
Tetrahedron Letters 73 (2021) 153094
Contents lists available at ScienceDirect

Tetrahedron Letters

journal homepage: www.elsevier .com/locate / tet le t
Rapid, chemoselective and mild oxidation protocol for alcohols and
ethers with recyclable N-chloro-N-(phenylsulfonyl)benzenesulfonamide
https://doi.org/10.1016/j.tetlet.2021.153094
0040-4039/� 2021 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: gu.chaturbhuj@gmail.com (G. Chaturbhuj).
Amey Palav a,b, Balu Misal a,b, Prerna Ganwir a, Purav Badani c, Ganesh Chaturbhuj a,⇑
a Institute of Chemical Technology, Matunga, Mumbai 400019, India
b Loba Chemie Pvt. Ltd, Research, and Development Center, Tarapur, Thane 401506, India
cDepartment of Chemistry, University of Mumbai, Kalina, Mumbai 400098, India

a r t i c l e i n f o
Article history:
Received 12 February 2021
Revised 9 April 2021
Accepted 13 April 2021
Available online 17 April 2021

Keywords:
N-chloro-N-(phenylsulfonyl)
benzenesulfonamide
N-chloro reagents
Alcohol oxidation
Ether oxidation
PS-TEMPO
a b s t r a c t

Chlorine is the 20th most abundant element on the earth compared to bromine, iodine, and fluorine, a
sulfonimide reagent, N-chloro-N-(phenylsulfonyl)benzenesulfonamide (NCBSI) was identified as a mild
and selective oxidant. Without activation, the reagent was proved to oxidize primary and secondary alco-
hols as well as their symmetrical and mixed ethers to corresponding aldehydes and ketones. With recov-
erable PS-TEMPO catalyst, selective oxidation over chlorination of primary and secondary alcohols and
their ethers with electron-donating substituents was achieved. The reagent precursor of NCBSI was
recovered quantitatively and can be reused for synthesizing NCBSI.

� 2021 Elsevier Ltd. All rights reserved.
Aldehyde and ketones are the most important functional groups
which serve as building blocks for transformation into primary and
secondary amines, oximes, and acids which serve as the important
intermediates to synthesize active pharmaceutical intermediates
(API), agrochemicals as well as specialty chemicals. Moreover, they
are the key raw materials for multicomponent reactions viz. Big-
inelli [1], Kabachnik-Fields [2], Hantzsch pyridine synthesis [3],
Strecker reaction [4] as well as BODIPY [5] synthesis. The most
common methodology to synthesize aldehydes and ketones is
the oxidation of corresponding alcohols. To achieve this transfor-
mation, highly efficient classical systems have been reported by
Parikh-Doering [6], Swern [7,8], Corey Kim [9] Jones [10] and
Oppenauer [11], but had limitations due to noxious byproducts
and tedious reaction condition. Hypervalent iodine reagents like
Dess Martin periodinane (DMP) [12], 2-iodoxybenzoic acid (IBX)
[13] were the next choice, however, due to shock sensitivity and
explosive nature, restricted scale-up. Catalytic oxidations systems
using complexes of precious metals like ruthenium [14], gold
[15], palladium [16], platinium [17], iridium [18] and tungsten
[19] with various organic ligands are also reported. But had limita-
tions of reaction time and cost. Besides these, N-halo reagents like
N-bromosuccinimide (NBS), N-bromoacetamide, 1,3-dibromo-5–5-
dimethyl hydantoin [20], 1,3-dichloro-5–5-dimethyl hydantoin
(DCDMH), N-chlorosuccinimide (NBS), N-chlorosaccharin (NCSAC),
N-chlorophthalimide (NCPI), and trichloro isocyanuric acid (TCCA)
in combination with additives like, NBS-thiourea [21], NBS-H2O/-
dioxane [22], NBS-1-Butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF4) [23], NBS/ tetrabutylammonium iodide (TBAI) [24],
NBS/pyridine [25], NCS/TEMPO [26], N-iodosuccinimide/hm [27],
TCCA/2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO) [28]. Addi-
tives might alter the electronic structures of reagents and promote
the halogen detachment, resulting in rapid oxidation but could
contaminate with halogenated byproducts. Another most diver-
gent methodology for the synthesis of aldehydes and ketones is
the oxidation of corresponding primary and secondary ethers.
Since the oxidation of ethers of primary and secondary alcohol
are uncommon but important in organic synthesis. Most of the lit-
erature methodologies are time-consuming, harsh [29] with lim-
ited scope, and are nonselective [30], leading to the formation of
esters and acids.

