Oxidation
(Dr. Ashwini Borah)

Most organic chemists define the term ‘oxidation’ as either addition of oxygen to the
substrate (such as epoxidation of an alkene), removal of hydrogen (such as the conversion of an
alcohol to an aldehyde or ketone), or removal of one electron (such as the conversion of phenoxide
anion to the phenoxy radical).

Different reagents for oxidation are discussed below,

1. Chromium reagents: [Chromium(VI): typically chromic acid, H,CrOa, or chromium trioxide, CrOs, or
potassium dichromate, K,Cr,07 etc]

(@) The oxidation of simple, particularly secondary alcohols is done by using chromic acid,
H,CrO4. A solution of the alcohol in acetone and aqueous chromic acid in acetic or sulfuric acid
(Jones’ reagent) gives the high yields of the expected ketone products.
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Oxidation of primary alcohols to aldehydes with acidic solutions of chromic acid is usually less
satisfactory, because the aldehyde is easily oxidized further to the carboxylic acid and, more
importantly, under the acidic conditions the aldehyde reacts with unchanged alcohol to form a
hemiacetal which is oxidized rapidly to an ester.

Oxidation of alcohols by chromic acid is believed to take place by initial formation of a
chromate ester, followed by breakdown of the ester, as shown below.
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(b) Another useful, mild reagent for the oxidation of alcohols containing acid-sensitive
functional groups is the chromium trioxide-pyridine complex CrOs-py2, which is obtained readily by
addition of chromium trioxide to pyridine. A solution of the CrOs-py, in CH.Cl, (Collins’ reagent)
under anhydrous conditions is actually used. Primary and secondary alcohols are converted into the
corresponding carbonyl compounds in good yield, and acid-sensitive protecting groups are
unaffected. For example, 1-heptanol gave heptanal in 80% yield and the alcohol A gave the aldehyde
B as given below.
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(c) An important oxidizing agent is pyridinium chlorochromate pyH'CrOsCI™ (PCC). When used
in small excess in solution in CH.Cl,, it gives good yields of aldehydes and ketones from the
corresponding alcohols. Another good reagent is pyridinium dichromate (pyH"),Cr,0-*" (PDC), which
in CH,Cl, or DMF solution oxidizes alcohols to aldehydes or ketones in excellent yield and allylic and



benzylic alcohols to unsaturated carbonyl compounds. Some examples of the use of the reagents PCC
and PDC are given below.
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(d) In the absence of activating hydroxyl or amino substituents, benzene rings are only slowly
attacked by oxidizing agents such as chromic acid or permanganate but alkyl side chains are
degraded with formation of benzoic acids. This is a useful method for the preparation of carboxylic
acids.
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(e) The conversion of a methyl group attached to a benzene ring into an aldehyde can be
achieved by oxidation with chromium trioxide in acetic anhydride in the presence of strong acid, or
with a solution of chromyl chloride in carbon tetrachloride (the Etard reaction).
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2. Dimethyl sulfoxide (DMSO):

DMSO is an important oxidizing agent for the oxidation of alcohols to the corresponding
aldehydes or ketones via the formation of intermediate alkoxysulfonium salts.

Other reagents which are used in conjunction with DMSO are viz acetic anhydride,
trifluoroacetic anhydride, sulfur trioxide-pyridine complex, thionyl chloride and oxalyl chloride. Best
results are normally obtained with oxalyl chloride and it is called the Swern oxidation. By reaction
with DMSO and oxalyl chloride, followed by treatment of the resulting alkoxysulfonium salt with a
base (eg. Triethylamine), many different alcohols have been converted into the corresponding
carbonyl compounds in high yield under mild conditions.

