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Screening for nickel(Il) carboxylate complexes disclosed that nickel(Il)
stearate coupled with THBP could catalyze the transformation of ethyl phenylacetate
to ethyl benzoylformate as a major product and ethyl mandelate as a minor product. In
the case of iron(IIl) carboxylate complexes, iron(IIl) trichloroacetate coupled with
THBP could smoothly catalyze the transformation of ethyl phenylacetate to ethyl
benzoylformate in high vield. The optimum conditions for the oxidation of ethyl
phenylacetate including amount and type of catalyst, amount and type of oxidant,
solvent, reaction time and reaction temperature were conducted.

Utilizing the developed optimum conditions for the oxidation of ethyl
phenylacetate, other selected chemical models: ethyl mandelate, ethyl thiophene-2-
acetate, ethyl (4-chlorophenyljacetate, methyl (4-methoxyphenyl) acetate, ethyl (4-
methoxyphenyl)acetate, butyl (4-methoxyphenyl)acetate and ethyl p-toluylacetate

could be converted to corresponding a-keto esters in good to excellent yield.
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CHAPTER I

INTRODUCTION

1.1 Homogeneous catalysts in organic synthesis

The numerous catalysts known today can be classified according to various
criteria: structure, composition, area of application, or state of aggregation. Catalysts
could be classified according to the state of aggregation in which they act. There are
two large groups: heterogeneous catalyst (solid-state catalysts) and homogeneous
catalysts. There are also intermediate forms such as homogeneous catalyst attached to
solids (supported catalyst), also known as immobilized catalyst. The well-known
biocatalysts (enzymes) also belong to this class.

In the last three decades homogeneous catalysis has undergone major growth.
Many new processes with transition metal catalyst have been developed, and many
new products have become available [1]. Homogeneous transition metal catalyzed
reactions are now used in nearly all areas of chemical industry, as shown in Scheme
1.1.

Hydrogenation

Fine chemicals Oxidation

Metathesis Oligomerization

Homogeneous
catalysts

Hydrosilylation Polymerization

Isomerization Reactions with CO

Hydrocyanation

Scheme 1.1 Homogeneous transition metal reactions carried out industrially

The most important industrial application of homogeneous catalyst is the
oxidation of hydrocarbon with oxygen or peroxides. Mechanistically, a distinction is

made between:



- Homolytic processes: the transition metals react with formation of radicals,
and the oxidant or reduction steps are one-electron processes.

- Heterolytic processes: normal two-electron of coordination chemistry.

Catalytic processes generally consist of complicated series of reactions,
whereby the activation steps can place different demands on the catalyst. Previous
reports have classified the homogeneous catalysis of organic reactions on the basis of
HSAB concept [1]. If the first step of a reaction cycle is regarded as an acid-base
reaction between the catalyst and the organic substrate, then a distinction can be made
between “hard” and “soft” catalyst, providing a simple basis for understanding
transition metal catalyzed processes as exhibited in Scheme 1.2.

Homogeneous catalysis

4/\

Hard catalysis Soft catalysis

- With transition metal complexes in low
oxidation states, e.g. Co’, Rh*, Ni°, Fe®,

- With H* or transition ion in high Cu’, Ir*
oxidation states, e.g. Mo®", VO,
FeCls, TiCly, Zn** - Good electron exchange between metal

and substrate (covalent interaction)
- Acid-base catalysis: generation of

electrophilic and nucleophilic centers - Soft substrate (olefins, dienes, aromatics)
- Examples: Friedel-Crafts, oxidation - Soft ligands and reagents
processes, epoxidation, ester hydrolysis (Hz, CO, CN', PR3, SnCls” etc.)

- Examples: carbonylation, hydrogenation,
olefin oligomerization

Scheme 1.2 Hard and soft catalysis with transition metal compounds

Nowadays the broad spectrum of catalytic processes would be inconceivable
without homogeneous transition metal catalysts, importance of which can be expected
to grow in future. In the case of basic chemicals the chances for new catalytic
processes are small, but they are better for higher value chemicals such as fine and
specialty chemicals. Pharmaceuticals and agrochemicals are two areas where
homogeneous catalysts have advantages. Complex molecules can often be synthesized
in single-step one pot reactions with the aid of transition metals.



1.2 What are fine chemicals?

It has not been known universally accepted definitions of bulk, fine and
specialty chemicals, neither are these classifications based on any intrinsic properties.
A substance that is currently viewed as a bulk chemical might well have been
classified as a fine chemical as an earlier stage in its development. A useful working
definition of a fine chemical is one with a price of higher than 10 US dollars kg™ and
a volume lower than 10,000 tons per annum on a worldwide basis [2]. It makes no
distinction between fine chemicals, that are often intermediate, and specialty chemical
such as pharmaceuticals, pesticides, flavors and fragrance. The type of technology
used to manufacture these products is dictated more by volume than by product
application.

From chemical viewpoint, fine chemicals are generally complex, multi-
functional molecules and, consequently, are often of low volatility and limited
thermal stability. This means that processes are generally performed in the liquid
phase. Fine chemicals manufacture often involves multi-step syntheses and is
generally performed in multipurpose equipment. This contrast with the manufacture
of bulk chemicals usually involves continuous processing in dedicated plants. Hence,
the emphasis in fine chemicals manufacture is on the development of processes that

have broad scope and can be implemented in standard multipurpose equipment.

1.3 The importance of a-keto acids and a-keto esters

a-Keto acids and a-keto esters play an important role in food industry [3-5]
and medical science [6,7]. Aryl a-keto esters have also been shown to be anti-sunburn
compounds [8]. Interestingly, methyl and butyl (4-methoxybenzoyl)formates have
recently been isolated from the hydrophilic extract of the ascidian Polycarpa aurata
[9]. In addition, a-keto acids and a-keto esters have been described as some important
key intermediates in synthesis of variety of heterocyclic compounds, such as
acylhydroquinones [10], aziridine carboxylates [11], dihydropyrimidinones [12] and
furan derivatives [13,14], in the synthesis of biologically active compounds [15-18],
pharmaceutically active compounds [19], amino acids [20-22] and reduction to
a-hydroxy acids/esters [23-28]. Due to the importance of these a-keto acids and
a-keto esters, over the past decades, various methods have been reported for the

synthesis of these compounds.



1.4 Methods for the syntheses of a-keto acids and a-keto esters

a-Keto acids and a-keto esters could be synthesized by many approaches such
as Grignard reaction, hydrolysis, rearrangement, dehydration and oxidation reactions.
Sometime these reactions could take place with many steps in well-known total
synthesis.

1.4.1 By rearrangement reactions

The application of rearrangement reaction for transformation of ethyl
B-phenylglycidate to ethyl phenylpyruvate was addressed by House and co-workers
[29]. B-Phenylglycidate was performed in benzene in the presence of boron trifluoride
gas as an acid-catalyzed reaction to yield ethyl phenylpyruvate, ethyl benzoylacetate

and ethyl a-formylphenylacetate.

H O H BF; (9), benzene N Q 9 CHO oF
t
PhWOEt OEt * OEt *
o 6) o)

Thasana and co-workers addressed the conversion of benzaldehyde derivatives

to the corresponding aryl a-keto ester derivatives [30]. The benzaldehyde derivatives
were treated with NaCN and ethyl chloroformate in the presence of
benzyltrimethylammonium chloride (BTAC) to furnish the corresponding aryl
cyanohydrin carbonate ester derivatives. The rearrangement of aryl cyanohydrin
carbonate ester derivatives with LDA in THF afforded the corresponding aryl a-keto

ester derivatives.

0 OCO,Et 0
NaCN, BTAC, H,0 OEt
Nl e NNt LDA N
T CICOOEH, rt L ~ o)

1.4.2 By hydrolysis reactions

Anotol and Medete reported the conversion of cyanohydrins to a-keto acids
utilizing hydrolysis reaction [31]. The cyanohydrins were dissolved in t-butanol in the
presence of H,SO, as an acid catalyst. The mixture was stirred at 50°C to afford the
corresponding a-hydroxyamides. o-Hydroxyamides were oxidized by CrOj3 in the
presence of acetic acid to give a-keto amides. Then, a-keto amides were transformed

to a-keto acids by hydrolysis reaction with aq HCI.



)O\H H,S0, o H CrO, j\[(H « HCIH0 j\[(OH
R °CN  t-BuOH R)\fof 7\ CH5COOH R o 7\ - R 0
Photis published the hydrolysis of acylcyanide conversion to aryl a-keto esters
[32]. The reaction was performed in a slurry 85% H,SO, and NaBr. The acyl cyanide
was added at room temperature afforded aryl o-keto amides. The mixture was heated
at 70°C and then refluxed with methanol to give the corresponding aryl a-keto acid

methy| esters.

o) 0
1) 85% H,S0,, 20-40°C, NaBr NH
CN 2
2) H,0 o
o) 0

1) 85% H,S0,, 20-40°C, NaBr OMe
CN
2) CH,OH 0

1.4.3 By Grignard reactions

Nimitz and Mosher applied the Grignard reaction for the synthesis of a-keto
ester [33]. The reactions were performed by coupling ethyl or t-butyl a-oxo-1H-
imidazole-acetate (1 equiv) and Grignard reagents (RMgX, 1 equiv) to yield the

corresponding o-keto ester.

0 r/N 1) THF, -50°C, o)
)Hf WA RMgX 1470y 1 )H( R
RO 2) warmto rt over 3 h RO
O 0]

Remarkably, in the case of aromatic Grignard reagents, good yield of the
desired products were gained while alkyl Grignard reagents gave low yield.

Babudri and co-workers reported the application of Grignard reactions for
transformation of methyl oxalyl chloride to methyl o-keto ester [34]. The cross-
coupling reactions of methyl oxalyl chloride with organocopper reagents derived from
RMgBr, CuBr and LiBr (1.2, 1.2 and 2.4 equiv, respectively) afforded the

corresponding methyl a-keto ester.
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OMe RMgBr, CuBr, LiBr OMe
Cl o R
THF, -78°C
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MaGee and co-workers published the transformation of oxalylchloride to the
corresponding a-keto ester via Grignard reactions [35]. The oxalylchloride was
treated with chiral alcohols in the presence of pyridine and DMAP to afford the
corresponding oxalyldiesters. After that, Grignard reagent (t-butyl magnesium

chloride, 1.5 equiv) was added to furnish the corresponding a-keto esters.

Cl)k(u
\/
© CH,Cl,, piridine RMgClI Q OR
+
DMAP, rt THF, -40°C H OJ\W
> S > PN 0
e

1.4.4 By dehydration reactions

Yu and Schwartz reported the transformation of 2,3-dihydroxycarboxylic
acids to a-keto acids via dehydration reaction [36]. These carboxylic acids were
performed in acetonitrile in the presence of WOCI, as a catalyst afforded the

corresponding a-keto acids.

HO 0
COOH WOCl, Ri =0 H,O R, OH
R“'\ :H CH4C W
3CN R, O R, O
H

Under these ' conditions, the  o-keto esters could be prepared from

2,3-dihydroxycarboxylate esters.

0.5 equiv. WOCI
- Cl_(l)OEt equiv 4 Rl\HJ\H/OEt
'\ : CH4CN, RT.




1.4.5 By oxidation reactions

Wasserman and Ives reported the reaction of methyl phenylacetate derivatives
with methoxybis(dimethylamino)methane to give the corresponding enamino esters
[37]. Subsequently, photooxygenation of enamino in the presence of
bisacenaphthalene-thiophene (BANT) as a sensitizer afforded the corresponding
a-keto esters in high yield.

_NMe,
MeOCH 0 0
0 SNM 0,, hv, BANT
P PR OFt 2" R\[HJ\
R
OEt i e OEt
e CH 78°C, CH,Cl, 0
2

Inoue and co-workers reported the application of chromium salts as a catalyst
for the oxidation of methyl methacrylate using aq H,O, [38]. It was found that the
oxidation with catalytic amount of chromium salts yielded methyl pyruvated as a
major product accompanied with formic acid and carbon dioxide. Chromium salts
also catalyzed the oxidation and activity decrease in the order of Cr(OAc)s;>
Cr(NO3)s> CrPO4> CrClz~ Cr(SQy)s.

0
/U\WOMe H,0, )J\WOMe . HCOOH or CO,

O] (@)

Tatlock reported the oxidation of alkynyl ether with potassium permanganate
[39]. The reactions were carried out in buffer solution to give the corresponding

a-keto esters in high yields.