After successfully working on safe N-oxidation of pyridines and
quinolines [31] we decided to explore the oxidation of alcohols and
ethers using a chlorine reagent. Our prime goal was to identify an
operationally convenient, bench stable, selective oxidizing N-Cl
reagent which would generate electrophile (Cl+) without additive,
since chlorine being the 20th most abundant element [32] present
on the earth, compared to bromine and iodine. In our recently pub-
lished article [33], we reported a reagent N-chloro-N-(phenylsul-
fonyl)benzenesulfonamide (NCBSI), as a chlorinating agent for
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aromatics without any activation. Due to its high electrophilicity, it
may satisfy the criteria of an ideal oxidizing agent. Although the
reagent is also used as a starting material for preparing N-trifluoro
methyl thiolating reagent [34] however, its potential as an oxidiz-
ing agent is being explored for the first time.

According to the physicochemical parameters of N-chloro
reagents and NCBSI in-silico by density-functional theory (DFT)
theory, NCBSI exhibited the highest electrophilic nature and reac-
tivity due to a longer N-Cl bond length, lower bond dissociation
energy (BDE), and lower absolute charge density on chlorine
[33]. Overwhelmed with these findings, we eagerly performed oxi-
dation of benzyl alcohol using N-chloro reagents including NCBSI,
in the absence of an additive in specially dried acetonitrile under
an inert atmosphere at 20–25 �C (Table 1). No oxidation product
was observed in NCS, NCPI, and TCCA. This revealed that shorter
N-Cl bond length and higher BDE affect the oxidation. NCSAC and
DCDMH showed marginal oxidation products for over 12 h.
Although the values of these N-Cl reagents are close to NCBSI, both
had comparatively shorter bond lengths. Hence, practically NCBSI
is a rapid oxidant that resulted in the complete conversion of ben-
zyl alcohol to benzaldehyde in acetonitrile (MeCN) in 5 min with
98% yield and 99.8% purity (Table 1, entry 6).

A solvent optimization study was also performed (Table 2). In
chlorinated solvents, the time for the reaction was increased from
dichloromethane (DCM) to carbon tetrachloride (CCl4), due to
decreased solubility of the reagent (Table 2, entries 2–5). In DMF,
the oxidation was highly exothermic, resulted in low yield due to
work-up issues (Table 2, entry 6). To study, the generality and
scope, the optimized reaction condition were applied to primary
and secondary alcohols with electron-withdrawing and electron-
donating substitution on aromatic rings (Table 3)

We applied optimized condition to electron-deficient alcohols,
in which unsubstituted and 4-halo substituted benzyl alcohols
were oxidized readily with excellent yield (Table 3, entries 1, 2,
5, 8, and 12). On the other hand, 2 and 3 halo benzyl alcohols took
Table 1
Comparison of commercial N-chloro reagents with (NCBSI).a

Entry Reagent SM (%)b

1 NCS 100
2 NCSAC 98
3 TCCA 100
4 NCPI 100
5 DCDMH 94
6 NCBSI 0

aReaction condition: benzyl alcohol (3.6 mmol), oxidant (3.6 mmol) in 5 mL MeCN at 2

Table 2
Solvent optimization study.a

Entry Solvent Time (min.)

1 MeCN 5
2 DCM 10
3 EDC 10
4 CHCl3 15
5 CCl4 20
6 DMF 2

aReaction condition: benzyl alcohol (3.6 mmol), NCBSI (3.6 mmol), 5 mL solvent, 20–25

2

a longer time (Table 3, entries 3, 4, 6, and 7). In the case of nitro
alcohols, 4-nitrobenzyl alcohol, and 1-(4-nitrophenyl)ethanol
(Table 3, entries 9 and 13) were oxidized smoothly to 4-nitroben-
zaldehyde and 4-nitroacetophenone. For 1,4-phenylene dimetha-
nol selective mono oxidation was not observed using one mole
equivalent of the reagent. With 2 mole equivalents of reagent, both
the alcohols were successfully oxidized to obtain terephthalalde-
hyde (Table 3, entry 10). The reagent was selective towards 1,2-
diphenylethane-1,2-diol, resulting in mono keto product (Table 3,
entry 17). Aliphatic alcohols oxidized to ketones and aldehyde in
good yields under solvent-free condition (Table 3, entries 18, 19).
Alicyclic alcohols (±) cyclohexanol, (±) menthol, and (±) borneol
were also oxidized smoothly to cyclohexanone, menthone, and
camphor (Table 3, entries 20–21).