The Swern oxidation is one of the best methods for oxidation of alcohols; it is effective for
almost all types of primary and secondary alcohols including sensitive substrates such as allylic
alcohols that give a,p-unsaturated aldehydes.
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Again Swern oxidation of a primary alcohol can be followed by oxidation with sodium chlorite

(NaClO,) to provide the required carboxylic acid. Hydrogen peroxide is added to scavenge the
hypochlorite (HOCI) formed during the oxidation reaction (thereby giving HCI, O, and H,0).
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3. Manganese reagents:

Manganese dioxide (MnO,): It is a useful, mild reagent for the oxidation of primary and
secondary alcohols to carbonyl compounds and it is highly specific oxidant for allylic and benzylic
hydroxy groups. The reaction takes place under mild conditions (room temperature) in a neutral
solvent (e.g. water, petroleum, acetone, DMF, CH,Cl, or CHCI3). For example, oxidation of the allylic
alcohol A gave the a,B-unsaturated aldehyde B (used in a synthesis of the macrolactone bafilomycin
A1) as shown below.
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Chemoselective oxidation of allylic or benzylic alcohols can be achieved in the presence of
aliphatic alcohols. For example, in a synthesis of the alkaloid galanthamine, treatment of the diol C
with manganese dioxide promoted selective oxidation of the benzylic alcohol to give the aldehyde D
as shown below.
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4. Silver:

Silver carbonate (AgCOs) precipitated on celite (Fetizon’s reagent) is a reagent for oxidation
of primary and secondary alcohols to aldehydes and ketones under mild and essentially neutral
conditions. The reaction is carried out in refluxing solvent such as benzene. The reaction is highly
chemoselective and other functional groups are normally unaffected. E.g. under these conditions
nerol is converted into neral in 95% yield and the allylic alcohol A gave the a,3-unsaturated ketone B
as shown below.
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Highly hindered alcohols are generally not oxidized. Primary alcohols are oxidized more
slowly than secondary, which are themselves much less reactive than benzylic or allylic alcohols.
Therefore, selective oxidation of benzylic or allylic hydroxyl groups is easily done as shown above.

One example of the oxidation of secondary alcohols over primary alcohols with this reagent is
the conversion of butan-1,3-diol to 1-hydroxy-3-butanone (80% yield) as given below.
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Prevost and woodward dihydroxylation reaction:

The formation of 1,2-diol products from alkenes can be achieved using Prevost’s reagent - a
solution of iodine in CCl, together with an equivalent of silver(l) acetate or silver(l) benzoate. Under
anhydrous conditions, this oxidant yields directly the diacyl derivative of the anti-diol (Prevost
conditions), while in the presence of water the monoester of the syn-diol is obtained (Woodward
conditions).Thus, treatment of a cis-alkene with iodine and silver benzoate in boiling CCls under
anhydrous conditions gives the trans-dibenzoate. With iodine and silver(l) acetate in moist acetic
acid, however, the monoacetate of the cis-1,2-dihydroxy compound is formed.

g OCOPh
I, AQOCOPh j (Prevost condition)
/" ccCl
% E ‘OCOPh

3 OAc
M I (Woodward condition)
§ OH

5
J

Mechanism: The reaction proceeds through the formation of an iodonium ion, which in the presence
of carboxylate and silver ions, forms the resonance stabilized cation A. Attack on the cation A by the
carboxylate anion in an Sy2 process gives the trans-diacyl compound (i.e. Prevost product). In the
presence of water, however, a hydroxy acetal B is formed; this breaks down to gives the cis-
monoacylated diol (i.e. Woodward product).
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5. Palladium (Pd):

Oxidation of primary aliphatic or allylic alcohols is possible using oxygen or even air (1 atm
pressure) as the oxidant with a palladium(Il) catalyst supported on basic clay mineral (scheme 1).
Oxidation at room temperature has been reported recently using Pd(OAc), as a catalyst in the
presence of EtsN and 1 atm of oxygen. Under these conditions benzyl alcohol gave benzaldehyde in
84% yield.
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Wacker reaction:

The oxidation of ethene to ethanal by oxygen and a solution of a palladium(ll) salt in aqueous
hydrochloric acid is an important industrial process (known as Wacker reaction).

H,.C—CH, + PdCL + H.O ——m CHiCHO + Pd + 2HCI

Pd + 2 CuCly _— PdCl, + 2 CuCl

2CuCl + 050, + 2HCI 2CuCl, +  HyO

The reaction is typically carried out in aqueous DMF as solvent, using palladium(ll) chloride as
a catalyst (commonly 10 mol%) with copper(Il). During the process, the palladium(ll) is first reduced



to the metal, but by the reaction with copper(ll) chloride in the presence of air or oxygen, the
palladium is continuously re-oxidized to palladium(ll).