The total synthesis of a-keto esters were published by Hon and Lin [40]. The
transformation of terminal alkene to a-keto esters could be accomplished by four
steps. Firstly, the ozonolysis of alkenes with ozone in CH,CI, followed by the
addition of a preheat mixture of CH,Br, and diethylamine to afford the corresponding
acroleins. Secondly, the acroleins were treated with NaClO, (2.3 equiv),
NaH,PO,4-2H,0 (2 equiv) and CH3CH=C(CHj3), (3 equiv) to give acrylic acids. Then,



the acrylic acids were converted to methyl acrylate by addition of diazomethane (1
equiv). Finally, the ozonolysis of methyl acrylate with ozone in CH,Cl, followed by

reduction with PPh3 (1 equiv) afforded the corresponding methyl a-keto esters.

O o
J 1. Oy, CH,Cl,, -78°C . NaClO,, NaH,PO,2H,0 Rﬂ)l\
R H OH
. Preheat tz an p1=1p) t-Bu , 3 = 3)2
2. Preheat Et,NH and CH,B BUOH, CHCH=C(CHs)
CH,N, ‘
0 )
R 1 03, CH2C|2, '780C R
OMe OMe
b 2. PPh,

Matsunaka and co-workers reported the transformation of ethyl phenylacetate
to ethyl benzoylformate [41]. The ethyl phenylacetate was treated with oxygen (1
atm) in the presence of 10 mol% of N-hydroxyphthalimide (NHPI) as a catalyst and
tetra-n-butylamoniumbromide (TBAB) as an additive to yield ethyl benzoylformate in
good yield.
0

2
0
@] (1 atm) 80°C,24h )

Nikalje and co-workers published the oxidation of aryl nitroaldol catalyzed by

CuS04-5H,0 to afford the corresponding aryl a-keto acids [42]. For aryl nitroaldol
products bearing electron-withdrawing groups such as NO, and CN, the rate of

reaction was slower than for substrates bearing electron-donating groups.

OH 0 0
_ NO, Cu(ll)-salt, air Z OH & % H
I . . R1— R
R | 30%aq.Ac(§))l(;|o.g/IeOH (L:1), \ J \ JE

The application of N-hydroxyphthalimide (NHPI)/Co(OAc),-4H,0 as the
catalytic systems for the oxidation of arylacetic esters was addressed by Wentzel and
co-workers [43]. The oxidation of arylacetic esters were carried out in the presence of
10 mol% NHPI, 0.5 mol% Co(OAc),-4H,0 and O,-filled balloon.



R R O
OMe  10% NHPI, 0.5% Co'(OAc),4H,0 OMe
0 O,-filled balloon, 40°C 0
R R

Remarkably, the conversion and selectivity towards glyoxylate exceed

depending on kind and position of substituents on aromatic ring.

Wong and co-workers published the oxidative cleavage of cyanoketo-
phosphoranes by using dimethyldioxirane [44]. The cyanoketophosphoranes were
prepared by coupling of the corresponding carboxylic acids and (cyanomethylene)
phosphorane in the presence of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDCI) and 4-dimethylaminopyridine (DMAP). After that, the
corresponding cyanoketophosphoranes were reacted with dimethyldioxirane and

nucleophile performed the corresponding a-keto esters.

0-0
0 0
0
g rCN EDCI, DMAP CN S NU
R SoH I R R
PPhs CH,Cl,, rt PPh NuH, solvent o
8

Li and Wu reported a two-step (bromination and permanganate oxidation)
reaction which converted terminal alkynes to o-keto esters [45]. If the terminal
alkynes contained the hydroxyl groups, the protection by reaction with tert-
butyldimethylsilyl chloride (TBSCI) in the presence of amidazole was needed. After
that, it was converted to the corresponding bromoalkynes by reaction with
N-bromosuccinimide (NBS) (1.5 equiv) and AgNO; (0.4 equiv) in acetone. Then the
bromoalkynes were treated with KMnQ, (2 equiv), NaHCO;3 (0.5 equiv) and MgSO,

(2 equiv) in mixture of methanol and H,O (1:1) to afford methyl a-keto esters.

O
NBS, AgNO KMnO,4, NaHCO OMe
7 Ne = Chac R/ G 2 3
— Acetone — MgSO,, MeOH-H,0 (1:1) o)

The application of metal Schiff-base (copper salen) complex in the oxidation

of ethyl phenylacetate was published by Velusamy and Punniyamurthy [46]. Ethyl
phenylacetate was treated with 30% H,O, (10 equiv) in the presence of copper salen

(0.1 mol%) to yield ethyl benzoylformate in high yield.
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NH NH
O/Cu \O 0]
OEt OEt
m 30% H,0,,CH5CN, 80°C o)

Lee and co-workers reported the application of [hydroxy(tosyloxy)iodo]

benzene (HTIB, Koser’s reagent) under solvent-free microwave irradiation (MWI1) for
oxidation of benzylic alcohols [47]. Methyl mandelate was treated with HTIB (1.2
equiv) under solvent-free MWI using a house hold microwave oven (700 W) for 40-
1600 second to provide the methyl benzoylformate in high yield.

OH O

OEt = HTIB, MWI OFEt
0 0

Ma and co-workers reported the transformation of methyl phenylacetate

derivatives to the corresponding methyl benzoylformate in two steps [48]. First, ethyl
phenylacetate derivatives were treated with p-acetamidobenzene-sulfonyl in the
presence of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU). After that, a mixture of
oxone®, NaHCOs3, benzene, H,O and acetone was added to the reaction mixture, to

yield the corresponding methyl benzoylformate derivatives.

N, o)
@05 DBU, CH,CN, 1t OEt  PhH, H,0, NaHCO, OEt
O  AcNH OSOst o Acetone, Oxone o

From the literature reviews, various methods could be successfully developed

for the preparation of a-keto acids and a-keto esters. A few reports involving the
preparative procedure of these compounds employing first row transition metal
carboxylate complexes as catalyst have however been addressed. Nonetheless, the
utilization of soluble metal carboxylate complexes as catalyst for the oxidation of
organic substrate coupled with TBHP has not been addressed much in chemical
literatures. Due to its inexpensiveness and ease of preparation, this research is

therefore focused on the development of first row transition metal carboxylate



11

complexes for oxidation reaction to furnish a-keto acids and a-keto esters using ethyl
phenylacetate as a chemical model.

1.5 The goal of this research
The destination of this research can be summarized as follows:
1. To synthesize and characterize transition metal carboxylate complexes.
2. To systematically study on the optimization conditions for the oxidation of
ethyl phenylacetate by transition metal carboxylate complexes under mild
reaction conditions.
3. To utilize the optimized conditions to oxidize a variety of substituted

ethyl phenylacetates.



CHAPTER Il

EXPERIMENTAL

2.1 Instruments and equipments

Spectrometers: Fouirer transform-infrared spectra (FT-IR) were performed on
Nicolet Impact 410 FT-IR spectrometer. Solid samples were incorporated to
potassium bromide (KBr) to form pellet. As a liquid sample, a drop of the liquid was
squeezed between flat plates of sodium chloride cells. The *H-NMR spectra was
obtained in deuterated chloroform (CDCIls) or otherwise stated, with Fourier
transform nuclear magnetic resonance spectrometer of Varian model Mercury+400
spectrometer.

Chromatography: Thin layer chromatography (TLC) was carried out on
aluminium sheets precoated with silica gel (Merck’s, Kieselgel 60 PF2s4). Column
chromatography was performed on silica gel (Merck’s, Kieselgel 60G Art 7734 (70-
230 mesh)) and aluminium oxide 90 (70-230 mesh ASTM). Gas chromatography
analysis was carried out on Shimadzu gas chromatograph GC-14A instrument
equipped with flame ionization detector (FID) using nitrogen as a carrier gas, the
column used for chromatography was a capillary column type HP-5 (30m x 250mm)
from Hewlett Packard company.

Melting points (m.p.) was measured on a Fisher-Johns melting point apparatus

and are uncorrected.

2.2 Chemicals

All ‘solvents used in-this research were -purified prior to use by standard
methodology except for those which were reagent grades. The reagents utilized for
synthesizing metal carboxylate complexes and all organic substrates were purchased
from Fluka chemical company or otherwise stated were used without further

purification.
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2.3 Synthesis of metal carboxylate complexes
2.3.1 General procedure for synthesis of metal trichloroacetate complexes
[49]

An excess of trichloroacetic acid (13 g, 79 mmol) was added to anhydrous
metal chloride (6.15 mmol) in a round-bottomed flask under nitrogen atmosphere and
the resulting mixture was stirred magnetically and refluxed for 48 h. The products
were washed with n-hexane and filtered.

Fe(l1) trichloroacetate'1.5H,0: brown solid, 85% yield, m.p. 193-195°C, IR
(KBr): 1661 (s), 1392 (s) and 851 (m) cm™.

Cr(I) trichloroacetate. green solid, 90%, m.p. >300°C, IR (KBr) : 1680 (s),
1408 (s) and 859 (m) cm™.

Ni(ll) trichloroacetate: yellow solid, 80%, m.p. >300°C, IR (KBr) : 1630 (s),
1404 (w) and 680 (m) ecm™.

Mn(I1) trichloroacetate: light pink solid, 81%, m.p. >300°C, IR (KBr) : 1622
(s), 1400 (w) and 610 (m) cm™.

Cu(ll) trichloroacetate: light blue solid, 84%, m.p. >300°C, IR (KBr) : 1626
(s), 1400 (w) and 598 (w) cm™.

2.3.2 Iron(111) trifluoroacetate complex [50]

This complex was prepared employing the similar method to that described for
metal trichloroacetate complexes by using trifluoroacetic acid (5 mL, 44 mmol) and
anhydrous iron(111) chloride (1 g, 6.15 mmol). The resulting red cake was collected
and dried at 70°C for 3 h. Iron (I11) trifluoroacetate was gained as red powder 2.39 g,
92% yield, m.p. 111-114°C (lit>® 110°C).

IR (KBr): 1689 (s), 1211 (s), 1157 (s) and 725 (m) cm™.

2.3.3 lron(H1) carboxylate complexes [51]

Selected carboxylic acid 22 mmol was dissolved in dilute sodium hydroxide
solution (0.88 g NaOH in 20 mL distilled water) at 80°C. After stirring the solution to
homogeneity, iron (I11) trichloride (1.18 g, 7.3 mmol) dissolved in 10 mL distilled
water was added in one portion causing the precipitation which was then collected
and dried in vacuo.

Fe(ll1) pivalate: red brown solid, 89% yield, m.p. >300°C, IR (KBr): 2864-
2969 (W), 1525 (s), 1420 (m) and 1373 (w) cm™.
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Fe(l11) butyrate: red brown solid, 87% vyield, m.p. >300°C, IR (KBr): 2961
(w), 1536 (s), 1424 (s) and 700 (m) cm™.

Fe(l1) benzoate: red brown solid, 80% yield, m.p. 247-250°C, IR (KBr): 1595
(w), 1527 (s), 1412 (s) and 715 (m) cm™.

Fe(l1l) 4-chlorobenzoate: red brown solid, 96% yield, m.p. 192-195°C, IR
(KBr): 1688 (s), 1595 (s), 1416 (s) and 770 (m) cm™.

Fe(l11) 4-nitrobenzoate: light brown solid, 87% yield, m.p. >300°C, IR(KBr):
1692 (m), 1579 (s), 1544 (s), 1416 (s), 1342 (s) and 731 (s) cm™.

Fe(lll) 2,4-dinitrobenzoate: light brown solid, 83% vyield, m.p. >300°C,
IR(KBr): 1603 (s), 1536 (s), 1416 (s), 1345 (s), 856 (W) and 742 (w) cm™.

2.3.4 Synthesis of other metal carboxylate complexes

The preparation of various metal carboxylates could be accomplished by
employing the general procedure for syntheses of iron carboxylate complexes.

VO(IV) stearate: army dark green solid, 95% yield, m.p. 90-95°C, IR (KBr):
2845-2920 (s), 1591 (m), 1465 (m) and 719 (w) cm™.

Cr(I1l) stearate: blue grey solid, 78% yield, m.p. 109-114°C, IR (KBr): 2844-
2918 (s), 1536 (m), 1462 (m) and 723 (w) cm™.

Mn(1l) stearate: white solid, 79% yield, m.p. 120-124°C, IR (KBr): 2846-2916
(s), 1563 (s), 1427 (m) and 718 (w) cm™.

Fe(l11) stearate: light red solid, 85% yield, m.p. 108-114°C, IR (KBr): 2846-
2916 (s), 1578 (m), 1464 (m) and 718 (w) cm™.