When the same protocol was applied for the oxidation electron-
rich alcohol, viz. 1-(4-methoxyphenyl)ethanol, the ring chlorina-
tion dominated over oxidation due to the high electrophilic nature
of the reagent, and traces of oxidized product was obtained (see
supplementary information Fig. 3). The foresaid optimized proto-
col was not suitable for the oxidation of electron-rich aromatic
alcohols in a polar solvent. To achieve selective oxidation, there
was a need to alter the mechanism by modifying the ionic charac-
ter of the reagent by trapping-transfer of chlorine to dominate the
oxidation over chlorination. Since TEMPO is widely used for oxida-
tion of alcohol with a variety of secondary oxidant [35,36] and lit-
erature [22] encouraged us to use it in a catalytic amount. The
study began with a pilot reaction with a catalytic amount of
TEMPO (1.49% to 5.35 mol%) in acetonitrile, chlorinated product
dominated over oxidation (Table 4, entry 8). The loading of TEMPO
was optimized to 4.38 mol% for the oxidation of 1-(4-methoxyphe-
nyl)ethanol (Table 4, entry 4,). The oxidation was slower in sol-
vents other than chloroform (CHCl3) (Table 4, entries 6, 7).

Keeping eco-friendliness and recovery on priority, the use of
polymer-supported TEMPO was necessary. Besides the availability
of a wide variety of supported TEMPO reagents [37,38], we chose a
Time Yield (%)c

12 h NRe

12 h 2
12 h NRe

12 h NRe

12 h 6
5 min. 98d

0–25 �C. bSM recovery by HPLC. cYield by HPLC. dIsolated yield eNR-No reaction.

Yield (%)b Purity (%)c

98 99.8
95 99
96 99.2
95 99
94 98
70 99

�C. bIsolated Yield. cPurity by HPLC. EDC = Ethylene dichloride.



Table 3
Oxidation of electron-deficient primary and secondary alcohols [44].a

Entry R1 R2 Time (min) Yield (%)b Purity (%)c

1 H H 5 98 99.8
2 4-Cl H 5 99 99
3 3-Cl H 10 98 99
4 2-Cl H 15 98 99
5 4-Br H 5 98 99
6 3-Br H 15 98 99
7 2-Br H 20 99 99
8 4-F H 5 99 99
9 4-NO2 H 10 98 99
10 4-OHCH2 H 10d 98 98
11 H CH3 5 98 99
12 4-Br CH3 5 98 99
13 4-NO2 CH3 5 98 99
14 H C6H5 5 99 99
15 4-Cl C6H5 5 99 99
16 1-Napthyl CH3 5 99 99
17 H (OH)CH-C6H5 5 99 99
18 2-Methylpropan-1-ol 5 98e 98
19 Butan-2-ol 5 98e 99
20 (±)Cyclohexanol 5 98 99
21 (±)Menthol 5 98 98
22 (±)Borneol 5 98 98.9

aReaction condition: Alcohol (3.6 mmol), NCBSI (3.6 mmol), 5 mL MeCN, 20–25 �C. bIsolated Yield. cPurity by GC, dNCBSI (7.2 mmol), eSolvent-free reaction, isolation by DCM
extraction followed by atmospheric distillation, removal of traces under mild vacuum.

Table 4
Optimization of loading of TEMPO as catalyst.a

Entry TEMPO (mol%) Solvent Time (min.) SM (%)b Imp (%)c 2a (%) Yield (%)d

1 1.49 CHCl3 15 13 87 0 0
2 2.44 CHCl3 15 30 12 58e 58e

3 3.40 CHCl3 10 0 8 92 85
4 4.38 CHCl3 10 0 0 99 98
6 4.38 EDC 20 0 0 99 98
7 4.38 CCl4 20 0 0 99 98
8 4.38 MeCN 5 10 89 0 0

aReaction condition: 1-(4-methoxyphenyl)ethanol (13.1 mmol), NCBSI (13.1 mmol), 10 mL CHCl3, 20–25 �C. bSM by GC. cMixture of chlorinated alcohol and ketone. dIsolated
yield. eGC yield.
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styrene–divinylbenzene copolymer bound sulfonic ester-linked
TEMPO (PS-TEMPO) [39]. The label claim stated capacity of PS-
TEMPO was 1 mmol/g in 50% active form. Thus, the optimized
loading was calculated for PS-TEMPO (4.38 mol%) with an addi-
tional half equivalent NCBSI to completely activate it (Scheme 1)
and the experiment was performed. To our surprise, 4.38 mol%
PS-TEMPO loading resulted in 99% of the desired oxidation product
with no chlorinated products. To study the scope of protocol, a
wide variety of electron-rich aromatic, as well as heteroaromatic
primary and secondary alcohols, were subjected (Table 5). The
optimized condition was well suited for an array of electron-rich
3

and a, b-unsaturated alcohols with high purity and yield of the
product (Table 5, entries 1–3, 5, 7–9, 16–18). For oxidation of
amino alcohols and N-heteroaromatic alcohols, the oxidation pro-
tocol needed triethylamine (TEA) as an acid scavenger as HCl as a
side product (Table 5, entries 6, 10–12, 14, 15).