Mechanism: The reaction is believed to take place by an initial trans hydroxypalladation of the
alkene to form an unstable complex A that undergoes rapid B-elimination to the enol B.
Hydropalladation and then reductive elimination completes the overall process to give the desired
product.
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. The Wacker reaction is mostly useful for the oxidation of terminal alkenes to give methyl
ketones. The reaction is selective for the oxidation of terminal alkenes in the presence of di- or tri-
substituted alkenes as shown in the following examples.
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6. Ruthenium (Ru):

[Oxidation adjacent to the oxygen atom of an ether, to give a carboxylic ester or lactone, is
possible using a powerful oxidant.]

The oxidation of cyclic ethers, such as substituted tetrahydrofurans, using ruthenium
tetroxide (RuQ,) provides a useful method for the formation of lactones. RuO, can be generated in
situ by oxidation of a ruthenium(ll) or (Ill) complex with NaOCI or NalO,. For example, in a synthesis
of a portion of the macrolide tedanolide, the lactone B was prepared by oxidation of the
tetrahydrofuran A (70% yield).
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The methodology can also be applied to acyclic ethers. For example, oxidation of dibutyl
ether with [RuCly(DMSO),] as the catalyst (0.25 mol%) and NaOCl gave butyl butanoate in high yield
(95%). RuO4 can also be used for the oxidation of alkynes to 1,2-diketones and of aromatic rings to
carboxylic acids (R-Ar to R-COOH). E.g. Phenylcyclohexane gave cyclohexanecarboxylic acid in 94%
yield.

7. Hypervalent iodine:

(@) A popular oxidizing agent for the rapid oxidation of primary or secondary alcohols to
aldehydes or ketones is the Dess—Martin reagent. This is a hypervalent iodine(V) compound,
prepared from 2-iodoxybenzoic acid (IBX) as shown below. Both IBX and the Dess—Martin reagent
are potentially explosive and should be handled with care.
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The conditions for the oxidation of alcohols using the Dess—Martin reagent are particularly
mild and simple, typically using CH.Cl, (or MeCN) as the solvent at room temperature. For example,
the Dess—Martin reagent was the only one found suitable for the oxidation of the following alcohol A
among the various oxidizing agents.
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(b) Again 2-iodoxybenzoic acid (IBX), although less soluble in organic solvents than the Dess—
Martin reagent, is more tolerant of moisture and promotes clean oxidation of alcohols in the solvent
DMSO, or on heating in other solvents such as ethyl acetate. For example, oxidation of 3-
indolemethanol in DMSO at room temperature gave the corresponding aldehyde in excellent yield.
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(c) Recently, it has been found that hypervalent iodine reagents promote the conversion of
ketones to a,B-unsaturated ketones. For example, treatment of octyl phenyl ketone with IBX (2-
iodoxybenzoic acid) or with iodic acid (HIO3) in DMSO on warming gave the corresponding o.,f3-
unsaturated ketone as shown below.
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(d) The hypervalent iodine species o-iodoxy benzoic acid (IBX) allows selective oxidation at
the benzylic position on heating in DMSO. Other reagents, such as tert-BuOOH and catalytic
RuCl,(PPhs)s also oxidize alkyl benzenes. For example, butylbenzene and meta-chloro-ethylbenzene
can be oxidized readily to their corresponding aryl ketones as shown below.
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8. 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO):

Cl

Nitroxyl radical 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) is an excellent catalyst, in
conjunction with a co-oxidant, for the oxidation of alcohols. The most popular co-oxidant is buffered
sodium hypochlorite (NaOCl). Oxidation of the TEMPO gives the oxoammonium ion A, which acts as
the oxidant for the alcohol to form the carbonyl product. Primary alcohols are oxidized faster than
secondary and it is often possible to obtain high chemoselectivity for the former. For example,
oxidation of the triol B gave the aldehyde C, with no oxidation of the secondary alcohols (scheme 1).
The use of TEMPO is particularly convenient for the oxidation of primary alcohols in carbohydrates.

