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We have reported an aerobic oxidation of primary and secondary alcohols to respective aldehydes and
ketones using a bipyridyl-cinchona alkaloid based palladium catalytic system (PdAc-5) using oxygen at
moderate pressure. The PdAc-5 catalyst was analysed using SEM, EDAX, and XPS analysis. The above
catalytic system is used in experiments for different oxidation systems which include different solvents,
additives, and bases which are cheap, robust, non-toxic, and commercially available on the industrial
bench. The obtained products are quite appreciable in both yield and selectivity (70-85%). In addition,
numerous important studies, such as comparisons with various commercial catalysts, solvent systems,
mixture of solvents, and catalyst mole%, were conducted using PdAc-5. The synthetic strategy of
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1. Introduction

Palladium-catalysed aerobic transformation has been one of the
most challenging topics within organometallic chemistry. This
system is widely used in oxidation, involving alcohols, alkenes,
oxidative coupling and so on, and has triggered commercial
interest in the above-mentioned chemistry. Generally, an
alcohol oxidation reaction plays an important role in functional
group manipulation and heteroatom incorporation in the
synthesis of chemically and biologically active compounds.
Thus, developing a new process in both academic and indus-
trial sectors to beat conventional systems® becomes a bit chal-
lenging for chemists. These challenges force researchers to
come up with novel catalysis design systems for the above-
mentioned transformation.> For key factors like stoichio-
metric oxidants, their versatility, expense, and environmental
impact need to be considered. A viable and attractive approach
is the use of metal-catalysed oxidation in the presence of
molecular oxygen as an oxidant.?

In the past 4-5 decades, there have been significant advances
in the development of new transition metal catalysed oxidations
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using *H NMR, *CNMR and GC-mass analyses.

using improved catalytic systems* with increased turnover
numbers. The use of highly stable ligands has brought about
these advances, thus initiating the search for new catalytic
systems. The development of ligand-modulated catalytic
systems, which do not require the use of a co-catalyst, greatly
simplified the catalysis and has allowed for an elucidation of
the mechanistic features of these reactions. A significant
number of mechanistic studies®® have been performed by
various research groups over the years and more are on their
way. Recently, our group have reported a ligand-free recyclable
palladium catalyst for (1) the oxidation of alcohols into carbonyl
compounds, (2) the highly selective a-alkylation of ketones with
alcohols and imines, and (3) the production of secondary
amines by coupling benzyl alcohols and primary amines.’
However, these studies exhibited both important improvements
and the current limitations of palladium oxidase reactions,
which illustrate the challenges of developing new more efficient
direct molecular oxygen-coupled processes.® Based on these
previous points, we concentrate on developing a Pd-based chiral
organometallic catalyst for the aerobic oxidation reaction under
mild reaction conditions.

2. Experimental section
2.1 Materials and methods

5,5-Dimethyl-2,2-bipyridine, AIBN, (+)-cinchonine, and N-bro-
mosuccinimide were purchased from Sigma-Aldrich. 2-Methyl
benzyl alcohol, 4-methyl benzyl alcohol, 2-methoxy benzyl
alcohol, 4-methoxy benzyl alcohol, 3-methoxy 4-hydroxy benzyl
alcohol, 2-fluoro benzyl alcohol, 3-fluoro benzyl alcohol, 4-fluro
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benzyl alcohol, 2-chloro benzyl alcohol, 4-chloro benzyl alcohol,
2,3-dichloro benzyl alcohol, 2-nitro benzyl alcohol, 3-nitro
benzyl alcohol, 4-tert-butyl benzyl alcohol, mesitaldehyde, 2,6-
dimethyl benzyl alcohol, 3,5-dibromo-2,4,6-trimethyl benzyl
alcohol, 1-phenyl-1 ethanol, 1-phenyl-1 propanol, diphenyl
methanol, cyclohexyl methanol, cyclohexanol, 1,4-dihydroxy
cyclohexane, cyclododecanol, piperonyl alcohol, 4-acetamido
benzyl alcohol, 4-trifluromethyl benzyl alcohol, 2,4-tri-
fluromethyl benzyl alcohol, 4-phenyl benzyl alcohol, pyridine-2-
yl methanol, pyridine-3-yl methanol, pyridine-4-yl methanol,
naphthyl-1-methanol, and  naphthyl-2-methanol  were
purchased from various sources as technical grade. All the
solvents for the reactions were obtained as laboratory grade. All
the solvents for analysis were purchased as analytical grade.

The melting points were measured in open capillary tubes
and are uncorrected. The 'H, and *C NMR spectra were
recorded on a Bruker (Avance) 400 MHz NMR instrument using
TMS as an internal standard, and CDCl; and DMSO as solvents.
Standard Bruker software was used throughout. Chemical shifts
are given in parts per million (d-scale) and the coupling
constants are given in Hertz. Silica gel-G plates (Merck) were
used for TLC analysis with a mixture of n-hexane and ethyl
acetate as an eluent. Column chromatography was carried out
in silica gel (60-120 mesh) using n-hexane, dichloro methane
(DCM), methanol, and ethyl acetate as eluents. Pressure reac-
tions were carried out using a PREMEX A-Line Avalon Instru-
ment. Distillation of the products was carried out using a glass
oven - B585 Kugelrohr (Buchi made) instrument. Electrospray
Ionization Mass Spectrometry (ESI-MS) analyses were recorded
in an LCQ Fleet, Thermo Fisher Instruments Limited, US. ESI-
MS was performed in positive ion mode. The collision voltage
and ionization voltage were —70 V and —4.5 kV, respectively,
using nitrogen as atomization and desolvation gas. The des-
olvation temperature was set at 300 °C. The relative amount of
each component was determined from the LC-MS chromato-
gram, using the area normalization method. GC was recorded
using an Agilent GC 6890 N, with split ratio: 1 : 100, 250 °C, FID:
300 °C, flow rate: nitrogen 30 mL min . Column: HP-5; 30 m x
d: 0.32 mm x f: 0.25 mm, —60 to 325 °C. GCMS was recorded
using a 5977B GC/MSD single quadrupole analyser using
helium as carrier gas.