Co(ll) stearate: violet solid, 77% yield, m.p. 223-226°C, IR (KBr): 2846-2916
(s), 1596 (m), 1467 (m) and 721 (w) cm™.

Ni(Il) stearate: light green solid, 89% yield, m.p. >300°C, IR (KBr): 2844-
2918 (s), 1564 (s), 1424 (s) and 719 (w) cm™.

Cu(Il) stearate: sky-blue solid, 75% yield, m.p. 145-148°C, IR (KBr): 2846-
2912 (s), 1557 (s), 1467 (m) and 718 (w) cm™.

Ni(Il) caproate: light green solid, 72% yield, m.p. >300°C, IR (KBr): 2856-
2957 (m), 1564 (s), 1424 (s) and 637 (m) cm™.

Ni(ll) caprate: light green solid, 75% yield, m.p. >300°C, IR (KBr): 2848-
2922 (s), 1556 (s), 1420 (m) and 626 (m) cm™.

Ni(ll) myristate: light green solid, 94% vyield, m.p. >300°C, IR (KBr): 2848-
2922 (s), 1587 (s), 1416 (s) and 723 (w) cm™.
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Ni(ll) behenate: light green solid, 80% yield, m.p. 112-116°C, IR (KBr):
2844-2914 (s), 1564 (m), 1408 (m) and 715 (w) cm™.

Ni(ll) p-toluate: green solid, 75% yield, m.p. >300°C, IR (KBr): 2856-2957
(w), 1610 (s), 1564 (s), 1392 (s) and 828 (s) cm™.

Ni(Il) 2-naphthoate: green solid, 69% yield, m.p. >300°C, IR (KBr): 1599 (s),
1564 (s), 1400 (s), 824 (m) and 789 (m) cm™.

Ni(1l) 4-chlorobenzoate: green solid, 90% yield, m.p. >300°C, IR (KBr): 1595
(s), 1548 (m), 1396 (s), 825 (m) and 774 (m) cm™.

Ni(ll) picolinate: light blue solid, 79% yield, m.p. >300°C, IR (KBr): 1626 (s),
1591 (s), 1568 (s), 1387 (s) and 766 (m) cm™.

Ni(Il) isonicotinate: green solid, 85% yield, m.p. >300°C, IR (KBr): 1595 (s),
1548 (s), 1381 (s), 828 (m) and 776 (m) cm™.

Ni(Il) nicotinate: green solid, 80% vyield, m.p. >300°C, IR (KBr): 1610 (s),
1568 (s), 1392 (s) and 758 (m) cm™.

2.4 Synthesis of starting esters

H,SO, (3% by volume of alcohol) was added dropwise to catalyze the
esterification between phenylacetic acid derivatives (1 equiv) and ethanol (3 equiv)
[52]. The reaction mixture was refluxed until complete consumption of phenylacetic
acid derivatives (TLC monitored). The reaction mixture was then cooled and ethanol
was removed under reduced pressure. The concentrated mixture was added Et,O and
the extract was washed with saturated NaHCOg, dried over anhydrous Na;SO,,
filtered and the solvent was removed under reduced pressure.

Ethyl phenylacetate: colorless oil, 95% yield, *H-NMR (CDCls) & (ppm): 1.29
(t, J = 7.1 Hz, 3H), 3.66 (s, 2H), 4.19 (q, J = 7.1 Hz, 2H) and 7.31-7.37 (m, 5H), IR
(NaCl): 2902-3062 (s), 1731 (s), 1603 (w), 1252 (s).and 704 (s) cm™.

Ethyl (4-chlorophenyl)acetate: light yellow ail, 90% yield, 'H-NMR (CDCls)
& (ppm): 1.25 (t, J = 7.1 Hz, 3H), 3.57 (s, 2H), 4.14 (q, J = 7.1 Hz, 2H), 7.21 (d, J =
8.4 Hz, 2H) and 7.29 (d, J = 8.4 Hz, 2H), IR (NaCl): 2982 (m), 1736 (s), 1595 (w),
1250 (m) and 810 (m) cm™.

Ethyl (4-methoxyphenyl)acetate: light yellow oil, 87% vyield, *H-NMR
(CDCl3) & (ppm): 1.24 (t, J = 7.2 Hz, 3H), 3.54 (s, 2H), 3.79 (s, 3H), 4.14 (9, J = 7.2
Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H) and 7.20 (d, J = 8.6 Hz, 2H), IR (NaCl): 2908-2985
(m), 1736 (s), 1612 (m), 1250 (s), 1034 (s) and 825 (m) cm™.
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Ethyl p-toluylacetate: light yellow oil, 93% yield, *H-NMR (CDCls) & (ppm):
1.25 (t, J = 7.2 Hz, 3H), 2.33 (s, 3H), 3.57 (s, 2H), 4.10 (q, J = 7.1 Hz, 2H) and 7.12-
7.19 (m, 4H), IR (NaCl): 2979 (m), 1735 (s), 1517 (m), 1494 (s) and 1254 (m) cm™.

Ethyl thiophene-2-acetate: dark brown oil, 83% yield, *H-NMR (CDCls) &
(ppm): 1.28 (t, J = 7.2 Hz, 3H), 3.83 (s, 2H), 4.19 (q, J = 7.2 Hz, 2H) and 6.95-7.22
(m, 3H), IR (NaCl): 2976 (w), 1738 (s), 1439 (w), 1232 (m) and 696 (m) cm™.

Methyl (4-methoxyphenyl)acetate: light yellow oil, 95% yield, *H-NMR
(CDCl3) 6 (ppm): 3.57 (s, 2H), 3.68 (s, 3H), 3.79 (s, 3H), 6.86 (d, J = 8.7 Hz, 2H) and
7.20 (d, J = 8.6 Hz, 2H), IR (NaCl): 2955 (m), 1738 (s), 1611 (m), 1516 (s), 1248 (s)
and 819 (m) cm™.

n-Butyl (4-methoxyphenyl)acetate: light brown oil, 90% vyield, *H-NMR
(CDCl3) & (ppm): 0.91 (t, J = 7.3 Hz, 3H), 1.35 (sex, J = 7.3, 7.6 Hz, 2H), 1.60 (quin,
J=16.9, 7.7 Hz, 2H), 3.55 (s, 2H), 3.79 (s, 3H), 4.08 (t, J = 6.7 Hz, 2H), 6.86 (d, J =
8.6 Hz, 2H) and 7.20 (d, J = 8.5 Hz, 2H), IR (NaCl): 2958 (m), 1735 (s), 1614 (m),
1513 (s), 1248 (s) and 823 (m) cm™.

2.5 General procedure for the oxidation of ethyl phenylacetate

A solution of substrate (5 mmol) in solvent (5 mL) containing catalyst (0.2
mmol) in a round bottom flask and 70% TBHP (9 mmol) was added. The mixture was
stirred at 70°C for 24 h. After the reaction was completed, 1 mL of the reaction
mixture was taken and extracted with Et,O. The combined extracts were washed with
25% H,SO, and saturated solution of NaHCO3, respectively. The organic layer was
dried over anhydrous Na,SO, and analyzed by GC with the addition of an exact
amount of appropriate internal standard.

In addition, the study on the optimum conditions for oxidation of ethyl
phenylacetate was divided into two parts: utilization of nickel(Il) carboxylate
complexes and utilization of iron(Il1) carboxylate complexes. Solvent and catalyst
used in both parts are different. For the first part, isooctane and nickel(ll) stearate
were used as solvent and catalyst, respectively, while in the second part, the
utilization of iron(111) carboxylate complexes, the reaction was carried out in pyridine
in the presence of iron(l11) trichloroacetate as a catalyst.
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2.6 Study on the optimum conditions for oxidation of ethyl phenylacetate
Part | Utilization of nickel(I11) carboxylate complexes

2.6.1 Effect of metal stearate complexes

The oxidation reaction was carried out in the same manner as previously
described employing various metal stearates: VO(IV), Cr(111), Mn(ll), Fe(l11), Co(ll),
Ni(Il) and Cu(ll) stearate complexes as a catalyst.

2.6.2 Effect of nickel(Il) carboxylate complexes

The oxidation reaction was carried out in the same manner aforementioned,
switching from nickel(ll) stearate to nickel(ll) caproate, nickel(Il) caprate, nickel(ll)
myrictate, nickel(Il) behenate, nickel(Il) 4-chlorobenzoate, nickel(ll) p-toluate,
nickel(Il) pivalate, nickel(ll) isonicotinate and nickel(ll) nicotinate.

2.6.3 Effect of solvents

The oxidation reaction was carried out in the same manner as described above
except for tetrahydrofuran (THF), pyridine, acetonitrile, DMF, TMEDA and TEA
were used as a reaction medium

2.6.4 Effect of amount of oxidant

The oxidation reaction was carried out in the same manner as the former using
TBHP as an oxidant. The amount of TBHP was also studied by variation for oxidation
reaction: 0.0, 4.5, 9.0, 13.5, 18.0, 22.5 and 27.0 mmol.

2.6.5 Effect of amount of catalyst

The oxidation reaction was carried out as described in the general procedure,
but the amount of the catalyst was varied: 0, 0.05, 0.10, 0.20, 0.30 and 0.40 mmol.

2.6.6 Effect of temperature

The oxidation reaction was performed according to the general procedure
mentioned earlier using nickel(ll) stearate as a catalyst, but different reaction
temperature was varied: 30, 50, 70 and 90°C.

2.6.7 Kinetic study on the oxidation of ethyl phenylacetate catalyzed by

nickel(l1) stearate

The general procedure for the oxidation of ethyl phenylacetate using nickel(l1)
stearate as a catalyst was carried out at 70°C. At different reaction time proceeded: 1,
3, 6,9, 18, 24, 36, 48 and 72 h, an aliquot from the reaction mixture was taken,

worked up and analyzed by GC.
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Part 11 Utilization of iron carboxylate complexes

2.6.8 Effect of metal trichloroacetate complexes

The oxidation reaction was carried out in the same manner as previously
described employing various metal trichloroacetate: Cr(I11), Mn(ll), Fe(l11), Ni(Il) and
Cu(Il) trichloroacetates as a catalyst.

2.6.9 Effect of iron(111) carboxylate complexes

The oxidation reaction was carried out in the same manner aforementioned,
switching from iron(l11) trichloroacetate to iron(l11) trifluoroacetate, iron(l11) pivalate,
iron(111) benzoate, iron(l11) 4-nitrobenzoate, iron(l11) 2,4-dinitrobenzoate and iron(l11)
butyrate.

2.6.10 Effect of the amount of catalyst

The oxidation reaction was carried out as described in the general procedure,
but the amount of the catalyst was varied: 0, 0.05, 0.10, 0.15, 0.20, 0.30 and 0.40
mmol.

2.6.11 Effect of solvents

The oxidation reaction was carried out in the same manner as described above
except for THF, CH,Cl,, CHCI;, 1,4-dioxane, EtOH, DMF, TMEDA and acetonitrile
was used as a reaction medium.

2.6.12 Effect of the amount of substrate

The oxidation reaction was carried out in the same manner as the former using
iron(111) trichloroacetate as a catalyst with different amount of ethyl phenylacetate: 1,
3,5, 10, 15 and 25 mmol

2.6.13 Effect of type and amount of oxidants

The oxidation reaction was carried out in'the same manner as aforementioned,
switching form TBHP to hydrogen peroxide (H.05), 2-ethylbutylraldehyde/O,, urea
hydrogenperoxide and m-chloroperbenzoic acid (m-CPBA). The amount of TBHP
was also studied by variation for oxidation reactions: 0.0, 4.5, 9.0, 13.5, 18.0, 22.5
and 27.0 mmol.

2.6.14 Effect of temperature

The oxidation reaction was performed according to the general procedure
mentioned earlier using iron(l1l) trichloroacetate as a catalyst, but different reaction

temperature was varied: 30, 50, 70 and 90°C.
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2.6.15 Kinetic study on the oxidation of ethyl phenylacetate catalyzed by
iron (111) trichloroacetate
The general procedure for the oxidation of ethyl phenylacetate using iron(l11)
trichloroacetate as a catalyst was carried out at 70°C. At different reaction time
proceeded: 1, 3, 6, 9, 18, 24, 36, 48 and 72 h, an aliquot from the reaction mixture was

taken, worked up and analyzed by GC.

2.7 Study on the oxidation of ethyl phenylacetate catalyzed by bicatalyst and
tricatalyst of metal trichloroacetate complexes

2.7.1 Effect of bicatalyst

The oxidation reaction of ethyl phenylacetate catalyzed by bicatalyst was
conducted. These reactions were carried out at 70°C, with different ratios of catalyst
iron (111) trichloroacetate and other metal trichloroacetates: 1:1, 2:1, 3:1 and 4:1.