Me//'E;ll Me Mem Me

+
N
Me | Me Me I Me
o o)
TEMPO A
BUCOO OH BUCOO OH
Me = OH 1 mol% TEMPO Me z
: CH,Clp, -5 °C - Eee
N OH NaOCl N OH
Ph,C7 Ph,C”
C 96% B

Scheme 1



Again, direct oxidation of primary alcohols to carboxylic acid also can be achieved with
2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO), in conjunction with the co-oxidant sodium chlorite
(NaClO,) and sodium hypochlorite (NaOCI) as a catalyst as shown in the following reaction.
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In the above example the carboxylic acid was formed without loss of enantiopurity with 92%
yield.

9. Aluminium:

The Oppenauer oxidation with aluminium alkoxides provides an alternative method for the
oxidation of secondary (and less commonly primary) alcohols. Typically aluminium triisopropoxide
(or aluminium tri-tert-butoxide) is used, which serves to form the aluminium alkoxide of the alcohol.
This is then oxidized through the formation of a cyclic transition state with acetone (or
cyclohexanone or other carbonyl compound) as shown below.
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The Oppenauer oxidation has been used widely for the oxidation of steroids, particularly for
the conversion of allylic secondary hydroxyl groups to o,B-unsaturated ketones. ,y-Double bonds
generally migrate into conjugation with the carbonyl group under the conditions of the reaction as
shown below.
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10. Fremy’s salt [(KSO3)2NO]:

Hydroxy or amino group attached to aromatic ring can be oxidized to quinone by the use of
Fremy’s salt [(KSO3),NO]. The oxidation reaction can be achieved by using substituted phenols,
anilines or derivatives to give para- or ortho-quinones, and can tolerate a wide variety of functional
groups. e.g. the synthesis of juglone as shown below.
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11. Osmium:

Osmium tetroxide (OsO4) is most popularly used for dihydroxylation of alkenes [the
dihydroxylation of alkenes provides 1,2-diol products, present in a great many natural products and
biologically active molecules. The transformation has, therefore, received considerable interest].
Many different co-oxidants can be used in conjunction with OsO, for the catalytic dihydroxylation
reaction. The most popular is N-methylmorpholine N-oxide (NMO) and the other oxidants are such
as [KsFe(CN)g], tert-butyl hydroperoxide, hydrogen peroxide etc. Some examples are given below,
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12. Selenium (Se):

Selenium dioxide (SeO,) is an important oxidizing agent, specific for the oxidation of reactive
methylene and methyl groups. It is a white crystalline solid, dissolves in water forming selenious acid

(H2SeO3) and is highly toxic.
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Again, the methylene or methyl group o to the most highly substituted end of the double
bond is hydroxylated (i.e. allylic hydroxylation) according to the order of preference of oxidation
CH2>CH3>CH groups as shown below.
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13. Oxidation by peroxy-acids or per-acids:
(a) Baeyer-Villiger Oxidation:

On oxidation with peroxy-acids, ketones are converted into esters or lactones. This reaction
was discovered in 1899 by Baeyer and Villiger. Better yields are obtained with organic peroxy-acids,
such as perbenzoic acid, peracetic acid and trifluoroperacetic acid, although most reactions are
effected with meta-chloroperbenzoic acid (mCPBA).

This reaction provides a route to alcohols from ketones through 1) hydrolysis of the esters
formed, and 2) reduction of lactones formed (in case of cyclic ketones). Lithium aluminium hydride
reduction of the lactones gives diols.
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Mechanism: The Baeyer-Villiger reaction is thought to take place by a concerted
intramolecular process involving migration of a group from carbon to electron-deficient oxygen. The
general mechanism is supported by the fact that the reaction is catalysed by acid and is accelerated
by electron-releasing groups in the ketone and by electron-withdrawing groups in the acid.
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The intramolecular concerted nature of the reaction mechanism is also supported by the
many demonstrations of complete retention of configuration at the migrating carbon atom. For
example, optically active (S)-3-phenyl-butan-2-one is converted into (S)-1-phenylethyl acetate

without loss in enantiopurity.
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An unsymmetrical ketone could obviously give rise to two different products in this reaction.
For example, Cyclohexyl phenyl ketone on reaction with peracetic acid gives both cyclohexyl
benzoate and phenyl cyclohexanecarboxylate by migration of the cyclohexyl or the phenyl group
respectively.