3. Experimental section

3.1 Preparation of cinchona based palladium catalyst (PdAc-
5)

3.1.1 Preparation of 5,5-bis(bromomethyl)-2,2-bipyridine
(2). NBS (1.93 g, 10.85 mmol) was added in solid lots slowly to
a mixture of 1 (1 g, 5.42 mmol) and AIBN (17 mg, 0.10 mmol) in
CCl; (75 mL) and it was refluxed for 2 h under a nitrogen
atmosphere. The precipitated succinimide was hot filtered and
the solid was washed with CCl, (100 mL). The combined CCl,
phases were evaporated. The remaining solid was dissolved in
CH,Cl, (100 mL) and extracted with 0.5 M Na,S,0; solution (2 x
150 mL). The combined Na,S,0; fractions were extracted with
CH,Cl, (50 mL) and the combined CH,Cl, layers were dried
(Na,SO,) and concentrated. The crude product was purified by
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column chromatography (silica gel, EtOAc/hexane, 1 : 4) giving
a white powder. Yield 63%. Mp: 193-194 °C. "H NMR (300 MHz,
CDCl;) 6 8.67 (d, J = 3 Hz, 2H), 8.39 (d,J = 9 Hz, 2H), 7.87-7.84
(m, 2H), 4.53 (s, 4H). *C NMR (75 MHz, CDCl;) dc 149.78,
143.67, 131.82, 128.19, 115.44, 23.74. ESI-MS (M"); 342.88.

3.1.2 Synthesis of cinchonine (contains free -OH) based
CPTC (4).* A mixture of 5,5-bis(bromomethyl)-2,2-bipyridine 2
(1 g, 2.9 mmol), cinchona (free OH) and 3 (6.38 mmol) was dis-
solved in THF (50 mL) and heated to reflux overnight. The
resulting brown solid was filtered, washed with diethyl ether, and
dried to yield 4. Yield: 90%. 'H NMR (400 MHz, DMSO) 6 9.12 (s,
2H), 9.00 (d, J = 4 Hz, 2H), 8.64 (d, ] = 8 Hz, 2H), 8.41 (t, ] = 8 Hz,
4H), 8.12 (d, J = 8 Hz, 2H), 7.88-7.71 (m, 6H), 6.86 (t, ] = 6 Hz,
2H), 6.55 (s, 2H), 6.09-5.98 (m, 2H), 5.33-5.22 (m, 6H), 5.11 (d, ] =
16 Hz, 2H), 4.00 (t, ] = 16 Hz, 4H), 3.58-3.50 (m, 2H), 3.11 (d,J =
8 Hz, 2H), 2.67 (d,J = 8 Hz, 2H), 2.33 (t,J = 12 Hz, 2H), 1.91 (s,
2H), 1.79 (d,J = 8 Hz, 2H), 1.08 (t, / = 8 Hz, 2H), 0.87 (t,/ = 8 Hz,
2H); *C NMR (100 MHz, DMSO) 6 155.60, 153.60, 150.14, 147.99,
144.89, 142.76, 137.05, 129.42, 128.79, 127.29, 125.02, 124.33,
120.75, 120.08, 118.94, 117.03, 67.38, 64.68, 59.37, 55.92, 54.08,
36.69, 27.51, 26.34, 22.98. ESI-MS (M"): 931.28.

3.1.3 Synthesis of cinchona (contains free -OH) based
CPTC-palladium catalyst (5).° A mixture of 4 (2.0 g, 1.73 m mol),
palladium acetate (0.4 ), and DMF (10 mL) was stirred at 100 °C
for about 16 h. The solvent was then removed under reduced
pressure and the residual mass was diluted with diethyl ether
(50 mL), filtered and washed thoroughly with diethyl ether (25
mL). It was then dried under vacuum for 12 h until it reached
a constant weight. The yield was 2.1 g, 88%.

3.1.4 General procedure for the oxidation of alcohols (7b to
35b). A mixture of alcohol (6.0 mmol), toluene (5.0 mL), K,CO3
(5 mol%), and PdAc-5 (1 mol%) was pressurised in a mini-clave
apparatus using oxygen gas (5 bar) at 80 °C for about 8 h. The
reaction was monitored by GC for reaction completion. The
mass was then removed from the reactor, filtered over a hyflo
bed and diluted with water (20 mL). It was then extracted using
diethyl ether (10 mL x 2). The combined organic layers were
washed with water (5 mL X s), dried over sodium sulfate and
concentrated to remove solvent. Then it was purified by column
chromatography using silica gel 60-120 mesh size (hex-
ane : ethyl acetate) as an eluent or by distillation using
a Kugelrohr instrument. The purified product was then ana-
lysed by NMR and mass spectroscopy to confirm the product.

4. Characterization of products
4.1 2-Methylbenzaldehyde (7b)

Colourless liquid. Yield: 84.0%. GC purity: 94.6%. 'H NMR (400
MHz, CDCl3) 6y 10.26 (s, 1H), 7.79 (dd, J = 7.6, 1.5 Hz, 1H), 7.47
(td,J = 7.5, 1.6 Hz, 1H), 7.36 (td, J = 7.5, 1.2 Hz, 1H), 7.28-7.22
(m, 1H), 2.67 (s, 3H); "*C NMR (100 MHz, CDCl;) d¢ 192.73,
140.53, 134.07, 133.58, 131.98, 131.70, 126.25, 19.52.

4.2 4-Methylbenzaldehyde (8b)

Colourless liquid. Yield: 89.5%. GC purity: 93.7%. 'H NMR (400
MHz, CDCl;) 6 9.96 (s, 1H), 7.77 (d, ] = 8.1 Hz, 2H), 7.33 (d, ] =
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7.8 Hz, 2H), 2.44 (s, 3H); "*C NMR (100 MHz, CDCl;) 6¢ 191.94,
145.49, 134.13, 129.71, 21.83.

4.3 2-Methoxybenzaldehyde (9b)

Pale yellow liquid. Yield: 80.5%. GC purity: 94.2%. "H NMR (400
MHz, CDCl;) 6y 10.45 (s, 1H), 7.80 (dd, J = 7.7, 1.8 Hz, 1H), 7.52
(ddd,J = 8.2,7.4,1.8 Hz, 1H), 7.08-6.90 (m, 2H), 3.90 (s, 3H); *C
NMR (100 MHz, CDCl;) dc 189.62, 161.75, 135.83, 128.38,
124.80, 120.55, 111.58, 55.53.