2.7.2 Effect of tricatalyst

Metal trichloroacetates were used in the oxidation reaction with the ratio of
iron (1) trichloroacetate, chromium (I11) trichloroacetate and manganese (II)
trichloroacetate: 1:1:1, 2:1:1, 1:2:1, 1:1:2, 3:1:1, 1:3:1 and 1:1:3.

2.8 Synthesis of various a-keto esters

Selected ethyl aryl acetate derivatives, namely, ethyl mandelate, ethyl
p-toluylacetate, ethyl thiophene-2-acetate, ethyl (4-chlorophenyl)acetate, methyl
(4-methoxyphenyl)acetate, ethyl (4-methoxyphenyl)acetate and butyl (4-methoxy-
phenyl)acetate were oxidized according to the general procedure as previously
described. The aliquot (1 mL) of the reaction mixture was taken; worked up with 25%
H,S0,, saturated NaHCO; and dried over anhydrous Na;SOj, analyzed by GC or *H-
NMR spectroscopy.

General isolation procedure

After the reaction was finished, the oxidation product was separated as
follows: the whole reaction mixture was extracted according to the general procedure
and all the solvents were removed. The crude product was purified by silica gel
column chromatography using a mixture of hexane-EtOAc as a mobile phase. The
equivalent fractions monitored by TLC were combined and the solvent was

completely evaporated. The residue was characterized by *H-NMR spectroscopy.
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Ethyl mandelate: colorless oil, 11% yield, R; 0.44 (hexane-EtOAc (7:1)), *H-
NMR (CDCls) & (ppm): 1.23 (t, J = 7.1 Hz, 3H), 4.15-4.29 (m, 2H), 5.15 (s, 1H) and
7.26-7.43 (m, 5H).

Ethyl benzoylformate: light yellow oil, 51% vyield, R¢ 0.25 (hexane-EtOAc
(7:1)), *H-NMR (CDCl3) & (ppm): 1.45 (t, J = 7.3 Hz, 3H), 4.48 (g, J = 7.2, 2H) and
7.52-8.05 (m, 5H).

Ethyl (4-chlorobenzoyl)formate: light yellow oil, 38% yield, R¢ 0.27 (hexane-
EtOAc (7:1)), *H-NMR (CDCl3) & (ppm): 1.42 (t, J = 7.1 Hz, 3H), 4.45 (q, J = 7.1 Hz,
2H), 7.49 (d, J = 8.8 Hz, 2H) and 7.99 (d, J = 8.7 Hz, 2H).

Methyl (4-methoxybenzoyl)formate: light yellow oil, 50% vyield, Rf 0.21
(hexane-EtOAc (7:1)), *H-NMR (CDCls) & (ppm): 3.90 (s, 3H), 3.96 (s, 3H), 6.97 (d,
J=9.0Hz, 2H) and 8.01 (d, J = 9.0 Hz, 2H).

Ethyl (4-methoxybenzoyl)formate: light yellow oil, 72% vyield, R¢ 0.27
(hexane-EtOAc (7:1)), *H-NMR (CDCls) & (ppm): 1.39 (t, J = 7.3 Hz, 3H), 3.85 (s,
3H), 4.41 (q, J = 7.4 Hz, 2H), 6.95 (d, J = 9.3 Hz, 2H) and 7.96 (d, J = 9.2 Hz, 2H).

n-Butyl (4-methoxybenzoylformate: light yellow oil, 59% vyield, R 0.33
(hexane-EtOAc (7:1)), *H-NMR (CDCls) & (ppm): 0.96 (t, J = 7.4 Hz, 3H), 1.45 (sex,
J=17.4,7.6Hz, 2H), 1.76 (quin, J = 6.9, 7.7 Hz, 2H), 3.90 (s, 3H), 4.38 (t, J = 6.7 Hz,
2H), 6.98 (d, J = 8.9 Hz, 2H) and 7.99 (d, J = 8.8 Hz, 2H).

Ethyl p-toluyl-2-oxoacetate: light yellow oil, 42% vyield, R¢ 0.43 (hexane-
EtOAC (7:1)), 'H-NMR (CDCls) & (ppm): 1.42 (t, 3 = 7.1 Hz, 3H), 2.44 (s, 3H), 4.44
(9,J=7.2Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H) and 7.91 (d, J = 8.2 Hz, 2H).

Ethyl thiophene-2-oxoacetate: dark red brown oil, 32% vyield, R 0.34 (hexane-
EtOAc (7:1)), *H-NMR (CDCls) 6 (ppm): 1.43 (t, J = 7.2 Hz, 3H), 4.44 (q, J = 7.2 Hz,
2H), 7.20 (dd, J = 4.0, 4.9 Hz, 1H), 7.82 (dd, J =1.1, 4.9 Hz, 1H) and 8.14 (dd, J =
1.1, 3.9 Hz, 1H).

Acetophenone:. colorless liquid,. quantitative yield, R; 0.40 (hexane-EtOAc
(7:1)), *H-NMR (CDCls) & (ppm): 2.61 (s, 3H), 7.47 (t, J = 7.8 Hz, 1H), 7.57 (t, J =
7.4 Hz, 2H) and 7.96 (d, J = 8.0 Hz, 2H).

Benzil: yellow crystal, quatitative yield, m.p. 95-98°C, R 0.44 (hexane-EtOAc
(7:1)), *H-NMR (CDCls) & (ppm): 7.52 (t, J = 7.5 Hz, 2H), 7.66 (t, J = 7.5 Hz, 4H)
and 7.98 (d, J = 7.3 Hz, 4H).
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Acenaphthenequinone: light brown solid, 50% vyield, m.p. 255-260°C, Rf =
0.38 (hexane-EtOAc (7:1)), *H-NMR (CDCls) & (ppm): 7.84 (t, J = 7.7 Hz, 2H), 8.33
(d, J=8.1Hz, 2H) and 8.64 (d, J = 7.3 Hz, 2H).

a-Tetralone: red brown solid, 74% yield, m.p. 126-130°C, R = 0.31 (hexane-
EtOAcC (7:1)), *H-NMR (CDCls) & (ppm): 2.14 (quin, J = 6.3 Hz, 2H), 2.66 (t, J = 6.3
Hz, 2H), 2.97 (t, J = 6.0 Hz, 2H), 7.24-7.33 (m, 2H), 7.47 (t, J = 6.3 Hz, 1H) and 8.04
(d, J = 7.8 Hz, 1H).

Xanthone: light brown solid, 95% vyield, m.p. 170-174°C, R¢ = 0.40 (hexane-
EtOAc (7:1)), 'H-NMR (CDCls) & (ppm): 7.39 (t, J = 6.8 Hz, 2H), 7.50 (d, J = 8.4 Hz,
2H), 7.73 (t, J = 8.8 Hz, 2H) and 8.35 (d, J = 8.0 Hz, 2H).



CHAPTER I

RESULTS AND DISCUSSION

Aryl a-keto esters have been recognized as important intermediates in the
synthesis of a variety of oxygenated heterocycle, such as furan derivatives, and in the
asymmetric synthesis of several biologically active compounds. In addition, it has
also been possessed as anti-sunburn agent. This research mainly focuses on the
synthesis of a-keto esters via the oxidation reaction. First row transition metal
complexes including chromium(l1l), manganese(ll), iron(lll), nickel(ll) and
copper(Il) carboxylate complexes were selected to screen for their catalytic capability.
In this study, the reaction conditions were optimized using ethyl phenylacetate as a
chemical model. Other substrates such as ethyl mandelate, ethyl (4-methoxyphenyl)
acetate, ethyl (4-chlorophenyl)acetate, ethyl (3,4-methylenedioxyphenyl)acetate, ethyl
p-toluylacetate, ethyl thiophene-2-acetate, methyl (4-methoxyphenyl)acetate and butyl
(4-methoxyphenyl)acetate were selected for examining the scope of this developed
oxidation system. In general, this system is composed of metal carboxylate complex
as a catalyst, 70% TBHP as an oxidant in a reaction medium. Isooctane and pyridine
were mostly used as a solvent. Other solvents such as acetonitrile, CH,Cl,,
chloroform, t-butanol, TMEDA, 1,4-dioxane, DMF and other oxidizing agents
including 30% H,0,, 2-ethylbutyraldehyde/O, and m-CPBA were employed in order

to search for another alternatively appropriate oxidation system.

Part I: Utilization of nickel carboxylate complexes

The studied parameters for transformation of ethyl ‘phenylacetate to ethyl
benzoylformate were optimized by varying type of metal stearate complexes,
carboxylate ligands, amount of oxidant, solvent, temperature and amount of catalyst.
Then the optimized conditions were applied to the oxidation of other select

compounds.



3.1 Synthesis and characterization of catalysts

Metal stearate complexes were prepared by reacting metal chloride with
stearic acid according to encyclopedia of chemical technology [51]. The complexes
studied in this catalysis screening included vanadium(lV) oxide, chromium(lll),
manganese(l1), iron(l11), cobalt(ll), nickel(Il) and copper(ll) stearate. Furthermore,
nickel(ll) carboxylates, for example, nickel(ll) caproate, nickel(Il) caprate, nickel(Il)
myristate, nickel(ll) behenate, nickel(ll) 4-chlorobenzoate, nickel(ll) p-toluate,
nickel(1l) 2-naphthoate, nickel(ll) pivalate, nickel(ll) isonicotinate and nickel(ll)
nicotinate were prepared by reacting nickel(Il) chloride with various carboxylic acids
under basic conditions according to the previous protocol [51]. The identities of all
synthesized complexes were confirmed by IR spectroscopy technique. Generally, the
vibration band of free carboxylic acid displayed broad OH stretching peak at 2700-
3400 cm™, at 1700-1725 cm™ for asymmetric stretching of C=0 and at 1395-1440
cm™ for symmetric stretching of C-O bond [53]. In metal carboxylate complexes, the
C=0 and C-O stretching vibration band were shifted to 1520-1680 and 1380-1470
cm’, respectively. In addition, the absorption band of OH stretching was disappeared.

The instance of IR spectrum of nickel(l1) stearate is shown in Fig 3.1.
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Figure 3.1 IR spectrum of Ni(st).
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From Fig 3.1, the IR spectrum of nickel(ll) stearate demonstrated asymmetric
stretching of C=0 at 1564 cm™, symmetric stretching of C-O at 1424 cm™ and
—(CH>)- rocking at 719 cm™.

3.2 Effect of metal stearates on the oxidation of ethyl phenylacetate (1)

1, a chemical model was prepared from the esterification of phenylacetic acid
and ethanol catalyzed by H,SO, [52]. Its identity was confirmed by *H-NMR
spectrum (Fig 3.2). The *H-NMR spectrum of 1 visualized two signals of ethyl group
at oy 1.29 (t, J = 7.1 Hz, 3H) and 6y 4.19 (g, J = 7.1 Hz, 2H). The protons adjacent to
aromatic ring could be observed as a singlet signal at 6y 3.66 (2H), while the aromatic

protons detected as multiplet signals around &y 7.31-7.37 (5H).
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Figure 3.2 The *H-NMR spectrum of 1
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The oxidation of 1 by TBHP (1.8 equiv) catalyzed by Ni(st), (0.04 equiv)
afforded 2 and 3. After the reaction was completed (monitored by TLC), the mixture
was extracted and purified by column chromatography. These two products were
identified by *H-NMR (Fig 3.3). The *H-NMR spectrum of 2 revealed two significant
signals of ethyl group manifested at 4 1.45 (t, J = 7.3 Hz, 3H) and 6 4.48 (¢, J = 7.2
Hz, 2H). The aromatic protons observed as mutiplet signal around 6y 7.52-8.05 (5H).
The structure of 3 was also clearly proved by *H-NMR (Fig 3.4). To illustrate this,
two significant signals of ethyl group displayed at o4 1.23 (t, J = 7.1 Hz, 3H) and 64
4.15-4.29 (m, 2H). The proton neighboring to the aromatic ring detected singlet signal
at oy 5.15 (1H). The aromatic protons observed as mutiplet signal around 6y 7.30-7.48
(5H).
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Figure 3.3 The *H-NMR spectrum of 2
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Figure 3.4 The *H-NMR spectrum of 3

The effect of metal stearate on the oxidation of 1 was investigated. The results

are presented in Table 3.1

Table 3.1 The effect of metal stearates on the oxidation of 1

% Yield %Recovery Mass
Entry Metal stearate
2 3 of 1 balance
1 vanadium oxide(IV) 4 2 94 100
2 chromium(l111) 13 13 70 96
3 manganese(I) 6 4 88 98
4 iron(l11) 12 1 78 91
5 cobalt(IT) 2 1 87 90
6 nickel(I1) 22 11 62 95
7 copper(Il) 13 0 86 99

Reaction conditions: 1 (5 mmol), metal stearate (0.2 mmol), TBHP (9 mmol)
and isooctane (5 mL) at 70°C for 24 h.
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From Table 3.1, in general, the oxidation of 1 yielded 2 as a main product
while 3 being a minor one. Seven transition metal stearates in the first row of periodic
table were selected to screen for potential catalyst revealed a wide range of oxidation
catalytic capability. The order of the efficient catalyst was Ni(st), > Cr(st)s > Fe(st)s ~
Cu(st), > VO(st), ~ Mn(st), ~ Co(st),. Based on these screening results, Ni(st), was
selected for further study.