It is found that the relative ease of migration of different groups in the reaction is in the
following order.

tert-alkyl > cyclohexyl ~ sec-alkyl ~ benzyl ~ phenyl > primary alkyl > methyl. That is, in the
alkyl series migratory aptitudes are in the series tertiary > secondary> primary; among benzene
derivatives migration is facilitated by electron-releasing substituents, and hindered by electron-
withdrawing ones. Thus phenyl para-nitrophenyl ketone (or 4-Nitrobenzophenone) gives only phenyl
p-nitrobenzoate (or phenyl 4-nitrobenzoate) and sec-butyl methyl ketone (or 3-methylpentan-2-one)
is converted into sec-butyl acetate (or sec-butyl acetate).
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The methyl group shows the least tendency to migrate, so that methyl ketones always give
acetates in the Baeyer-Villiger reaction.



(b) Epoxidation:

Reaction of an alkene with an oxidising agent such as a peroxy-acid, leads to the formation of
an epoxide ring. A number of peroxy-acids can be used, although the most common is meta-
chloroperoxybenzoic acid (mCPBA). The reaction is believed to take place by electrophilic attack of
the peroxy-acid on the double bond as shown below.
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The rate of epoxidation is increased by electron-withdrawing groups in the peroxy-acid or
electron-donating groups on the double bond.

Terminal mono-alkenes react slowly with most peroxy-acids and the rate of reaction
increases with the degree of alkyl substitution. For example, 1,2-Dimethyl-1,4-cyclohexadiene reacts
preferentially at the more electron-rich tetra-substituted double bond and the diene A reacts
selectively at the di-substituted double bond as shown below.
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On the other hand, conjugation of the alkene double bond with other unsaturated groups
reduces the rate of epoxidation because of delocalization of the r-electrons. a.,B-Unsaturated acids
and esters require the strong reagent trifluoroperoxyacetic (CF3sCO3H) acid or mCPBA at an elevated
temperature, for successful oxidation.

Epoxidations with peroxy-acids are highly stereoselective and take place by cis addition to the
double bond of the alkene. For example, oleic acid B gave cis-9,10-epoxystearic acid C, whereas
elaidic acid D gave the isomeric trans-epoxide E.
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(b) 1. Sharpless asymmetric epoxidation:
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Asymmetric epoxidation ranks as one of the most reliable methods for the formation of single
enantiomer products. In particular, the asymmetric epoxidation of allylic alcohols with tert-butyl
hydroperoxide (t-BuOOH), a titanium(lV) metal catalyst and a tartrate ester ligand, called the
Sharpless asymmetric epoxidation (or Katsuki—Sharpless epoxidation).
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Each enantiomer of the tartrate ligand delivers the epoxide oxygen atom to one face of the
double bond, regardless of the substitution pattern. The oxygen atom is then delivered to the
bottom face in the presence of L-(+)-diethyl tartrate (the natural isomer) and to the top face in the

presence of D-(-)-diethyl tartrate.
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(b) 2. Jacobsen epoxidation:

Requirement for an allylic alcohol as the substrate in the Sharpless asymmetric epoxidation
limits the type of alkene that can be used. If an enantiomerically pure epoxide of an unfunctionalized
alkene is desired then we can go through Jacobsen method using chiral manganese complexes.
Suitable substrates for highly enantioselective oxidation are conjugated cis-di- and trisubstituted
alkenes. For example, epoxidation of cis-B-methyl styrene gave the epoxide A with high optical purity
using the manganese complex B and bleach (NaOCl) as the oxidant as shown below. Unfortunately,
epoxidation of the trans geometrical isomer takes place with low enantioselectivity.
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(b) 3. Shi epoxidation:

Apart from the asymmetric epoxidation of allylic alcohols or cis-substituted conjugated
alkenes, Shi and co-workers developed a method for the asymmetric epoxidation of trans-di- and tri-
substituted alkenes. In this method, trans-di- and tri-substituted alkenes react with the dioxirane
formed in situ from the catalyst fructose-derived ketone A. The oxidizing agent potassium
peroxomonosulfate (KHSOs) is most commonly used (although hydrogen peroxide in acetonitrile is an
alternative). Two examples of the asymmetric epoxidation using the catalyst A are shown below.
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A general mechanism for the formation of dioxirane formed from a ketone is shown above.