4.4 4-Methoxybenzaldehyde (10b)

Pale brown oil. Yield: 86.6%. GC purity: 99.10%, "H NMR (400
MHz, CDCl;) 0y 9.88 (s, 1H), 7.88-7.86 (d, J = 8 Hz, 2H), 7.18-
7.16 (d,J = 8 Hz, 2H), 3.83 (s, 3H), ">*C NMR (100 MHz, CDCl;) d¢
55.8,114.8, 129.2, 132.3, 166.4, 191.0.

4.5 3-Methoxy-4-hydroxybenzaldehyde (11b)

Off-white solid. Yield: 73.5%. GC purity: 99.62%, 'H NMR (400
MHz, CDCl3) 65 9.81 (s, 1H), 7.43-7.41 (d, J = 8 Hz, 1H), 7.05-
7.03 (d,J = 8 Hz, 1H), 6.75 (s, 1H), 5.65 (s, 1H), 3.93 (s, 3H), 4.22
(s, 1H), 3.83 (s, 3H), >C NMR (100 MHz, CDCl;) o 191.16,
151.93, 147.30, 129.73, 127.58, 114.55, 108.96, 56.08.

4.6 2-Fluorobenzaldehyde (12b)

Yellow liquid. Yield: 61.99%. GC purity: 98.25%. '"H NMR (400
MHz, CDCl3) 6;; 10.37 (d,J = 0.8 Hz, 1H), 7.88 (td, J = 7.4, 1.9 Hz,
1H), 7.61 (dddd, J = 8.4, 7.3, 5.4, 1.9 Hz, 1H), 7.33-7.09 (m, 2H);
BC NMR (101 MHz, CDCl;) 6 187.12, 166.34, 162.92, 136.29,
128.64, 124.58, 116.45.

4.7 3-Fluorobenzaldehyde (13b)

Yellow liquid. Yield: 66.58%. GC purity: 97.10%. '"H NMR (400
MHz, CDCl3) 6y 10.00 (d,J = 1.9 Hz, 1H), 7.69 (dt, ] = 7.5, 1.3 Hz,
1H), 7.61-7.48 (m, 2H), 7.39-7.26 (m, 1H); *C NMR (101 MHz,
CDCl;) 6¢ 190.82, 164.69, 161.38, 138.36, 130.74, 126.00, 121.52,
115.27.

4.8 4-Fluorobenzaldehyde (14b)

Yellow liquid. Yield: 76.58%. GC purity: 90.56%. "H NMR (400
MHz, CDCl;) 64 9.98 (s, 1H), 7.92 (dd, J = 8.7, 5.4 Hz, 2H), 7.22
(t,J = 8.5 Hz, 2H); "*C NMR (101 MHz, CDCl;) i 190.45, 168.16,
164.76, 132.91, 132.18, 116.30.

4.9 2-Chlorobenzaldehyde (15b)

Light brown liquid. Yield: 69.6%. GLC purity: 92.11%. '"H NMR
(400 MHz, CDCI;) 65 10.47 (d, J = 0.8 Hz, 1H), 7.91 (dd, / = 7.7,
1.8 Hz, 1H), 7.53 (ddd, J = 8.0, 7.1, 1.8 Hz, 1H), 7.48-7.32 (m,
2H). C NMR (100 MHz, CDCl;) 6c 189.67, 137.81, 135.03,
132.32, 130.49, 129.24, 127.18.

4.10 4-Chlorobenzaldehyde (16b)

Light brown solid. Yield: 78.5%. GLC purity: 97.7%. Mp: 46—
50 °C (lit. 47-51 °C). *"H NMR (400 MHz, CDCl,) 6;; 9.98 (s, 1H),
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7.82 (d,J = 8.5 Hz, 2H), 7.51 (d, J = 8.4 Hz, 2H); >C NMR (100
MHz, CDCl;): 6 190.75, 140.81, 134.61, 130.80, 129.34.

4.11 2,3-Dichlorobenzaldehyde (17b)

Pale yellow solid. Yield: 82.6%. GC purity: 90.15% (decomposes
upon storage), Mp: 62-65 °C (64-67 °C, lit.). "H NMR (400 MHz,
CDCl;) 6y 10.47 (s, 1H), 7.84-7.82 (d, ] = 8 Hz, 1H), 7.71-7.69 (d,
J = 8 Hz, 1H), 7.33-7.37 (t,J = 6 Hz, 1H). *C NMR (100 MHz,
CDCl;) 0 189.34, 136.02, 135.59, 134.33, 134.20, 127.42, 127.60.

4.12 2-Nitrobenzaldehyde (18b)

Brown solid. Yield: 88%. GLC purity: 95.89%. Mp: 42-44 °C
(reported: 42-44 °C); "H NMR (400 MHz, CDCl;): 6y 10.41 (s,
1H), 8.12-8.10 (m, 1H), 7.95-7.93 (m, 1H), 7.81-7.73 (m, 2H);
3C NMR (100 MHz, CDCl;): ¢ 188.31, 149.69, 134.22, 133.84,
131.45, 129.75, 124.62.

4.13 3-Nitrobenzaldehyde (19b)

Pale yellow solid. Yield: 58.6%. GC purity: 92.64%, Mp 57.5-
58.5 °C (lit. 57-58.5 °C). "H NMR (400 MHz, CDCl;) dy; 10.14 (s,
1H), 8.72 (s, 1H), 8.51-8.49 (d, J = 8 Hz, 1H), 8.27-8.25 (d, ] =
8 Hz, 1H), 7.82-7.78 (t,J = 6 Hz, 1H). **C NMR (100 MHz, CDCI;)
0c 189.83, 148.76, 137.38, 134.74, 130.44, 128.59, 124.40.

4.14 4-t-Butylbenzaldehyde (20b)

Colourless liquid. Yield: 85.5%. GC purity: 90.41%, '"H NMR
(400 MHz, CDCI;) 6y 9.88 (s, 1H), 7.83-7.81 (d, J = 8 Hz, 2H),
7.48-7.46 (d, J = 8 Hz, 2H), 1.35 (s, 9H), *C NMR (100 MHz,
CDCl;) d¢ 31.3, 34.2, 125.5, 129.5, 133.8, 157.1, 193.0.