3.3 Effect of nickel(11) carboxylates on the oxidation of ethyl phenylacetate (1)
Carboxylic acids with different carbon atoms in the chain, including carproic
acid (Ce), carpric acid (Cyp), myristic acid (Cia4), stearic acid (Cis), behenic acid (Cyy)
and aromatic carboxylic acids such as 4-chlorobenzoic acid, p-toluic acid, 2-naphthoic
acid, pivalic acid, isonicotinic acid and nicotinic acid were chosen to react with Ni(ll)
chloride furnishing eleven Ni(ll) carboxylate complexes. These Ni(ll) carboxylates
were utilized as a catalyst in the oxidation reaction of 1 to examine the effect of type

of carboxylate ligands. The results are exposed in Table 3.2.

Table 3.2 The effect of nickel(11) carboxylates on the oxidation of 1

Entry Nickel % Yield %Recovery Mass
caboxylate 2 3 of 1 balance
1 caproate (Cs) 25 5 61 91
2 carprate (Cyo) 24 4 63 91
3 myristate (Ci4) 24 9 62 95
4 stearate (Cyg) 22 11 62 95
5 behenate (C,,) 12 4 76 92
6 4-chlorobenzoate 28 8 60 96
7 p-toluate 9 1 85 95
8 2-naphthoate 9 1 84 94
9 picolinate 7 1 90 98
10 isonicotinate 13 2 76 91
11 nicotinate 17 1 87 105

Reaction condition: 1 (5 mmol), Ni(ll) carboxylate (0.2 mmol), TBHP (9 mmol)
and isooctane (5 mL) at 70°C for 24 h.
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Table 3.2 discloses that the yield of the desired products (2+3) was slightly
increased when the carbon chain of carboxylate ligands were short (entries 1-5). The
number of carbon atoms was on the other hand also affected the solubility in
isooctane. To illustrate this, the complex with carboxylate ligands containing more
carbon atoms gave poor solubility in isooctane of complexes. In the case of aromatic
carboxylate ligands, the aromatic rings containing electron withdrawing group also
gave good yield of the desired product (entry 6). In the case of pyridine carboxylate
derivatives as a ligand (entries 9-11), the yield was differed possibly depending on the
chelating effect of nitrogen atom. For a-pyridine carboxylate ligand, picolinate (entry
9), the nitrogen atom on a pyridine ring could be strongly chelated with nickel more
than B- (isonicotinate, entry 10) and y- (nicotinate, entry 11) pyridine carboxylate
ligands; however the yield of 2 attained was increased, respectively. Because of fully
chelated nickel-picolinate complex, there was a limitation of the unoccupied orbital of
nickel atom to react with oxidant or substrate.

Thus, the nickel complex with the ligands bearing electron withdrawing group
and short carbon chain provided the better yield of the desire product. This was an

interesting point for further investigated in the future work.

3.4 Effect of solvents, amount of oxidant, amount of catalyst and temperature on
the oxidation of ethyl phenylacetate (1)
3.4.1 Effect of solvents
Various solvents including acetronitrile, THF, pyridine, triethylamine (TEA),
DMF, TMEDA and isooctane were investigated on their role to affect the oxidation of
1. The results of the effect of solvent on this oxidation reaction are set out as shown in
Table 3.3.
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Table 3.3 The effect of solvents on the oxidation of 1

Entry Solvent % Yield %Recovery Mass
2 3 of 1 balance
1 DMF 0 0 99 99
2 acetonitrile 4 0 94 98
3 THF 0 1 103 104
4 ayridine 0 0 96 96
5 TEA 0 0 94 94
6 TMEDA 0 0 97 97
7 isooctane 22 11 62 95

Reaction condition: 1 (5 mmol), Ni(ll) stearate (0.2 mmol), TBHP (9 mmol)
and solvent (5 mL) at 70°C for 24 h.

Isooctane was found out to be the best solvent in the oxidation of 1 (entry 7)
since it could well dissolve both 1 (organic substrate) and Ni(st), (catalyst). In the
case of employing polar solvent such as DMF, acetonittrile and THF (entries 1-3), the
oxidation provided only a small amount of product. This mainly stemmed from their
low capability to dissolve catalyst. When pyridine, TEA and TMEDA were used as
solvent, the reaction did not take place.

From these results, isooctane was exhibited to be an appropriate solvent for

the oxidation of 1 catalyzed by Ni(st),.

3.4.2 Effect of the amount of oxidant

TBHP was selected as an oxidizing agent for the oxidation of 1. The variation
of yields may be affected by the amount of oxidizing agent used. The effect of the
amount of TBHP on this reaction was examined and the results are exhibited in Table
3.4.
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Table 3.4 The effect of amount of TBHP on the oxidation of 1

Entry TBHP % Yield %Recovery Mass
(mmol) 2 3 of 1 balance
1 0 0 0 96 96
2 4.5 22 9 61 92
3 9.0 22 11 62 95
4 13.5 28 14 55 97
5 18.0 30 18 52 100
6 22.5 26 13 56 95
7 27.0 25 16 53 94

Reaction condition: 1 (5 mmol), Ni(ll) stearate (0.2 mmol), TBHP (0-27 mmol)
and isooctane (5 mL) at 70°C for 24 h.

From Table 3.4, the reactions with low amount of TBHP resulted in low
conversion of 1. TBHP in 3.6 equiv based on starting material were suited for
proceeding the reaction with good yield. In the case of increasing amount of TBHP,
the yields of both 2 and 3 decreased. This effect may be because the probability of
collision between TBHP and itself was increased when the amount of TBHP was
increased. According to previous literature, TBHP could possibly couple itself to
furnish 2,2,3,3-tetramethylbutane. Therefore, TBHP present in an excess amount

would quickly be destroyed because of self-coupling. The pathway of this evidence is
shown in Scheme 3.1.
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Scheme 3.1 The transformation of TBHP to 2,2,3,3-tetramethylbutane
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3.4.3 Effect of the amount of catalyst

Effects of the amount of catalyst were explored to search for the appropriate
amount of Ni(st), in this reaction. The results of this searching are tabulated in Table
3.5.

Table 3.5 The effect of the amount of Ni(st), on the oxidation of 1

Entry Ni(st), % Yield %Recovery Mass
(mmol) 2 3 of 1 Balance
1 0 ® 1 90 96
2 0.05 16 6 80 92
3 0.10 19 i 68 94
4 0.20 22 11 62 95
5 0.30 20 10 61 91
6 0.40 12 4 76 92

Reaction condition: 1 (5 mmol), Ni(st)2 (0-0.40 mmol), TBHP (9 mmol)
and isooctane (5 mL) at 70°C for 24 h.

The highest yield was accomplished at 0.20 mmol of Ni(st), as shown in Table
3.5 (entry 4). The products of these oxidation reaction were increased with increased
amount of Ni(st),. In the case of Ni(st), higher than 0.20 mmol, the products were
slightly decreased. This may be because over amount of Ni(st), congested the reaction
between 1 and TBHP. In addition, increasing of the amount of Ni(st), resulting in
Ni(st), could increasingly react with TBHP to generate oxo-Ni(st),. They could be
transformed to inactive compounds such as bimetal compound. However, 1 could be

oxidized to ethyl 2 and 3 efficiently when the amount of catalyst was lift up.

3.4.4 Effect of temperature

Another important factor for condition optimization on the oxidation reaction
is the effect of temperature. The temperature in the reaction was varied from 30-90°C
in order to search for the most felicitous temperature that accommodated the highest
yields of 2 and 3. The results are demonstrated in Table 3.6.
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Table 3.6 The effect of temperature on the oxidation of 1

Entry Temperature % Yields %Recovery Mass
(°C) 2 3 of 1 Balance
1 30 11 2 81 94
2 50 18 3 72 93
3 70 22 11 62 95
4 90 20 6 69 95

Reaction condition: 1 (5 mmol), Ni(st), (0.2 mmol), TBHP (9 mmol)
and isooctane (5 mL) at temperature between 30-90°C for 24 h.

The highest yield of 2 and 3 was accomplished at 70°C as displayed in Table
3.6 (entry 3). Consequently, the befitting temperature for this reaction is 70°C.
According to the literature, Barton and coworkers reported that TBHP satisfied good
yield of the desired product when it was used at 70°C [54]. At higher temperature,
TBHP was quickly decomposed. Thus, the reaction was carried out at 90°C (entry 4)
afforded a low yield. At lower temperature (entries 1 and 2), the conversion was
provided in lower yields than that at 70°C. This was probably because TBHP was not

homolytically dissociated to form radicals for initiating the oxidation reaction.

3.5 Kinetic study on the oxidation of ethyl phenylacetate (1) catalyzed by Ni(st),
The kinetic study on the oxidation of 1 was investigated to observe the

optimum time for the progress of the reaction. The rate of the oxidation of 1 catalyzed

by Ni(st), utilizing TBHP in isooctane was explored. The kinetic analysis results of

this reaction are exhibited.in Fig 3.5.
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Figure 3.5 The kinetic study on the oxidation of 1 catalyzed by Ni(st)

Kinetic study on the oxidation of 1 is shown in Fig 3.5. For the variation of
time, the most appropriate time for oxidation of 1 was disclosed to be around 48 h.
The half life was resolved to be 20 h.

From the overall results observed, the type of carboxylate ligand, type of
transition metal that coordinated with ligand, amount of oxidant, amount of catalyst,
solvent system, reaction time and reaction temperature are affected the oxidation
reaction. The optimized conditions for the oxidation of 1 could be summarized as
follows: the mixture of 1 (5 mmol), TBHP (18 mmol) and Ni(st), (4 mol%, 0.20
mmol) in isooctane (5 mL) at 70°C for 48 h. This ameliorated catalytic system was

utilized for other compounds which will discuss in the following topics.

Part 11: Utilization of iron carboxylate complexes

The previous. results clearly -revealed that ligands containing electron
withdrawing group and short chain provided the higher yield of the desired product,
whereas nickel(1l) stearate and nickel(Il) 4-chlorobenzoate were granted the moderate
yield. Thus, trichloroacetic acid was chosen as a ligand of certain transition metals on
the oxidation of 1 because it contained strong electron withdrawing group. Solvent
“isoocatane” was switched to “pyridine” because the former could not dissolve metal

trichloroacetate complexes.
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3.6 Synthesis and characterization of metal carboxylates

Metal trichloroacetates were prepared by reacting anhydrous metal chloride
with trichloroacetic acid according to previously reported protocol [49]. The
complexes studied in this catalysis screening included chromium(lll), manganese(ll),
iron(1ll), nickel(I) and copper(ll) trichloroacetates. Furthermore, iron(ll)
carboxylates; for example, iron(lll) pivalate, iron(lll) butylate, iron(Il1l) benzoate,
iron(111) 4-chlorobenzoate, iron(l11) 4-nitrobenzoate and iron(111) 2,4-dinitrobenzoate
were prepared by reacting iron(l11) chloride with various carboxylic acids under basic
conditions according to encyclopedia of chemical technology [51]. In addition
iron(11l) trifluoroacetate was synthesized by reacting anh iron(lll) chloride with
trifluoroacetic acid according to that previously reported protocol [50]. The identities
of all synthesized complexes were confirmed by IR spectroscopy technique. The
generally vibration band of carboxylate ligands “asymmetric stretching of C=0, and
symmetric stretching of C-O bond” were resembled to that of carboxylate ligands of

nickel(Il) carboxylate. The illustration of IR spectrum of Fe(TCA); is exhibited in Fig

3.6.
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Figure 3.6 IR spectrum of Fe(TCA);

From Fig 3.6, the IR spectrum of Fe(TCA)sz exhibited asymmetric stretching
of C=0 at 1661 cm™ and symmetric stretching of C-O at 1392 cm™.
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3.7 Effect of metal trichloroacetates on the oxidation of ethyl phenylacetate (1)
The aim of this study was screened for appropriate metal trichloroacetates that
could transform 1 to 2 using TBHP and pyridine as oxidizing agent and solvent,

respectively. The results are exhibited in Table 3.7.

