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GRAPHICAL ABSTRACT

Abstract A wide range of primary and secondary multifunctional alcohols, a-hydroxya-
mides, and a-hydroxyesters were oxidized to their corresponding aldehydes, ketones,

a-ketoamides, and a-ketoesters under mild reaction conditions using 2,2,6,6-

tetramethylpiperidine-1-oxyl as a catalyst with calcium hypochlorite as an oxidant

[TEMPO-Ca(OCl)2]. This simplified method does not require any transition metals,

acids, or bases and demonstrates controlled and selective oxidation of structurally diverse

alcohols, affording moderate to excellent yields at room temperature.
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INTRODUCTION

There is a constant need for simple, selective, efficient, mild, and preferably
transition metal–free catalysts for the oxidation of alcohols, and this has led to
the development of a host of catalytic systems.[1] Many of the metal-based catalyst
systems are synthetically useful,[2] and reported literature is dominated by studies
screening transition metals and designing new ligands to obtain more efficient pro-
cesses. Because of this, the advantages of nonmetal catalytic systems[3] have not
been fully realized. The use of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) stoi-
chiometrically or catalytically with additional oxidants is well known for the oxi-
dation of alcohols to carbonyl compounds.[4] TEMPO with bleach (sodium
hypochlorite, NaOCl) and additives such as a base or phase-transfer catalyst is
efficiently used for the oxidation of primary and secondary alcohols.[5] A drawback
of the reported TEMPO–bleach procedure is the need for several inorganic salts in
the reaction mixture that can be difficult to remove in the workup of large scale oxi-
dations.[4a] In the present work, we sought to simplify the TEMPO–bleach protocol
(Anelli’s method) by eliminating the use of additives and examined calcium hypo-
chlorite [Ca(OCl)2] as an oxidant that is readily available, stable, solid, inexpensive,
and easy to use.[6]

Calcium hypochlorite has been used for ring chlorination of activated
benzenoid compounds[6a] and oxidation of aldehydes[6b] alcohols[6c,d] sulfides,[6e]

and uronates.[6f] Notably, a-hydroxy carbonyl compounds have been reported to
get converted to aldehydes or carboxylic acids in the presence of calcium
hypochlorite=acetic acid=acetonitrile[6g] instead of giving a-keto carbonyl com-
pounds. This catalytic system is also known to oxidize a-diketones and a-keto acids
to acids. Calcium hypochlorite=acetic acid=acetonitrile has been used for the oxi-
dation of secondary alcohols to ketones,[6c] whereas primary alcohols gave esters
under similar conditions. Both the acid and the alcohol portions of the esters were
derived from primary alcohols.[6h] On the other hand, excess tert-butanol and
NaBrO3=HBr[6i] and Ca(OCl)2=HCl[6j] prevented the formation of esters and gave
acids in moderate to good yields. Furthermore, Ca(OCl)2=Al2O3(microwave and
room temperature), when used for the oxidation of benzylic alcohols containing
electron-withdrawing groups, gave moderate yields of aldehyde as compared to
benzylic alcohols containing electron-donating groups.[6k] Under identical con-
ditions, allylic alcohols gave corresponding acids.[6l] As an alternative to NaOCl in
the TEMPO-mediated oxidation of benzylic, aliphatic, and propargylic alcohols,
Ca(OCl)2=TEMPO=NaHCO3 was used under basic conditions as demonstrated by
Torii and coworkers.[7] Notably, additives or bases are often needed to increase
the catalyst reactivity or to facilitate the turnover process. These systems are syn-
thetically useful but limited in substrate scope. Reportedly, additives are always
added when TEMPO is used with oxidants, sodium hypochlorite, or Ca(OCl)2 for
the oxidation of alcohols.

This study presents a reinvestigation of the TEMPO-catalyzed oxidation. It
turns out that the TEMPO=Ca(OCl)2 catalyst system in acetonitrile can selectively
oxidize a variety of alcohols (viz., benzylic, nonbenzylic, heterocyclic, cyclic, acyclic,
allylic, a-hydroxy esters, and amides) to the corresponding carbonyl compounds in
moderate to excellent yields without any addition of acid or base. This controlled
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oxidation reaction is done at room temperature without affecting other existing
functionalities.