4.15 2,6-Dimethylbenzaldehyde (21b)

Pale brown liquid. Yield: 78.66%. GC purity: 96.36%. "H NMR
(400 MHz, CDCl;) 65 10.62 (s, 1H), 7.32 (t, ] = 7.6 Hz, 1H), 7.09
(d, J = 7.6 Hz, 2H), 2.61 (s, 6H); *C NMR (100 MHz, CDCI;)
6 193.39, 140.99, 132.85, 132.30, 129.58, 20.34.

4.16 Mesitaldehyde (22b)

Colourless liquid. Yield: 80.14%. GC purity: 95.87%. 'H NMR
(400 MHz, CDCl3) 6y; 10.53 (s, 1H), 6.87 (s, 2H), 2.56 (s, 6H), 2.30
(s, 3H); C NMR (100 MHz, CDCl;) 6 192.76, 143.66, 141.31,
130.38, 129.82, 21.31, 20.33.

4.17 3,5-Dibromo-2,4,6-trimethylbenzaldehyde (23b)

Colourless solid. Yield: 68.8%. GC purity: 95.45%. Mp: 162-
164 °C (lit. 160 °C, decomposes); "H NMR (CDCl;, 400 MHz) dy
10.47 (s, 1H), 2.74 (s, 3H), 2.57 (s, 6H); "*C NMR (CDCl;, 100
MHz) 6¢ 194.0, 142.5, 137.6, 135.0, 127.7, 26.9, 20.4.

4.18 1-Phenylethan-1-one (24b)/(acetophenone)

Colourless oil. Yield: 87.55%. GC purity: 99.73%. 'H NMR (400
MHz, CDCl3) 6y 7.94-7.57 (m, 5H), 2.52 (s, 3H). *C NMR (100
MHz, CDCl;) 6¢ 197.11, 133.14, 128.80, 128.64, 26.45.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4.19 Propiophenone (25b)

Colourless liquid. Yield: 82.33%. GLC purity: 98.8%. 'H NMR
(400 MHz, CDCl3): 0y 7.94-7.91 (m, 2H), 7.53-7.48 (m, 1H),
7.43-7.39 (m, 2H), 2.95 (q,J; =J> = 7.2 Hz, 2H), 1.19 (t, J1 = J2 =
2.4 Hz). "*C NMR (100 MHz, CDCly): i 200.79, 136.90, 132.86,
128.54, 127.95, 31.75, 8.22.

4.20 Benzophenone (26b)

Colourless solid. Yield: 88.12%. GLC purity: 97.32%. Mp: 48-
50 °C (reported: 47-51 °C); "H NMR (400 MHz, CDCl,): 6 7.81-
7.79 (m, 2H), 7.60-7.56 (m, 1H), 7.50-7.46 (m, 2H); *C NMR
(100 MHz, CDCly): ¢ 196.89, 137.72, 132.53, 130.17, 128.39.

4.21 Cyclohexanecarbaldehyde (27b)

Pale yellow liquid. Yield: 83%. GLC purity: 95.23%. '"H NMR
(400 MHz, CDCl,): 6y 9.59 (s, 1H), 2.24-2.19 (m, 1H), 1.90-1.20
(m, 10H); **C NMR (100 MHz, CDCl,): d¢ 205.17, 50.07, 26.08,
26.02, 25.12.

4.22 Cyclohexanone (28b)

Colourless liquid. Yield: 81%. 'H NMR (400 MHz, CDCl;): dy
4.49-4.39 (m, 1H), 3.33-2.90 (m, 1H), 2.41-2.12 (m, 3H), 2.11-
1.61 (m, 4H); *C NMR (100 MHz, CDCl;): d¢ 211.52, 42.00,
27.11, 25.07.

4.23 Cyclohexane-1,4-dione (29b)

Colourless solid. Yield: 77%. Mp: 75-77 °C (reported: 77-78.5
°C); "H NMR (400 MHz, CDCl;): 6 2.67 (s, 4H); *C NMR (100
MHz, CDCl,): 6 208.51, 36.73.

4.24 Cyclododecanone (30b)

Colourless solid. Yield: 70.6%. GC purity: 99.76%. Mp 57-59 °C
(reported 58-60 °C). "H NMR (400 MHz, CDCl,): 0y 2.48-2.45
(m, 4H), 1.74-1.68 (m, 4H), 1.28-1.30 (m, 14H). "*C NMR (100
MHz, CDCl;) 8¢ 212.88, 40.25, 24.73, 24.58, 24.20, 24.20, 22.54,
22.31.

4.25 Piperonyl aldehyde (31b)

Light yellow waxy solid. Yield: 86.25%. GC purity: 96.78%. Mp:
35-39 °C (reported: 37-39 °C). "H NMR (400 MHz, CDCl;) 6y
10.30 (s, 1H), 7.16 (dd, J = 8.1, 1.7 Hz, 1H), 7.14 (d, ] = 1.7 Hz,
1H), 6.62 (d, J = 8.1 Hz, 1H), 5.99 (s, 2H); *C NMR (101 MHz,
CDCl;) ¢ 186.81, 152.20, 151.48, 146.02, 128.14, 107.47, 105.06,
103.89.

4.26 4-Acetamidobenzaldehyde (32b)

Brown solid (slight decomposition observed in storage). Yield:
78.99%. GC purity: 98.25%. Mp: 146-152 °C (reported: 148-152
°C). "H NMR (400 MHz, CDCl;) 64 9.91 (s, 1H), 8.00 (s, 1H), 7.8~
7.79 (m, 2H), 7.71 (d, J = 8.4 Hz, 2H), 2.23 (s, 3H); ">*C NMR (101
MHz, CDCl;) 6¢ 191.14, 168.86, 143.62, 132.14, 131.14, 119.22,
24.76.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4.27 4-(Trifluoromethyl)benzaldehyde (33b)

Light brown liquid. Yield: 74.52%. GC purity: 92.9%. "H NMR
(400 MHz, CDCl3) 65 10.09 (s, 1H), 8.00 (dt, J = 7.9, 0.9 Hz, 2H),
7.80 (d, J = 8.1 Hz, 2H); **C NMR (101 MHz, CDCl;) d¢ 191.07,
138.63, 135.79, 135.36, 129.89, 126.11, 121.60, 117.99.