Table 3.7 The effect of metal trichloroacetates on the oxidation of 1

) ] %Recovery Mass
Entry Metal trichloroacetate % Yield of 2
of 1 balance

1 chromium(l111) 33 57 90
2 manganese(11) 39 62 101
3 iron(I11) 51 45 96
4 nickel(ll) 20 83 103
5 copper(1l) 10 83 93

Reaction condition: 1 (5 mmol), metal trichloroacetate (0.2 mmol), TBHP (9 mmol)

and pyridine (5 mL) at 70°C for 24 h.

The oxidation of 1 was performed in pyridine in the presence of a variety of
metal trichloroacetates. From Table 3.8, the oxidation system in the presence of
Fe(TCA)s as a catalyst gave the best yield of 2 (51%, entry 3). In all cases, the only
product detected was 2 while nonreacted 1 was recovered. None of 3 was observed. In
the case of chromium(lil) and manganese(ll) trichloroacetates as a catalyst, the
reactions could also be proceeded to give 2 in good yield (entries 1 and 2) whereas
those trichloroacetates of nickel(Il) and copper(ll) did not behave as good oxidation
catalysts since 2 was derived in low yield.

This examination manifestly revealed that Fe(TCA); could be exposed as the
best complex for this oxidation reaction in terms of yield of the desired product and
selectivity of reaction. Fe(TCA)3; would thus be selected as a catalyst for the oxidation

of 1 on the future work.
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3.8 Effect of iron(l11) carboxylates on the oxidation of ethyl phenylacetate (1)

The objective of this study was to explore the effect of carbon chain length
and aromatic carboxylate ligands on the oxidation of 1. The carboxylic acids such as
butyric acid, pivalic acid, trifluoroacetic acid, trichloroacetic acid, benzoic acid,
4-nitrobenzoic acid, 2,4-dinitrobenzoic acid and 4-chlorobenzoic acid were selected to
react with iron(l111) chloride to prepare a catalyst utilized in the oxidation reaction of
1. The results are assembled in Table 3.8.

Table 3.8 The effect of iron(111) carboxylates on the oxidation of 1

Entry Iron(I11) carboxylate % Yield of 2 YiRecovery Mass
of 1 balance
1 butyrate 23 75 98
2 pivalate 25 71 96
3 trifluoroacetate 40 59 99
4 trichloroacetate 51 45 96
5 benzoate 21 71 92
6 4-nirobenzoate 19 73 92
7 2,4-dinitrobenzoate 23 72 95
8 4-chlorobenzoate 29 72 101

Reaction condition: 1 (5 mmol), iron(l11) carboxylate (0.2 mmol), TBHP (9 mmol)
and pyridine (5 mL) at 70°C for 24 h.

From Table 3.8, it was found that the carbon chain length of carboxylate
ligands (entries 1-4) was affected on this oxidation reaction. The ligands containing
electron withdrawing group (entries 3 and 4) could be performed oxidation reaction
more efficient than those without activated group (entries 1 and. 2). In the case of
aromatic carboxylate ligands (entries 5-8), the oxidation reaction was accommodated
with moderated yield. Considering the effect of electron withdrawing group (entries
6-8), the similar trend as discussed above was observed, i.e., the higher yield was
obtained with the ligands bearing electron withdrawing group.

The above results demonstrated the essence of being of the electron
withdrawing group containing ligand that could improve the capability of the

oxidation of 1.



37

In addition, it should be noted that 1 under this particular conditions could be
converted to 2 in good yield without by-product. The best condition for the production
of 2 was visualized when Fe(TCA); was used as a catalyst. Therefore, this complex

would be utilized as a catalyst for further study on the condition optimization of 1.

3.9 Effect of type of oxidants, amount of TBHP, amount of catalyst, solvents,
temperature and amount of substrate
3.9.1 Effect of type of oxidants
A variety of oxidants have been reported. Common oxidants used were H,0,
and m-CPBA. Thus, type of oxidant was another parameter that needed to be
evaluated for optimizing reaction conditions. The effects of the variation of oxidants
coupled with Fe(TCA); on the oxidation of 1 are tabulated as shown in Table 3.9.

Table 3.9 The effect of type of oxidants on the oxidation of 1

_ % Yields %Recovery  Mass
Entry Oxidants
2 3 of 1 balance
1 TBHP 51 0 45 96
2 30%H,0, 0 0 101 101
3 2-ethyl butyraldehyde/O, 2 2 91 95
4 m-CPBA 0 0 93 93

Reaction condition: 1 (5 mmol), Fe(TCA)s (0.2 mmol), pyridine (5 mL) and
oxidants (9 mmol) at 70°C for 24 h.

From Table 3.9, four types of oxidants were employed in the oxidation of 1. It
was observed that TBHP was the best oxidant chosen-to utilize with Fe(TCA); while
H,0,, m-CPBA and 2-ethylbutyraldehyde/O, exhibited less capability as oxidant
under this condition. That may be H,O,, m-CPBA and 2-ethylbutyraldehyde/O, could
be rapidly decomposed at 70°C.

3.9.2 Effect of the amount of TBHP
The effect of the amount of TBHP on the oxidation of 1 was investigated and

the results are summarized in Table 3.10.
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Table 3.10 The effect of the amount of TBHP on the oxidation of 1

Entry TBHP % Yield of 2 %Recovery Mass
(mmol) of 1 balance
1 0 0 99 99
2 4.5 27 76 103
3 9.0 51 45 96
4 135 61 36 97
5 18.0 39 57 96
6 22.5 38 55 93
7 27.0 37 57 94

Reaction condition: 1 (5 mmol), Fe(TCA)3 (0.2 mmol), TBHP (0-27 mmol)
and pyridine (5 mL) at 70°C for 24 h.

In the present study, employing 13.5 mmol of TBHP gave the highest yield of
2 without other product formation (entry 4). When TBHP was used less than 13.5
mmol (entries 1-3), the desired product was increased. In the case of utilizing TBHP
more than 13.5 mmol (entries 5-7), the desired product was decreased. These results
confirmed with those presented in Table 3.4 that the probability of collision of TBHP

itself increased when the amount of TBHP was increased.

3.9.3 Effect of the amount of catalyst
The effect of amount of catalyst was inspected to competence on Fe(TCA)3
catalyst complex on the oxidation of 1. The variation of the amount of this complex

and its effect on the oxidation reaction are illustrated in Table 3.11.
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Table 3.11 The effect of the amount of Fe(TCA); on the oxidation of 1

Entry Fe(TCA); % Yield of 2 %Recovery Mass
(mmol) of 1 balance
1 0 0 105 105
2 0.05 38 54 92
3 0.10 49 44 93
4 0.15 57 46 103
5 0.20 51 45 96
6 0.30 54 44 96
7 0.40 59 47 106

Reaction condition: 1 (5 mmol), Fe(TCA)3 (0-0.40 mmol), TBHP (9 mmol)
and pyridine (5 mL) at 70°C for 24 h.

From Table 3.11, with the variation of the amount of catalyst, it was found
that the optimum catalyst loading was 0.15 mmol (3 mol%, entry 4) because the
reaction gave the best yield at lower catalyst loading. Thus, the amount of catalyst

affected on the production of the desired product.

3.9.4 Effect of solvents

In this research, the homogeneous solvent was required. The effect of various
solvents including pyridine, acetronitrile, THF, ethanol, t-butanol, 1,4-dioxane, DMF,
TMEDA, CH,Cl;, CHCI3, 3-picoline and 4-picoline were investigated on the
oxidation of 1. The results of the effect of solvent on this oxidation reaction are set

out as shown in Table 3.12.
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Table 3.12 The effect of solvents on the oxidation of 1

%Yield %Recovery Mass
Entry Solvents
2 3 of 1 balance
1 pyridine 51 0 45 96
2 acetronitrile 12 15 65 92
3 CH.Cl, 7 36 58 101
4 CHClI; 2 11 88 101
5 THF 0 0 91 91
6 TMEDA 0 0 97 97
7 DMF 4 0 85 89
8 1,4-dioxane 4 0 86 90
9 EtOH 1 trace 95 96
10 t-butanol 22 15 63 100
11 3-picoline 18 0 79 97
12 4-picoline 21 0 71 92

Reaction condition: 1 (5 mmol), Fe(TCA)3 (0.2 mmol), TBHP (9 mmol)
and solvents (5 mL) at 70°C for 24 h.

Among various solvents studied, pyridine was found to be an ideal solvent in
this oxidation reaction. When pyridine was employed as the reaction medium (entry
1), the oxidation provided the highest amount of the desired product and free from
byproduct. When acetronitrile and CHCI; were used (entries 2,4), the oxidation
reaction expressed a small amount of 2 while 3 was detected as a main product. The
same trend of the outcome was also observed when CH,CIl, was used as solvent, the
yield of 3 was significantly more than 2 about five fold (entry 3). Based on the results
obtained, the direct synthesis of a-hydroxy esters carried out in-CH,Cl, was an
intriguing point which should be continuously examined for the future work. In the
case of DMF and 1,4-dioxane as a solvent (entries 7-8), low yield of 2 was detected.
If THF and TMEDA were used as reaction medium, the oxidation reaction was not
taken place.

From the above results, CH,Cl, provided 3 more than 2 whereas pyridine
afforded only 2. It was interesting to observe the diverse effect of these two solvents.
The amount of pyridine was thus experimented between 0-5 mL in the total volume of
solvent 5 mL. The results are shown in Table 3.13.
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Table 3.13 The effect of pyridine on the oxidation of 1

% Yield Selectivity
Entry pyridine (mL)

3 2/3
1 0 7 36 0.2
2 0.04 4 4 1
3 0.40 27 1 27
4 0.75 42 0 ND
5 1.25 45 0 ND
6 3.25 40 0 ND
7 5.00 51 0 ND

Reaction condition: 1 (5 mmol), Fe(TCA)3 (0.2 mmol), TBHP (9 mmol)
and pyridine + CH,Cl, (5 mL) at 70°C for 24 h.

From Table 3.13, pyridine greatly revealed the influence on product
distribution. The less of 3 was observed when pyridine was added. Interestingly, only
0.75 mL of pyridine was enough to alter the reaction pathway and exclusively
produced 2 in good yield.

From these results, pyridine is the solvent of choice for performing oxidation
of 1 under this particular condition to achieve solely 2, while CH,CI; is also the

proper solvent for manipulating a-hydroxy esters.

3.9.5 Effect of temperature

The study on the effect of temperature was reinvestigated using Fe(TCA)z as a
catalyst for the oxidation of 1. The results revealed the same trend as those observed
previously using Ni(st); as a catalyst. TBHP provided the best efficiency when it was
used at 70°C. Therefore, the oxidation reaction of 1 was carried ‘out at 70°C in the

future experiments.

3.9.6 Effect of the amount of substrate
The effect of the amount of 1 between 1-25 mmol was the next parameter to

examine. The results are accumulated in Table 3.14.
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Table 3.14 The effect of the amount of substrate on the oxidation of 1

Entry % Yield of 2 %Recovery Mass
(mmol) based on 1 based on TBHP of 1 balance

1 1 42 5 54 96
2 3 48 16 42 90
3 5 51 28 45 96
4 10 47 52 62 109
5 15 23 38 71 94
6 25 15 42 78 93

Reaction condition: 1 (1-25 mmol), Fe(TCA)s (0.2 mmol), TBHP (9 mmol)
and pyridine (5 mL) at 70°C for 24 h.

From Table 3.14, it was observed that the amount of substrate affected the
product yield. The yield of the desired product based on the oxidant was increased
when the more substrate was used. That may provide higher opportunity to have
collision between substrate and TBHP when the amount of substrate was increased.
On the contrary, the lower yield of the desired product based on substrate was
observed when the amount of substrate was increased. That was because the access
amount of substrate could not converted to the desired product with the constant
amount of TBHP.

3.10 Kinetic study on the oxidation of ethyl phenylacetate (1) catalyzed by
Fe(TCA);
The kinetic study of the oxidation reaction of 1 catalyzed by Fe(TCA); using
TBHP as an oxidant and pyridine as an oxidation medium was examined. The results

of kinetic analysis are exhibited in Fig 3.7.
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Figure 3.7 The kinetic study on the oxidation of 1 catalyzed by Fe(TCA)3

From Fig 3.7, the highest yield of 2 was obtained when the reaction was
carried out for 24 h. The half life of the developed reaction was determined to be 8 h.
The haft life of the oxidation shorten than Ni(st), was proceeded as a catalyst. It
concluded that the developed oxidation reaction of 1 catalyzed by Fe(TCA); revealed
higher efficient than that of Ni(st),.

