aldehyde (containing 50 ppm hydroquinone inhibitor,

[10] 15 mmol), AuNiOx/SiO,-Al,O3-MgO (Au: 0.1 mol %) - 61
in alcohol (10 mL), O, (3 MPa) at 80 °C, 1 h.
72.5 mmol aldehyde, aldehyde/MeOH (1/5),
Au/Ce0O,-Mg(OH); (3 g), O2(9 bar) at 80 °C, 1 h.

[0}

59.4

4. Conclusions

The Pd-Cyt@SBA-15 nanocatalyst was found to be efficient for one-pot esterification of
aldehydes and alcohols with superior characteristics such as activity, selectivity, durability,
and reusability, which are important factors for sustainable industrial applications. A broad
range of short chain alcohols with aldehydes including aromatic and aliphatic aldehydes
was selectively large-scale converted to the corresponding ester products in excellent yield
and TON. The Pd-Cyt@SBA-15 nanocatalyst showed high stability and reusability over
ten reaction runs under mild aerobic conditions. Overall, a highly efficient, selective, and
green approach was developed along with the characteristics of easy catalyst recovery, low
catalyst loading, atom economic, and green oxidant.
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