4.28 2,4-Bis(trifluoromethyl)benzaldehyde (34b)

Yellow liquid. Yield: 58.23%. GC purity: 87.25%. "H NMR (400
MHz, CDCl;) 6;; 10.04 (d,J = 0.5 Hz, 1H), 8.06 (d, J = 1.5 Hz, 1H),
7.90 (dd, J = 7.5, 0.5 Hz, 1H), 7.72 (dd, J = 7.5, 1.5 Hz, 1H); °C
NMR (101 MHz, CDCl;) dc 189.42, 134.81, 134.80, 134.74,
133.42, 133.17, 129.59, 129.57, 129.56, 129.54, 126.95, 126.92,
126.88, 126.85, 125.22, 125.19, 125.16, 125.13, 124.91, 123.66,
122.76.

4.29 4-Biphenylcarboxaldehyde (35b)

Yellow solid. Yield: 86.54%. GC purity: 98.66%. Mp: 58-62 °C
(reported: 57-59 °C). "H NMR (400 MHz, CDCI;) 6y 10.06 (s, 1H),
7.96 (d, J = 8.3 Hz, 2H), 7.76 (d, J = 8.3 Hz, 2H), 7.68-7.60 (m,
2H), 7.53-7.36 (m, 3H); >C NMR (101 MHz, CDCl;): i¢ 191.84,
147.13, 139.65, 135.15, 130.21, 128.96, 128.42, 127.63, 127.3.

4.30 2-Pyridinecarboxaldehyde (36b)

Brown liquid. Yield: 82.77%. GC purity: 96.35%. "H NMR (400
MHz, CDCl,): 6 10.09 (s, 1H), 8.81 (dt, J = 4.8, 1.3 Hz, 1H), 7.98
(dt,J=7.8,1.2 Hz, 1H), 7.91 (td,J = 7.6, 1.6 Hz, 1H), 7.57 (ddd, J
= 7.4, 4.8, 1.4 Hz, 1H); "*C NMR (101 MHz, CDCI;) é¢ 193.20,
152.60, 150.02, 136.89, 127.70, 121.51.

4.31 4-Pyridinecarboxaldehyde (37b)

Yellow liquid. Yield: 76.25%. GC purity: 91.25%. "H NMR (400
MHz, CDCl;) 65 9.98 (s, 1H), 8.77 (d, J = 6.0 Hz, 2H), 7.60 (d, J =
6.0 Hz, 2H); *C NMR (101 MHz, CDCl;) dc 191.29, 150.97,
141.15, 121.85.

4.32 3-Pyridinecarboxaldehyde (38b)

Light brown liquid (darkens upon storage). Yield: 68.5%. GC
purity: 89.23%. "H NMR (400 MHz, CDCl;) 6y; 10.04 (s, 1H), 8.99
(d,J = 2.1 Hz, 1H), 8.75 (dd, J = 4.9, 1.8 Hz, 1H), 8.08 (dt,J = 7.9,
2.0 Hz, 1H), 7.41 (dd, J = 7.9, 4.8 Hz, 1H); "*C NMR (101 MHz,
CDCl3) 6¢ 190.60, 154.55, 151.85, 135.58, 131.19, 123.87.

4.33 5-Nitrofuran-2-carbaldehyde (39b)

Colourless solid. Yield: 68%. Mp: 38-40 °C (reported: 37-39 °C).
'H NMR (400 MHz, CDCl,): 6y 9.82 (s, 1H), 7.41 (d, / = 4 Hz, 1H),
7.34 (d,J = 3.6 Hz, 1H); "*C NMR (100 MHz, CDCl,): 6¢ 178.45,
151.09, 118.92, 111.86.

4.34 1-Napthaldehyde (40b)

Light brown liquid. Yield: 86.23%. GC purity: 96.18%, '"H NMR
(400 MHz, CDCl;) 63 10.38 (s, 1H), 9.26 (dd, J = 8.6, 1.1 Hz, 1H),
8.08 (dt, J = 8.2, 1.0 Hz, 1H), 8.01-7.83 (m, 2H), 7.79-7.44 (m,
3H); *C NMR (101 MHz, CDCl;) 6¢ 193.45, 136.60, 135.19,
133.60, 131.27, 130.41, 128.97, 128.38, 126.86, 124.77.
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4.35 2-Naphthaldehyde (41b)

Pale yellow solid. Yield: 83.5%. GC purity: 94.68%. Mp: 59-63 °C
(reported: 59-61 °C). "H NMR (400 MHz, CDCl;) 6y 10.16 (s, 1H),
8.34 (s, 1H), 8.05-7.84 (m, 4H), 7.62 (dddd, J = 17.6, 8.2, 6.9,
1.4 Hz, 2H); "*C NMR (101 MHz, CDCl;) 6¢ 192.23, 136.42, 134.5,
134.08, 132.61, 129.50, 129.08, 128.05, 127.07, 122.74.

View Article Online
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5. Results and discussion

Compound 2 was synthesised by the reaction between 1 and
NBS in CCl, using AIBN as a catalyst in 80% yield. The resulting
2 was reacted with cinchona alkaloid (free base) (3) to obtain the
bipyridyl-cinchona ligand (4) in 96% yield.® It was then

= — a
\ N/ \ —
1
-
H
\}v_g\)_'OH — - \ -
— N L\
)
H‘*"& AcO” “OAc 20f
PdAc-5
Scheme 1 Synthesis of PdAc-5; reagents and conditions: (a): NBS, AIBN, CCly, reflux 4 h; (b): THF, reflux, 16 h; and (c): palladium acetate, DMF,
16 h, 100 °C.
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OK 2213 49.10 104.1 1547 0.0361 1.2029 0.8692 0.1358 1.000
NaK 10.71 16.53 142.8 13.20 0.0293 1.1044 0.9000 0.2467 1.003
BrL 2278 10.12 390.8 7.14 0.1318 0.8840 1.0785 0.6501 1.007
Sk 1221 13.52 4510 771 0.0796 L0972 0.9433 0.5861 1.014
PdL 3218 10.74 610.6 509 0.2390 0.8540 1.1435 0.8595 1.012

Fig. 1 SEM (a) and EDAX (b) spectrum of PdAc-5.
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converted into its palladium acetate derivative (PdAc-5), as
shown in Scheme 1.