RESULTS AND DISCUSSION

Initial studies of oxidation were done using sodium hypochlorite as an oxidant
(1mmol) and a catalytic amount of TEMPO (0.01mmol) without additives. At the
pH of commercial bleach (12.7), oxidation of p-methoxy benzyl alcohol gave the cor-
responding aldehyde only in 43% yield after 3 h. When calcium hypochlorite was
used as an oxidant under identical conditions, to our delight the reaction was com-
plete in 1 h and gave p-methoxy benzladehyde in 92% isolated yield. The pH of the
oxidation reaction was nearly neutral. Possibly, the generated acid (Hþ) [Ca(OCl)2
reacts with water to produce HOCl and (Ca(OH)2); and the available chlorine
(65%) in Ca(OCl)2 reacts with water to produce HOCl and HCl] is neutralized by
a base (Ca(OH)2 (pKb–2.43),

[8] thereby making the reaction condition mild and suit-
able for various functional group tolerance. Further, when the oxidation of p-meth-
oxy benzyl alcohol was done with oxidant Ca(OCl)2 in the absence of TEMPO, only
a trace amount of the product was observed. The catalyst TEMPO is important for
the reaction to proceed, and the mechanism of TEMPO in alcohol oxidation has
been well discussed in previous papers.[1d,4g,5h]

The generality of the TEMPO–calcium hypochlorite catalyst system was exam-
ined by the oxidation of a wide range of alcohols. Benzylic alcohols and its derivatives
gave excellent yields of the products (85–97%) (Table 1, entries 1–4). Allylic (entry 14),
cyclic (entry 10), and nonbenzylic (entry 5) alcohols were also selectively oxidized to
the corresponding aldehydes and ketones in moderate to excellent yields (60–85%).
In the case of heterocyclic alcohols, only a few metals such as Fe,[1b] Ru,[2e] and
Pd[2j] were reportedly used for their oxidation. Significantly, in this study pyridine-3-
methanol 1f was converted to the respective aldehyde in 85% yield without N-oxidized
product.[9] Extending the scope of this oxidation system, we examined the oxidation of
alcohols using an activated carbon–oxygen system. The first candidate, 9-fluorenol 1 g,
gave 9-fluorenone in quantitative yield. Next, 2-nitro-9-fluorenol 1 h on oxidation gave
2-nitro-9-fluorenone in quantitative yield. Similarly, secondary alcohols, 1,2,3,4-
tetrahydro-1-naphthol 1k, 1-phenylethanol 1 l, and benzoin 1m could be converted
to their respective ketones in good yields (99%, entries 11, 12, and 13). However, unac-
tivated substrate alcohols (entries 5 and 10, Table 1), which are less reactive, require
1.5 equivalent of calcium hypochlorite for the oxidation to give 85% and 60% yields
of 2-phenylpropanal 2e and 2-phenoxycyclohexanone 2j respectively.

Alkoxycyclohexanones, which are the key intermediates in the preparation of
tricyclic b-lactam antibiotics, are generally prepared by the oxidation of the corre-
sponding alcohols.[10] Reported procedures to prepare 2-phenoxy cyclohexanone
use 2-chloro cyclohexanone with phenol=base=benzene under reflux conditions,
and the yield was 41%.[11] Notably, the oxidation of 2-phenoxy cyclohexanol 1j

using TEMPO=Ca(OCl)2 at room temperature gave 60% yield. No by-products
and no oxidative cleavage of the cyclic a-substituted carbonyl compounds were
observed.

a-Dicarbonyl compounds are important materials in synthetic organic chemis-
try.[12] Special reagents and reaction conditions are required to prevent side reactions
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Table 1. Oxidation of alcohols to aldehydes or ketones using catalytic TEMPO and calcium hypochlorite

Entry Substrate Time (h) Product Isolated yield (%)a

1 2.5 85

2 1 92

3 2.5 90

4 1.5 97

5b 3 85

6 2 85

7 1 99

8 1.5 99

9 2 85

(Continued )
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during the oxidation of the a-hydroxycarbonyls from which they can be prepared.
Significantly, in this study, the oxidation of benzoin (entry 13) quantitatively gave
benzil 2m. The oxidation of cinnamyl alcohol using Ca(OCl)2=Al2O3,

[6l] NaOCl=
KBr=NaHCO3,

[5a] and polyethylene glycol (PEG)–supported TEMPO=NaOCl[13]

systems gave 40%, 20%, and 28% yield of the aldehyde respectively along with
undefined products. In the present study, cinnamyl alcohol 1n got oxidized to pure
cinnamyl aldehyde (72% yield) without the oxidation of the carbon–carbon double
bond.