According to aforementioned results, it can be concluded that the optimized
conditions for the oxidation of 1 are as follows: the mixture of 1 (5 mmol) as
substrate, TBHP (13.5 mmol) as an oxidant, pyridine (5 mL) as the reaction medium
and Fe(TCA)3 (3 mol%, 0.15 mmol) as a catalyst was stirred at 70°C for 24 h.

3.11 Oxidation of ethyl phenylacetate (1) catalyzed by bicatalyst and tricatalyst
of metal trichloroacetate complexes
From the results in previoussections, other metal trichloroacetates could also
be employed for oxidation reaction, especially Cr(TCA); and Mn(TCA),. In the
endeavor to minimize the amount of Fe(TCA);z and to observe the aftermath of other
metal trichloroacetates coupled with Fe(TCA)3, a series of examination were carried

out.

3.11.1 Effect of bicatalyst
From previous results, three metal trichloroacetates, namely Fe(TCA)s,
Mn(TCA), and Cr(TCA); provided the highest yield, respectively. Thus, Mn(TCA),
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and Cr(TCA)z; were chosen to coupled with Fe(TCA); at four different ratios. The
results are compared with that obtained from employing Fe(TCA); alone and
displayed in Table 3.15.

Table 3.15 The effect of bicatalyst on the oxidation of 1

% Yield % Recovery Mass

Entry Catalyst Fraction
of 2 of 1 balance
1 Fe(TCA);3 - 51 45 96
2 Mn(TCA); - 39 62 101
3 Cr(TCA)s3 - 33 57 90
4 1:1 63 40 103
5 2:1 46 42 88
Fe(TCA);  Mn(TCA)
6 3:1 45 42 87
7 4:1 A7 41 88
8 1:1 29 62 91
9 Z/ 23 68 91
FE(TCA)g CI’(TCA)g
3:1 26 65 91
11 4:1 29 61 90

Reaction condition: 1 (5 mmol), Fe(TCA)s : another metal trichloroaceate (0.2 mmol),

TBHP (9 mmol) and pyridine (5 mL) at 70°C for 24 h.

The results disclosed that the best combination of catalyst was Fe(TCA)3
coupled with Mn(TCA), in 1:1 ratio afforded 63% vyield of the desired product. This
was the highest yield observed and was even better than employing Fe(TCA); alone.
Other systems. produced 2 in lower yield than the reaction system employing only
Fe(TCA)s.

3.11.2 Effect of tricatalyst

Additionally, tricatalyst systems were experimented for the oxidation of 1. The
different ratios of Fe(TCA)s, Mn(TCA), and Cr(TCA); were paid attention in order
to observed the effect of tricatalyst systems. The results are demonstrated in Table
3.16.
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Table 3.16 The effect of tricatalyst on the oxidation of 1

% Yield % Recovery  Mass

Catalyst Fraction
of 2 of 1 balance
1:1:1 31 63 94
2:1:1 34 60 94
1:2:1 31 68 99
Fe(TCA); : Mn(TCA),: Cr(TCA); 1:1:2 30 57 87
3:1:1 35 62 97
1A 30 63 93
1 s 28 60 88

Reaction condition: 1 (5 mmol), Fe(TCA)3; : Mn(TCA),: Cr(TCA)3 (0.2 mmol),
TBHP (9 mmol) and pyridine (5 mL) at 70°C for 24 h.

In contrast to the outcome obtained from bicatalyst, tricatalyst did not expose
spectacular results. The yield of the desired product was in fact slightly decreased

when less Fe(TCA); was used.

3.12 The application of the developed oxidation system for synthesis of various
a-keto esters
Alkyl phenylacetate derivatives and ethyl thiophene-2-acetate were selected as
the next chemical models to be examined. The goal of this examination was to study
the effect of substituent group on aromatic ring on the oxidation reaction. Moreover,
the effect of various alkyl esters was explored.

OR 0
ey jeas
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Ry >, 0
4 R=Et, R =ClI 5 R=Et,R;=Cl
6 R=Et,R;=CHjs 7 R=Et,R;=CHjs
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10R = Et, R;= OMe 11 R = Et, R; = OMe

12R ="Bu, Ry = OMe 13R ="Bu, R; = OMe
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Alkyl phenylacetate derivatives and ethyl thiophene-2-acetate were mainly not
commercial available substrates, thus needed to be prepared by esterification of its
acid forms [52]. All compounds were identified by *H-NMR. *H-NMR spectrum of
ethyl (4-chlorophenyl)acetate (4) (Fig 3.8) visualized two signals of ethyl group at o4
1.25 (t, J = 7.1 Hz, 3H) and 64 4.19 (q, J = 7.1, 2H). Benzylic protons could be
detected at oy 3.66 (s, 2H) and aromatic protons were assigned around 6y 7.31-7.37
(m, 5H).
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Figure 3.8 The *H-NMR spectrum of ethyl (4-chlorophenyl)acetate (4)
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The *H-NMR spectrum of ethyl p-toluylacetate (6) (Fig 3.9) visualized two
signals of ethyl group at 6y 1.25 (t, J = 7.2 Hz, 3H) and 64 4.10 (g, J = 7.1 Hz, 2H).
The signal of methyl group adjacent to aromatic ring was observed at &y 2.33 (s, 3H).
The protons between aromatic ring and carbonyl group was detected at oy 3.57 (5,

2H) and aromatic proton signal could be assigned around 6y 7.12-7.19 (m, 4H).
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Figure 3.9 The *H-NMR spectrum of ethyl p-toluylacetate (6)

The *H-NMR spectrum of methyl (4-methoxyphenyl)acetate (8) (Fig 3.10)
exhibited the benzylic proton signal at 6y 3.57 (s, 2H). The signal of methyl group
could be assigned at 64 3.68 (s, 3H). The methoxy proton on aromatic ring was
detected at 314-3.79 (S, 3H). The signal of aromatic protons neighboring to a methoxy
group was attributed at 6y 6.86 (d, J = 8.7 Hz, 2H) and those of aromatic ring adjacent
to a methylene group were discovered at oy 7.20 (d, J = 8.6 Hz, 2H).
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Figure 3.10 The '*H-NMR spectrum of methy! (4-methoxyphenyl)acetate (8)

The *H-NMR spectrum of ethyl (4-methoxyphenyl)acetate (10) (Fig 3.11)
visualized two signals of ethyl group at 6y 1.24 (t, J = 7.2 Hz, 3H) and 84 4.14 (q, J =
7.2 Hz, 2H). The benzylic methylene protons were observed at 4 3.54 (s, 2H). The
protons signal of methoxy group on aromatic ring was attributed at 6y 3.79 (s, 3H).
The signal of aromatic ring neighboring to a methoxy group was detected at oy 6.86
(d, J = 8.7 Hz, 2H) and those of aromatic ring next to methylene group was
discovered at 6y 7.20 (d, J =8.6 Hz, 2H).

The *H-NMR spectrum of n-butyl (4-methoxyphenyl)acetate (12) (Fig 3.12)
visualized four signals of butyl group at 64 0.91 (t, J = 7.4 Hz, 3H), 84 1.35 (sex, J =
7.3 Hz, 2H), o4 1.60 (quin, J = 6.7 Hz, 2H) and o4 4.08 (t, J = 6.7 Hz, 2H). The
protons of benzylic methylene were assigned at oy 3.55 (S, 2H). The proton signal of
methoxy group on aromatic ring was attributed at 6y 3.79 (s, 3H). The protons signal
of aromatic ring neighboring to a methoxy group wes observed at 6y 6.86 (d, J = 8.6
Hz, 2H) and the protons signal of aromatic ring next to methylene group were
discovered at 6y 7.20 (d, J = 8.5 Hz, 2H).
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Figure 3.11 The *H-NMR spectrum of ethyl (4-methoxyphenyl)acetate (10)
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Figure 3.12 The *H-NMR spectrum of n-butyl (4-methoxyphenyl)acetate (12)
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The *H-NMR spectrum of ethyl thiophene-2-acetate (14) as shown in Fig 3.13
revealed two signals of ethyl group detected at 64 1.28 (t, J = 7.2 Hz, 3H) and o4 4.19
(g, J = 7.2 Hz, 2H). The singlet signal of benzylic methylene protons was positioned
at oy 3.83 (2H) and those of aromatic protons could be assigned around &y 6.95-7.22
(m, 3H).

Figure 3.13 The "H-NMR spectrum of ethyl thiophene-2-acetate (14)

The oxidation of several alkyl phenylacetate including 3, 4, 6, 8, 10, 12 and 14
was carried out in the general procedure condition catalyzed by Fe(TCA)s. The results

are summarized in Table 3.17.
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Table 3.17 The oxidation of selected esters catalyzed by Fe(TCA)3

% lsolated
Entry  Substrate Product )
yield
1 3 ethyl benzoylformate (2) 69, quant®
2 4 ethyl (4-chlorobenzoyl)formate (5) 38
3 6 ehyl p-toluyl-2-oxoacetate (7) 42
4 8 methy! (4-methoxybenzoyl)formate (9) 50
5 10 ethyl (4-methoxybenzoyl)formate (11) 72
6 12 n-butyl (4-methoxybenzoyl)formate (13) 59
7 14 ethyl thiophene-2-oxoacetate (15) 32

Reaction condition: substrate (5 mmol), Fe(TCA)3 (0.2 mmol), TBHP (9 mmol)
and pyridine (5 mL) at 70°C for 24 h.

4TBHP 6 mmol was used

From Table 3.15, the oxidation of a-hydroxy ester (3) afforded product 2 in
69% isolated yields under completely conversion of substrate when TBHP 9 mmol
was used. The overoxidation of 2 may give benzoic acid. When TBHP 6 mmol was
used, the oxidation of 3 impressively provided quantitative yield.

The study of the effect of several substituents at para position of aromatic ring
provided some information clues (entries 2, 3 and 5). The yield was increased in order
of Cl < CH3; < OMe. Thus, the more electron donating group on aromatic ring present,
the higher yield was obtained. This also implied that the active site of the catalyst
used should be of electrophlilic in nature [55].

For the study on the effect of various alkyl esters (entries 4-6), ethyl ester
afforded the best yield of a-keto esters. From electronic effect, the products should be
increase in order of methyl, ethyl and butyl groups. In addition steric effect of alkyl
esters: should also have a marked effect, thus, the steric hindrance of butyl group
affected the decreasing of the desired product.

In the case of the oxidation of ethyl thiophene-2-acetate (14), ethyl thiophene-
2-oxoacetate (15) was achieved in moderate yield. The pure a-keto esters attained
were purified by column chromatography and characterized by *H-NMR
spectroscopy. The spectrum are discussed and shown below.

The oxidation of 4 afforded 5 in 38% isolated yield. This product was purified
by silica gel column chromatography, the structure of 5 was confirmed by *H-NMR
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spectrum (Fig 3.14). Two signals of ethyl group were detected at 6y 1.42 (t, J = 7.1
Hz, 3H) and 6y 4.45 (q, J = 7.1 Hz, 2H). The protons on aromatic ring adjacent to the
carbon next to chlorine atom obtained at o4 7.49 (d, J = 8.8 Hz, 2H) and the protons
on aromatic ring enfolded by carbonyl group shown at 64 7.99 (d, J = 8.7 Hz, 2H).
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Figure 3.14 The *H-NMR spectrum of ethyl (4-chlorobenzoyl)formate (5)

The oxidation of 6 under the general procedure condition provided 42%
isolated yield of 7. The product 7 was purified by silica gel column chromatography,
the structure of received product 7 was verified by *H-NMR spectrum (Fig 3.15). Two
signals of ethyl group were detected at 6y 1.42 (t, J = 7.1 Hz, 3H) and o4 4.44 (9, J =
7.2 Hz, 2H). The proton signal of methyl group on-aromatic: ring was observed at oy
2.44 (s, 3H). The aromatic protons neighboring to methyl group were discovered at oy
7.31 (d, J = 8.0 Hz, 2H) and the aromatic protons adjacent to a carbonyl group could
be assigned at 6y 7.91 (d, J = 8.2 Hz, 2H).
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Figure 3.15 The *H-NMR spectrum of ethyl p-toluyl-2-oxoacetate (7)

Compound 9 was obtained by the oxidation of 8 under standard condition. The
purification of 9 could be achieved by silica gel column chromatography in 50%
isolated yield and the structure was characterized based upon a *H-NMR spectrum.
The *H-NMR spectrum (Fig 3.16) displayed a significant singlet signal of the methyl
group observed at 6y 3.90 (3H). The singlet signal of the methoxy group on aromatic
ring was detected at 6y 3.96 (3H). The aromatic protons adjacent to the methoxy
group could be assigned at o4 6.97 (d, J = 9.0 Hz, 2H) and aromatic protons
neighboring to a carbonyl group were visualized at 3y 8.01 (d, J = 9.0 Hz, 2H).