The morphological evidence for PdAc-5 was confirmed by
SEM and EDAX analysis, as presented in Fig. 1.° The SEM image
of PdAc-5 showed the presence of highly crystalline structures
(Fig. 1a), which confirmed the incorporation of palladium metal
in the catalytic system of PdAc-5. Further, the atomic weight (%)
of PdAc-5 is 29.4%, measured by atomic absorption
spectroscopy.*’

To investigate the oxidation state of palladium, the binding
affinity between the metal and cinchonine-based bipyridine
ligand was confirmed by X-ray photoelectron spectroscopy
(XPS), as shown in Fig. 2. PdAc-5 showed two binding energy
values that appeared at 337 and 342.42 eV. These were

View Article Online

RSC Advances

attributed to Pd 3ds, and Pd 3d;,, which were assigned to
palladium being present in +2 oxidation states. In addition to
that, the free palladium acetate binding energy value that
appeared at 338.4 eV for our catalyst 5 showed a 1.24 eV negative
shift, which is consistent with previously reported literature.
This negative shift indicates that palladium acetate coordinated
with the 2,2'-bipyridine nitrogen atom. Furthermore, the N 1s
spectrum (Fig. 2b) shows an asymmetric and wide peak, which
was fitted with three components at 397.8, 399.3, and 401.02 eV.
The components were assigned to the quinoline nitrogen, pyr-
idinic nitrogen, and quaternary nitrogen, respectively. Gener-
ally, the reported pyridine nitrogen (-N=) binding energy
values appear at 398.2 eV, but we observed an N 1s core level
binding energy of 399.3 eV, so the pyridine unit N 1s core level

22000 — 15000 - -
(a) 337 Pd3d of PdAc-5 (b 1993 Nls of PdAc-5
20000 4 14000- 3978 "'\‘ =
18000 4 A’\
342.42 12000 401.02
wn 16000+ h A
v =~
§ 14000 /\ é 12000+
Q o
O 12000+ O 410004
10000 - \r
- 10000
8000 . . VAN
a“'. moo ‘W‘ Ll Ll L L] T L}
330 333 336 339 342 345 348 351 W 4 K B"g«‘i' “’E" 4a2 (‘2‘) % 4w M0
S g inding Energy (eV
Binding Energy (eV) € &
Fig. 2 (a) X-ray photo-electron spectrum of P 3d; and (b) N 1s core level spectrum of PdAc-5.
Table 1 Screening of oxidation system”
o Solvent, Base, O, (5 bar), o
80 °C, 8h
’
PdAc-5
Conversion, %
Entry Solvent (mL) Additive )" (8)
1 Toluene None NA NA
2 Toluene DBU (10 mg) NA NA
3 Toluene K,CO; (10 mg) NA NA
4 Toluene CH;COONa (10 mg) NA NA
5 Acetonitrile K,CO; (10 mg) 12.85% NA
6 Acetonitrile CH;COONa (10 mg) 27.83% NA
7 Water : acetic acid (1: 1) CH;COONa (10 mg) 79.28% 6.5%
8 Water : acetic acid (1: 1) CH;COONa (10 mg) 35.70%" NA
9 Water : acetic acid (1: 1) CH3;COONa (10 mg)/DTBP“(50 mg) 38.87% 12.35
10 Water : acetic acid (1: 1) CH;COONa (10 mg)/DTBP(200 mg) 35.33% 36.22%

“ Reaction conditions: 4-butyl benzyl alcohol (6) (6.0 mmol), solvent (10 mL), PdAc-5 (1 mol%), additive (5 mol%), oxygen (5 bar), 80 °C, 8 h.? Agilent
GLC-GCMS: 6890 N, split ratio: 1 : 100 250 °C, FID: 300 °C, flow rate: nitrogen 30 mL min~*. Column: HP-5; 30 m x d: 0.32 mm x f: 0.25 mm, —60 to
325 °C. ¢ Di-tertiary butyl peroxide (aqueous solution: 70%). ¢ Reduced catalyst (5 mg per gram of substrate).

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 11, 32942-32954 | 32947


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05855j

Open Access Article. Published on 06 October 2021. Downloaded on 12/5/2025 2:12:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 2 Screening of solvent system®
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oy  Selvent, Base, O, (5 bar), o
80 °C, 8h »
PdAc-5
Entry Solvent (mL) Catalyst Additive Conversion, % (7)”
1 Water : acetic acid (1: 1) 1 mol% CH;COONa (5 mol%) 79.28%
2 Water : acetonitrile (1 : 1) 1 mol% CH;COONa (5 mol%) 74.8%
3 Water 1 mol% CH;COONa (5 mol%) 15.0%
4 Toluene 1 mol% CH;COONa (5 mol%) 10.46%
5 Acetic acid : toluene (1: 1) 1 mol% CH;COONa (5 mol%) 27.93%
6 Water : acetic acid (1 : 1) Nil CH;COONa (5 mol%) NA

“ Reaction conditions: 4-butyl benzyl alcohol (6) (6.0 mmol), solvent (10 mL), PdAc-5 (1 mol%), additive (5 mol%), oxygen (5 bar), 80 °C, 8 h. ? Agilent
GLC-GCMS: 6890 N, split ratio: 1 : 100 250 °C, FID: 300 °C, flow rate: nitrogen 30 mL min~". Column: HP-5; 30 m x d: 0.32 mm X f: 0.25 mm, —60 to

325 °C.

of PdAc-5 is slightly positively shifted by 1.1 eV. Finally, these
results clearly showed that Pd(OAc), was strongly coordinated
with the bipyridine nitrogen atom as well as the palladium
being present in +2 oxidation states. In addition to that, Pd was
incorporated with the bipyridine ligand, which was easily
identified by the "H NMR and "*C NMR spectra of ligand 4 and
PdAc-5. Here, ligand 4 and PdAc-5 bipyridine ligand ‘N’ adjacent
to the aromatic proton appeared at 9.12-9.18 ppm, and also the
acetate carbonyl and methyl protons appeared at 182.01 and
2.73 ppm in 'H NMR and "*C NMR spectra, respectively (Table
S1t).t

To start with, we scrutinised various oxidation condition
reactions with PdAc-5 and oxygen gas using different solvents
and additives.