In addition to oxidation of benzylic, allylic, aliphatic and heterocyclic alcohols,
the oxidation of a-hydroxyamides was also examined (Table 2). a-Ketoamides,
which are electron-deficient compounds and have excellent adducting properties to
nucleophiles such as the hydroxyl and thiol groups present in the reactive sites of
proteolytic enzymes,[14] play a crucial role in biochemical pathways. Reported meth-
ods for the synthesis of a-ketoamides are amidation of a-ketoacids,[15] oxidation of
cyano ketones,[16] dicarbonylation of aryl halides using metal complexes (eg., Cu and
Pd),[17] acyl halides coupled with isonitriles to form a-ketoimidoyl chloride inter-
mediate followed by hydrolysis,[18] and oxidation of a-hydroxyamides.

Notably, the oxidation of a-hydroxyamides to a-ketoamides is a key step in the
synthesis of norstatine-based HIV-1 protease inhibitors[19] and HCV NS3 protease
inhibitors.[20] Asymmetric oxidation of various a-hydroxy-amides using vanadium

Table 1. Continued

Entry Substrate Time (h) Product Isolated yield (%)a

10b 4 60

11 1.5 99

12 1.5 99

13c 1.5 99

14 1.5 72

aStructures of the products were determined from their spectroscopic (IR, 1H and 13C NMR, and MS)

data.
b1.5 equiv. calcium hypochlorite was used.
cDichloromethane and acetonitrile in a 1:2 ratio were used as solvent.
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Table 2. Oxidation of a-hydroxy amides to a-keto amides using catalytic TEMPO and calcium

hypochlorite

Entry Substrate

Time

(h) Product

Isolated

yield%a

1 0.75 94b

2 0.75 92c

3 1.5 74c

4 0.75 72c

5 1.5 55c

6 1.0 85c

(Continued )
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complex (oxidative kinetic resolution) was reported to give up to a maximum of 59%
conversion in 8 to 264 h at room temperature.[21]

In the present study, oxidation of N-alkyl=aryl a-hydroxyamides to a-
ketoamides was done in the presence of TEMPO and Ca(OCl)2 in acetonitrile or tet-
rahedrofuran (THF) as a solvent at 0 �C to room temperature for 0.5 to 1.5 h
(Table 2). Both the N-alkyl and aryl amide groups are tolerated under the present
conditions. N-Aryl substituted hydroxyl amides (N-benzyl and N-phenyl) gave excel-
lent yields (72–94%, Table 2, entries 1 to 4), whereas N-alkyl amides gave moderate
to good yields (55–85%, Table 2, entries 5–8) of the corresponding keto amides. Oxi-
dation of N-ethyl and N-propyl hydroxyl amides (3f and 3 g) is reported here for the
first time. On the other hand, when the oxidation of N-benzyl mandelamide 3a was
done with sodium hypochlorite as an oxidant, only 4% of the oxidized product was
formed at 2 h.

The scope of the TEMPO and Ca(OCl)2 oxidation system was further extended
to the oxidation of a-hydroxyesters to a-ketoesters (Table 3). Among the numerous
reports on the preparation of a-ketocarbonyl compounds,[22] oxidation of a-hydro-
xycarbonyl compounds is one of the most widely used procedures.[23] Chang et al.
have reported a facile method for the synthesis of a-ketocarbonyl compounds from
a-hydroxycarbonyl compounds in excellent yields (90–96%) using NaOBr=HCl.[23b]

However, the procedure is a little inconvenient as it demands the generation of
sodium hypobromite from sodium hydroxide and bromine.

In the present study, the oxidation of a-hydroxyesters was optimized with a
catalytic amount of TEMPO and calcium hypochlorite in acetonitrile at 0 �C to
room temperature for 1–2 h. Acetonitrile as a solvent provided an almost quantitat-
ive yield for the oxidation of a-hydroxy esters (5a–5e) to the corresponding a-ketoe-
sters. In the oxidation of ethyl 2-hydroxy-2-(4-methoxyphenyl)acetate 5f, the
electron-donating methoxy group retarded the oxidation reaction and only moderate
yield was obtained (55%) (Table 3, entry 6).