Under the general procedure condition, 10 could be transformed smoothly to
give 11 in 72% vyield. After purifying by silica gel column chromatography, the
structure of the obtained product 11 was identified by *H-NMR spectrum. The 'H-
NMR spectrum (Fig 3.17) exhibited two signals of ethyl group at o4 1.39 (t, J = 7.3
Hz, 3H) and 6y 4.41 (q, J = 7.4 Hz, 2H). The protons of methoxy group were detected
at 6y 3.85 (s, 3H). The protons on aromatic ring adjacent to methoxy group were
visualized at 6y 6.95 (d, J = 9.3 Hz, 2H) while the protons on aromatic ring enfolded
by carbonyl group revealed at 64 7.96 (d, J = 9.2 Hz, 2H).
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Figure 3.16 The 'H-NMR spectrum of methyl (4-methoxylbenzoyl)formate (9)
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Figure 3.17 The *H-NMR spectrum of ethyl (4-methoxylbenzoyl)formate (11)
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The oxidation 12 catalyzed by Fe(TCA); under the general procedure afforded
the product of 13 in 59% isolated yield. The product 13 was purified by silica gel
column chromatography. The structure of 13 was characterized by *H-NMR spectrum
(Fig 3.18). The *H-NMR spectrum of 13 visualized four signals of n-butyl group at &y
0.96 (t, J = 7.4 Hz, 3H), &y 1.45 (sex, J = 7.4 Hz, 2H), 64 1.76 (quin, J = 6.9 Hz, 2H)
and oy 4.38 (t, J = 6.7 Hz, 2H). A singlet signal of the methoxy group on aromatic
ring disclosed at 6y 3.90 (3H). The protons on aromatic ring neighboring to the
methoxy group could be assigned at 6y 6.98 (d, J = 8.9 Hz, 2H) while the protons on
aromatic ring adjacent to the carbonyl group were detected at 64 7.99 (d, J = 8.8 Hz,
2H).

mOnBu
(0]
MeO

Figure 3.18 The *H-NMR spectrum of n-butyl (4-methoxylbenzoyl)formate (13)

Under the general condition, 14 was oxidized to give 15 in 32% isolated yield.
The product 15 was purified by silica gel column chromatography. The structure of
the obtained product 15 was identified by *H-NMR. The *H-NMR spectrum (Fig 3.19)
showed two signals of ethyl group at oy 1.43 (t, J = 7.2 Hz, 3H) and oy 4.44 (q, J =
7.2 Hz, 2H). The aromatic protons could be assigned as follows: the center of three
proton on aromatic ring was detected at 6y 7.20 (dd, J = 4.0, 4.9 Hz, 1H) while the
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proton on aromatic ring adjacent to carbonyl group was visualized at 6y 7.82 (dd, J =
1.1, 4.9 Hz, 1H) and that on aromatic ring adjoined exhibited at 6y 8.14 (dd, J = 1.1,

3.9 Hz, 1H).
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Figure 3.19 The 'H-NMR spectrum of ethyl thiophene-2-oxoacetate (15)

3.13 Proposed mechanism for the oxidation of ethyl phenylacetate (1) catalyzed
By Fe(TCA); or Ni(st),
The mechanism of Fe(TCA); or Ni(st), oxidation of 1 employing TBHP as an
oxidant was believed to proceed via free radical pathway in the same fashion

proposed in literature [56]. Using 1 as a representive, the proposed mechanism is

shown-in - Scheme 3.2.
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Scheme 3.2 Proposed mechanism for the oxidation of 1

Firstly, Ni(st), and Fe(TCA)s complexes were transformed to the corresponding
high valent species (oxo compound). These species were then abstracted benzylic
hydrogen of 1 to form the corresponding benzylic radical (16) and M™*X(OH). The
generated 16 was rapidly reacted with O; to give o-hydroperoxy radical intermediate
(17), subsequently transform to relatively not stable o-hydroperoxide (18). The
decomposition of 18 yielded 2 and 3. Under these reaction conditions examined, 3
was further oxidized to 2. In the case of utilization of Fe(TCA); in the presence of
pyridine, 3 was not generated. That may be because the process of pyridine

abstracting the a-proton of 18 to generate 2 occurred vary fast.
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3.14 The application of the developed system for the oxidation of benzylic
methylene compounds

The aim of the present study was to extend the scope of the developed
oxidation system for benzylic methylene compounds in the presence of Fe(TCA)s.
The chemical models including ethylbenzene (19), deoxybenzoin (21), acenaphthene
(23), xanthene (25) and tetralin (27) were selected for study the efficiency of the
oxidation system. The results of the oxidation of these substrates are summarized in
Table 3.18.

=

(19)

iPY

(21)

(23)

(25)

99

(27) (28)
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Table 3.18 The oxidation of benzylic methylene compounds catalyzed by Fe(TCA)3

% lsolated
Entry Substrate Product )

yield
1 19 acetophenone (20) quant
2 21 benzoin (22) quant
3 23 acenaphthenequinone (24) 50
4 25 xanthone (26) 95
5 27 a-tetralone (28) 74

Reaction condition: substrate (5 mmol), Fe(TCA);3 (0.2 mmol), TBHP (9 mmol)
and pyridine (5 mL) at 70°C for 24 h.

Table 3.18 exhibits that 19 and 21 could be converted to 20 and 22 in
quantitative yield (entries 1 and 2). For the oxidation of 23 provided 24 in moderate
yield (entry 3). The oxidation of 27 afforded 28 in high yield (74% vyield, entry 5).
Comparing the result of the oxidation of 27 that reported recently, the use of
Cr(OAC); as catalyst with molecular oxygen also produced only low yield of 25 (33%
yield). In the case of the oxidation of 25 gave excellent yield of 26 (entry 4).

From these results, Fe(TCA)s coupled with TBHP afforded the desired product
in moderate to quantitative yield. Therefore, this developed system could be another
alternative for oxidation of benzylic methylene compounds. The products were
purified by column chromatography and confirmed their structures by *H-NMR . The
'H-NMR spectra are discussed and displayed below.

The oxidation 19 catalyzed by Fe(TCA)s under the general procedure afforded
20 in quantitative yield.- The ~product 20 was purified by silica gel column
chromatography. The structure of 20 was characterized by 'H-NMR. The *H-NMR
spectrum of 20 (Fig 3.20) visualized singlet signals.of methyl group at &4 2.61 (3H).
The proton on aromatic ring at meta position of carbonyl group disclosed a triplet
signal at 6y 7.47 (J = 7.8 Hz, 1H). The protons on aromatic ring at para position of
carbonyl group could be assigned at 6y 7.57 (t, J = 7.4 Hz, 2H) while the protons on
aromatic ring adjacent to carbonyl group were detected at 6y 7.96 (d, J = 8.0 Hz, 2H).
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Figure 3.20 The *H-NMR spectrum of acetophenone (20)

The oxidation of 21 wunder the general procedure condition provided
quantitative yield of 22. The product 22 was purified by silica gel column
chromatography, the structure of received product 22 was verified by *H-NMR
spectrum (Fig 3.21). The proton on aromatic ring at meta position of carbonyl group
was observed at oy 7.52 (t, J = 7.5 Hz, 2H). The proton on aromatic ring at para
position of carbonyl group were discovered at d4 7.66 (t, J = 7.5 Hz, 4H) while the
aromatic protons adjacent to a carbonyl group could be assigned at 6y 7.98 (d, J = 7.3
Hz, 4H).

The oxidation of 23 afforded 24 in 50% isolated yield. This product was
purified by silica gel column chromatography, the structure of the obtained product 24
was confirmed by *H-NMR spectrum. The *H-NMR spectrum (Fig 3.22) could be
assigned for the triplet signal of the proton on aromatic ring at meta position of
carbonyl group at 6y 7.84 (J = 7.7 Hz, 2H). The protons on aromatic ring enfolded by
carbonyl group showed at 64 8.33 (d, J = 8.1 Hz, 2H) and the protons on aromatic
ring at para position of carbonyl group shown at 64 8.64 (d, J = 7.3 Hz, 2H).
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LI
0L €
6001 L

9.0 a0 rn 6.0 5.0 40 3.0
poen (]

Figure 3.22 The *H-NMR spectrum of acenaphthenequinone (24)



62

Under the general procedure condition, 25 could be transformed smoothly to
afford 26 in 95% isolated yield. After purifying by silica gel column chromatography,
26 was acheived. The *H-NMR spectrum (Fig 3.23) exhibited triplet signal of the
protons at meta position of carbonyl group at 64 7.39 (J = 6.8 Hz, 2H). The protons
adjacent to oxygen atom were detected at 6y 7.50 (d, J = 8.4 Hz, 2H). The protons on
aromatic at para position of carbonyl group were visualized at 6y 7.73 (t, J = 8.8 Hz,
2H) while the protons on aromatic ring enfolded by carbonyl group revealed at oy
8.35(d, J = 8.0 Hz, 2H).

©)

Al
L€
G|

Figure 3.23 The *H-NMR spectrum of xanthone (26)

Compound- 28 was-obtained by the oxidation of 27 under standard condition.
The compound 27 could be isolated by silica gel column chromatography in 74%
isolated yield and the structure was characterized by *H-NMR spectrum. The *H-
NMR spectrum (Fig 3.24) displayed a significant quintet signal of the protons at B-
position of carbonyl group at oy 2.14 (J = 6.3 Hz, 2H). The triplet signal of y-position
was detected at oy 2.66 (J = 6.3 Hz, 2H). The a-protons adjacent to carbonyl group
could be assigned at oy 2.97 (t, J = 6.0 Hz, 2H). The aromatic protons at meta position

of carbonyl group were visualized around &y 7.24-7.33 (m, 2H). The para protons on
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aromatic ring enfolded by carbonyl group revealed at oy 7.47 (t, J = 6.3 Hz, 1H) while
the proton neighboring to a carbonyl group were visualized at &4 8.01 (d, J = 7.8 Hz,
1H).
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Figure 3.24 The *H-NMR spectrum of a-tetralone (28)



CHAPTER IV

CONCLUSION

During the course of this research, the development of the oxidation reaction
for the synthesis of a-keto esters was focused. It was disclosed that Ni(st), displayed
as the best catalyst coupled with TBHP as an oxidant in isooctane as a reaction
medium. The reaction could be also well proceeded using Fe(TCA); and TBHP in
pyridine. Various factors: type of ligands, oxidizing agent, solvent system, reaction
time and reaction temperature have been affected to the yield of the oxidation product.
The ligands containing electron withdrawing group and short carbon chain could
improve the capability of metal for oxidation reaction of ethyl phenylacetate. The
optimized conditions could be summarized as follows: the mixture of ethyl
phenylacetate (5 mmol), TBHP (18 mmol) and catalyst (4 mol%, 0.20 mmol) was
carried out in isooctane (5 mL) at 70°C for 48 h for utilization of Ni(st), and the
mixture of ethyl phenylacetate (5 mmol) as substrate, TBHP (13.5 mmol) as an
oxidant, pyridine (5 mL) as the reaction medium and catalyst (3 mol%, 0.15 mmol)
was stirred at 70°C for 24 h for utilization of Fe(TCA)s. The application of these
systems for the synthesis of other a-keto esters was carried out utilization Fe(TCA)s.
Various a-keto esters could be prepared in good yield. Especially, two natural
products compounds, namely methyl (4-methoxybenzoyl)formate and butyl
(4-methoxybenzoyl)formate were successfully prepared in satisfied yields.

Overture for the future work

This research concerned with the development for the synthesis of a-keto
esters. The outcome opened many possibilities to deal with future exploration. The
scale-up experiment utilizing of this oxidation system should be performed since this
reaction selectively provided only a-keto esters product. The development of
Fe(TCA); for other catalyst systems are imperative to investigate. From the academic
view point, bioactive compounds, pharmaceutically active compounds and certain

chemicals containing chiral center are interesting to synthesize from a-keto esters.
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