The initial entries in Table 1 (entries 1-4) reflect the fact that
there is no product formation using toluene as a solvent in the
presence of various additives. The solvent was shifted from
toluene to polar entities like acetonitrile, a water-acetic acid

Table 3 Base screening for the oxidation reaction®

mixture and water. The conversion are very poor using aceto-
nitrile (entries 5 and 6) as a solvent in the presence of an
additive (K,CO;z or CH;COONa), but appreciable conversion was
observed using a water-acetic acid mixture (1 : 1) and sodium
acetate as an additive (entry 7). The same system was explored
using a reduced catalyst which resulted in poor conversion
(entry 8). The above experiment was further explored using
DTBP as a co-oxidant in the system, which resulted in the
formation of acid 8 in substantial quantities apart from alde-
hyde 7 (entries 9 and 10).*>™**

In Table 2 we have evaluated the solvent system to carry out
the oxidation process.

In this case, we found that the aqueous mixtures of acetic
acid and acetonitrile (Table 2, entries 1 and 2) both gave better
results than other systems like water, toluene, or an acetic
acid : toluene mixture (entries 3-5), which yielded very poor
conversions. The system was conducted in a water-acetic acid
mixture without a catalyst, which yielded no conversion of the

oy  Solvent, Base, O, (5 bar), )
80 °C, 8h >
PdAc-5

Entry Solvent (mL) Additive (5 mol%) Conversion, (7)°
1 Water : acetonitrile (1 : 1) NaOAC 74.8%

2 Water : acetonitrile (1 : 1) NaOH 40.0%

3 Water : acetonitrile (1 : 1) Na,CO3 67.1%

4 Water : acetonitrile (1 : 1) K,CO; 83.09%

5 Water : acetonitrile (1 : 1) DBU 26.76%

6 Water : acetonitrile (1 : 1) Triethanolamine 44.32%

“ Reaction conditions: 4-butyl benzyl alcohol (6) (6.0 mmol), solvent (10 mL), PdAc-5 (1 mol%), additive (5 mol%), oxygen (5 bar), 80 °C, 8 h. ? Agilent
GLC-GCMS: 6890 N, split ratio: 1 : 100, 250 °C, FID: 300 °C, flow rate: nitrogen 30 mL min~*. Column: HP-5; 30 m x d: 0.32 mm X f: 0.25 mm, —60 to

325 °C.
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Table 4 Effect of catalyst and base quantity for the oxidation reaction®

oy  Solvent, Base, O, (5 bar), o
80 °C, 8h
PdAc-5
Entry Solvent system (mL) Catalyst Additive Conversion, (7)?
1 Water : acetonitrile (1 : 1) 2 mol% K,CO; (5 mol%) 86.1%
2 Water : acetonitrile (1 : 1) 1 mol% K,CO; (5 mol%) 83.09%
3 Water : acetonitrile (1 : 1) 0.5 mol% K,CO; (5 mol%) 65.00%
4 Water : acetonitrile (1: 1) 1 mol% K,CO; (10 mol%) 84.00%
5 Water : acetonitrile (1 : 1) — K,CO; (10 mol%) No reaction

“ Reaction conditions: 4-butyl benzyl alcohol (6) (6.0 mmol), solvent (10 mL), PdAc-5 (1 mol%), additive (5 mol%), oxygen (5 bar), 80 °C, h. ? Agilent
GLC-GCMS: 6890 N, split ratio: 1 : 100, 250 °C, FID: 300 °C, flow rate: nitrogen 30 mL min~'. Column: HP-5; 30 m x d: 0.32 mm X f: 0.25 mm, —60 to
325 °C.

Table 5 Solvent mixture screening for the oxidation reaction®

Solvent, Base, O, (S bar), o
80 °C, 8h
?
PdAc-5

Entry Solvent mixture Conversion, (7)?
1 Water : acetonitrile (1 : 1) 83.09%
2 Water 12.08%
3 Water : THF (1 : 1) 24.98%
4 Water : DMF (1: 1) 17.82%
5 Water : acetone (1:1) 47.10%

“ Reaction conditions: 4-butyl benzyl alcohol (6) (6.0 mmol), solvent (10 mL), PdAc-5 (1 mol%), additive (5 mol%), oxygen (5 bar), 80 °C, h. > Agilent
GLC-GCMS: 6890 N, split ratio: 1 : 100, 250 °C, FID: 300 °C, flow rate: nitrogen 30 mL min~'. Column: HP-5; 30 m x d: 0.32 mm X f: 0.25 mm, —60 to
325 °C.

Table 6 Effect of temperature of oxidation reaction®

oy  Solvent, Base, O, (5 bar), 0
80 °C, 8h
'
PdAc-5

Entry Temperature (°C) Conversion, (7)?
1 25 4.08%

2 40 6.60%

3 60 31.30%

4 80 83.09%

5 125 75.90%

“ Reaction conditions: 4-butyl benzyl alcohol (6) (6.0 mmol), solvent (10 mL), PdAc-5 (1 mol%), additive (5 mol%), oxygen (5 bar), 80 °C, 8 h. ” Agilent
GLC-GCMS: 6890 N, split ratio: 1 : 100, 250 °C, FID: 300 °C, flow rate: nitrogen 30 mL min~". Column: HP-5; 30 m x d: 0.32 mm X f: 0.25 mm, —60 to
325 °C.
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Table 7 Substrate screening for oxidation (1° and 2° alcohols) using PdAc-5%?

ol Solvent, Base, O, (5 bar), e
80°C,8h
> e
16a PdAc-5 16b
0.
(ji\o /O/\ 0 h O\O/\O :O/\ o -
T HO' .
7b 8b 9% 10b . 1b 12b
Yield : 84.0%  Vield : 89.5% Yield :80.5% Yield : 86.0% Yield : 73.5% Yield :61.99%
A
b ﬂf h h h CC
F al ol cl s
13 cl
13b 14b 15b 16b 17b 18k
Yield : 66.58% yield : 76.58%  Yield :69.6% Yield : 78.5% Yield : 82.6% ield 28217
\o AN Br.
©/\ ’ \0 \0 \0 °
NO,
Br
Yi ld1-9 gs 6% 20b L 220 23b 24b
leld : 38.6%  yia14 : 85.5% Yield : 78.66% Yield : 80.4% Yield : 68.8% Yield : 87.5%
o o o o
\0
o]
o]
25b 26b 27b 28b 2% 5l
Yield :82.33% Yield :88.12% Yield :83.0% Yield : 81.0%  Yield :77.0%