Table 2. Continued

Entry Substrate

Time

(h) Product

Isolated

yield%a

7 0.5 56c

8 1.5 76c

aStructures of the products were determined from their spectroscopic data (IR, 1H and 13C NMR, and

MS).
bAcetonitrile was used as solvent.
cTetrahedrofuran was used as solvent.
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CONCLUSIONS

In summary, calcium hypochlorite with catalytic amount of TEMPO was
found to be a versatile terminal oxidant to provide good yields of carbonyl com-
pounds from structurally diverse alcohols. The oxidation is carried out under atmos-
pheric oxygen. This catalyst system works under very mild conditions with no strict

Table 3. Oxidation of a-hydroxy esters to a- ketoesters using catalytic TEMPO and calcium hypochlorite

Entry Substrate Time (h) Product Isolated yield%a

1 1 99

2 1 97

3 1 99

4 1.75 90

5 2 92

6 2.5 55

aStructures of the products were determined from their spectroscopic (IR, 1H and 13C NMR, and MS)

data.
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pH control, no additives, more importantly, less effluent. Significantly, this protocol
can selectively oxidize primary and secondary alcohols in the presence of sensitive
functionalities such as hetero atom, esters, and amides.

EXPERIMENTAL

TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) and calcium hypochlorite
(Ca(OCl)2) were obtained from Acros Organics (Belgium), and other starting mate-
rials were purchased from Sigma Chemical Co (USA). 1H and 13C NMR spectra
were recorded on Bruker 400 and 500 MHz spectrometers. Chemical shifts are
quoted in parts per million (d) relative to tetramethylsilane (TMS) or CHCl3
(residual chloroform in CDCl3). Infrared (IR) spectra were recorded on a Nicolet
6700 spectrophotometer. Mass spectra were recorded on a Q ToF micromass spec-
trometer. Flash chromatography was performed on silica gel (100–200 mesh) using
hexane and ethylacetate as eluent. Thin-layer chromatography (TLC) was done
using Kieselgel 60 F254 aluminium sheets (Merck 1.05554). All reactions were
carried out under atmospheric oxygen.

General Procedure for the Oxidation of Alcohols and a-Hydroxyesters

A mixture of TEMPO (1.56mg, 1mol%) and alcohol or a-hydroxyester
(1mmol) in acetonitrile (3mL) was taken in a 25-mL round-bottom flask. Calcium
hypochlorite (142mg, 1mmol) was added at 0 �C over 10min and the reaction mix-
ture was allowed to warm to room temperature until completion. The suspension
was filtered, and the organic phase was washed with saturated aqueous NaHCO3

(8mL) followed by brine (8mL), dried over Na2SO4, and concentrated under
reduced pressure. The residue was purified by column chromatography on silica
gel, using hexane–ethylacetate as the solvent to give the corresponding carbonyl
compound. The structures of the products were confirmed from their spectral (IR,
1H and 13C NMR, and MS) data, which were similar to those reported in the
literature.

General Procedure for the Oxidation of a-Hydroxy Amides

This procedure is the same as before except that amides which are not soluble
in acetonitrile at 0 �C, are dissolved in tetrahydrofuran (THF). In the case of N-alkyl
amides, aqueous workup was avoided because of the partial solubility of these
amides in water. The reaction mass was filtered, dried over Na2SO4, and concen-
trated under reduced pressure. The residue was purified by column chromatography
on silica gel, using hexane–ethylacetate as the solvent to give the corresponding a-
keto amides.

Spectral Data

N-Ethyl-2-oxo-2-phenylacetamide (Table 2, 4f). Colorless liquid. 1H
NMR (500MHz, CDCl3) d 8.34–8.32 (m, 2H), 7.63–7.59 (m, 1H), 7.48–7.45 (m,
2H), 7.10 (bs, 1H), 3.46–3.40 (m, 2H), 1.24 (t, J¼ 7.2Hz, 3H). 13C NMR
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(125MHz, CDCl3) d 187.9, 161.6, 134.3, 133.4, 131.2, 128.4, 34.3, 14.4. IR
(neat)¼ 3302, 2933, 2103, 1737, 1654, 1524, 1447 cm�1. HRMS [MþH]þ: calc. for
C10H12NO2 178.0868; obs. 178.0862.

N-Propyl-2-oxo-2-phenylacetamide (Table 2, 4g). Colorless liquid. 1H
NMR (500MHz, CDCl3) dH¼ 8.34–8.32 (m, 2H), 7.63–7.60 (m, 1H), 7.49–7.46
(m, 2H), 7.12 (bs, 1H), 3.38–3.34 (m, 2H), 1.67–160 (m, 2H), 0.98 (t, J¼ 7.5Hz,
3H). 13C NMR (125MHz, CDCl3) dC¼ 187.9, 161.8, 134.3, 133.4, 131.2, 128.4,
41.1, 22.6, 11.3. IR (neat)¼ 3312, 2965, 1655, 1526, 1449 cm�1. HRMS[MþH]þ:
calc. for C11H14NO2 192.1025; obs. 192.1029.
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