Yield : 70.6%

T
<o )J\ N FiC FsC CFy \o

~ 31b 32b L 34b 35b
Yield :86.25% Yield : 78.99% Yield : 74.52% Yield : 58.2% Yield : 80.3%
Z & 0
—o |
Cr\o (j/\o Ei/\o
N
a
A 7
O,N'
~36b . 38b 39b 40b 41b
Yield : 82.7% Yield : 76.25%  vio1d: 68.5% Yield : 68.0% Yield : 86.23% Yield : 83.5%

“ Reaction conditions: 4-butyl benzyl alcohol (6) (6.0 mmol), solvent (10 mL), PdAc-5 (1 mol%), additive (5 mol%), oxygen (5 bar), 80 °C, 8 h. ? Agilent
GLC-GCMS: 6890 N, split ratio: 1 : 100, 250 °C, FID: 300 °C, flow rate: nitrogen 30 mL min~". Column: HP-5; 30 m x d: 0.32 mm X f: 0.25 mm, —60 to
325 °C. Yield of the product after column purification/distillation. All the products are matched against their reference standards.
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substrate (entry 6). On the account of reactor stability, we opted
to use a water-acetonitrile mixture as the solvent for further
screening experiments rather than a water-acetic acid mixture
(acetic acid corrodes the rubber gasket of the mini-clave at
higher temperatures (pH < 3))."*®

The screening process studied the influence of various
additives in our oxidation system. From Table 3, it is evident
that additives like sodium acetate (entry 1) or potassium
carbonate (entry 4) show better conversion than the other bases.
Potassium carbonate is preferred over the former because of its
alkaline pH (9-10), which ensures the stability of the reaction
mass during the process. From the above and Table 3 we
concluded that potassium carbonate in a water-acetonitrile
mixture gave better conversion than other systems. On this
accord, we also screened the above system with different base
quantities (Table 4) and aqueous solvent mixtures (Table 5)
which are shown below.'”*

From Table 4 it is evident that a higher quantity of base
(Table 4, entry 4) does not affect the conversion to a great extent.
The same holds for an increase in the quantity of catalyst for the
above reaction (entry 1). But conversion does drop with a lower
catalyst loading (entry 3) which may be completed in a longer
time period than usual.

From Table 5, we concluded that water-acetonitrile (Table 5,
entry 1) works better than the other solvent mixtures (entries 2-
4). The conversion is moderate in an acetone-water system
(entry 5), but the rate of conversion is quite slow compared with
a water-acetonitrile system. Last but not least, the reaction was
also screened for its conversion rates at different temperatures
as tabulated in Table 6.

As shown in Table 6, conversion is poor at lower tempera-
tures (entries 1-3), and better conversion is observed in the
temperature range of 80-90 °C (entry 4). Also, experiments were
performed at much higher temperatures at which product
decomposition was observed, giving rise to impurities and thus
lowering the product ratio in the mass (entry 5). This may be
due to the decomposition of PdAc-5 along with the product.*

The above said catalyst was tried for different substrates for
the oxidation reaction. In this regard, electron-donor substitu-
ents offered better yields but electron-withdrawing substituents
ended up in poor conversions. As far as the secondary alcohols
are concerned, the yields are better than for their primary
counterparts (Table 7).

6. Catalyst recycling

To check the catalyst performance, the catalyst was recovered
from the reaction mass, filtered and dried at 70 °C in a glass
oven under vacuum. The dried catalyst was reintroduced into
the new reaction system and then processed for the catalyst
performance. The yields are quite similar for initial the 5 runs
with a catalyst recovery of 90% per run (Fig. 3).2>**

7. Scale-up study

The performance of the above-prepared catalyst on a commer-
cial scale was checked using the oxidation of carveol (5-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Recyclability of PdAc-5 from 4-tertbenzylalcohol to 4-tert-benzaldehdye
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Fig. 3 Yields for catalyst recycling.

OH
PdAc-5
—_—
CH3CN:Water
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80°C, 8h

dl-Carveol

Fig. 4 Oxidation of carveol to carvone using PdAc-5.

isopropenyl-2-methyl-cyclohexanol) to carvone (5-isopropenyl-2-
methyl-cyclohexanone). As we know, there is a huge demand for
synthetic carvone in the commercial market. The oxidation of
carveol to carvone is currently performed using Oppenauer
oxidation employing an aluminium isopropoxide and 2-buta-
none system on an industrial scale. We performed oxidation
using PdAc-5 under pressurised conditions using an acetoni-
trile-water system with potassium carbonate as base (Fig. 4).
The isolated yield was 74.5% with 98.25% purity. This can be
further enhanced using process engineering and process
chemistry techniques.*

8. Reaction mechanism

Based on the observed results, we proposed a suitable mecha-
nism. The alcohol binds to the catalyst through oxidative
addition, where it undergoes deprotonation followed by beta
hydride elimination to yield the corresponding aldehyde/
ketone. Thereafter, the catalyst undergoes a reductive elimina-
tion followed by redox transfer where it is regenerated for the
next cycle (Scheme 2).%?

9. Conclusions

In summary, the organo-palladium catalytic system of PdAc-5
has transformed primary and secondary alcohols into valuable

RSC Adv, 2021, 11, 32942-32954 | 32951


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05855j

Open Access Article. Published on 06 October 2021. Downloaded on 12/5/2025 2:12:06 PM.

RSC Advances

N

g

Next Recycle g €

%

~ 1

H 50‘.
Reoxidation T r

0,+2CH;COOH

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

/ Pdo/)j'\

View Article Online

Paper

r:m
b 4

—~
1

Beta Hydride E limination

Step 1: Binding of Alcohol to the PdAc-5,

Step 2: Beta hvdride elimination from the Ligand -Alcohol com plex.
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Scheme 2 Plausible mechanism for the oxidation of alcohols using PdAc-5.

aldehydes and ketones of industrial importance under an
oxygen atmosphere with considerable yields. Despite our effort
to achieve better results, some of the substrates were not good
enough, and there is still much potential for the continued
development of these reactions. The obtained products are
quite appreciable in both yield and selectivity (70-85%). Con-
cerning environmental and economic issues, the introduction
of non-toxic, cheap, and at the same time efficient and universal
catalyst systems, able to operate under mild reaction conditions
in a highly selective manner and for a broad range of substrates,
remains a challenge for future research.
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