We may formulate the mechanism based on what has been doc-
umented in similar cases [40]. A plausible mechanism of PS-
TEMPO/NCBSI for the oxidation of electron-rich alcohol was pre-
dicted where NCBSI reacts with the activated form of PS-TEMPO
resin resulting in the liberation of chlorine gas, thus forming
TEMPO radical (Scheme 1). The anion of NCBSI generated abstracts



Scheme 1. Plausible mechanism for PS-TEMPO-NCBSI oxidation.

Scheme 2. Mechanistic pathway for oxidation of alcohols.

Scheme 3. Intermolecular and Intramolecular selectivity assessment of NCBSI.
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a proton from the inactive form of PS-TEMPO resin followed by the
elimination of HCl to form TEMPO radical. Thus, TEMPO radical is
oxidized by NCBSI to N-oxoammonium ion (C) [40] and generates
anion (B). The elimination of HCl or alkyl chloride during reaction
Table 5
Oxidation of electron-rich primary and secondary alcohols [45].a

Entry R1 R2

1 4-HOC6H4 H
2 2-HOC6H4 H
3 4-CH3OC6H4 H
4 4-(CH3)2NC6H4 H
5 2-Furyl H
6 2-Pyridinyl H
7 4-HOC6H4 CH3

8 3-HOC6H4 CH3

9 2,4-(HO)2C6H4 CH3

10 2-NH2C6H4 CH3

11 3-NH2C6H4 CH3

12 4-NH2C6H4 CH3

13 2-Thienyl CH3

14 C6H5 2-Pyridinyl
15 C6H5 4-Pyridinyl
16 (E)-But-2-en-1-ol
17 Cinnamyl alcohol
18 Isophorol

aReaction condition: Alcohol (13.1 mmol), NCBSI for activation (0.28 mmol), NCBSI for ox
Yield, cPurity by GC, dTEA (13.1 mmol) as acid scavenger.

4

N-oxoammonium ion (C) with the alcohols or ethers respectively
lead to intermediate (D), which rapidly oxidizes the alcohol or
ether to corresponding aldehyde or ketone with the formation of
hydroxylamine intermediate (E) [40]. The anion (B) abstracts a pro-
ton from intermediate (E) to generate TEMPO radical to recycles for
catalysis.
Time (min) Yield (%)b Purity (%)c

5 98 99
5 98 99
5 99 99
5 98 98
15 96 98
15 98d 97
10 99 98
10 98 99
5 98 98
15 98d 97
15 97d 97
10 98d 96
10 98 98
10 98d 97
10 98d 98
10 97 98
15 98 98
15 98 97

idation (13.1 mmol), PS-TEMPO (0.6 g, 4.38 mol%),10 mL CHCl3, 20–25 �C, bIsolated



Table 6
Oxidation of primary and secondary ethers.a

Entry R1 R2 R3 Time (min.) Yield (%)b Purity (%)c

1 H H CH3 2 98.8 99.8
2 H H CH2CH3 5 98.5 99.8
3 H H i-C3H7 8 98 99.7
4 H H tert-C4H9 3 98 99.6
5 H CH3 CH3 2 98.9 99.8
6 H CH3 CH2CH3 2 98.8 99.8
7 H CH3 i-C3H7 10 98 99.7
8 H CH3 tert-C4H9 5 98 99.7

aReaction condition: Ether (3.6 mmol), NCBSI (3.6 mmol), 5 mL MeCN, 20–25 �C. bIsolated Yield. cPurity by GC.
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While referring to the literature [41,42] on mechanistic study
on oxidation by N-halo reagent, two possible pathways are pro-
posed viz. hypohalite (a) intermediate or halohydrin (b), both (a)
and (b) intermediates converted to carbonyl by the elimination
of hydrogen halide. Out of the two possible mechanisms, pathway
via intermediate (b) has less energy compared to (a) [41]
(Scheme 2). To investigate the pathway for the oxidation of elec-
tron-withdrawing substrates, the oxidation protocol was applied
to benzyl methyl ether, where the probability of hypochlorite (a)
was eliminated. The oxidation was performed in a sealed vial at
�20 �C to avoid the escape of gaseous methyl chloride, the reaction
mixture was allowed gradually to reach room temperature and
analyzed by GCMS. We could not get the mass of methyl chloride,
however, could determine m/z 156 and its fragment as m/z 121
(Fig. 1, supplementary information), and the reaction pathway
via intermediate (b) was confirmed [43].

To get more unambiguous evidence, oxidation of dibenzyl ether
was performed which resulted in the formation of an equimolar
mixture of benzyl chloride and benzaldehyde, both products being
detectable without a loss (supplementary information, Fig. 2). We
also performed intramolecular [48] and intermolecular [49] selec-
tivity of NCBSI. In the intermolecular reaction, no traces of ben-
zaldehyde was observed, and similarly, secondary alcohol was
oxidized selectively over the primary in intramolecular reaction
with 1-phenyl ethane-1,2-diol. This confirmed the reagent was
highly selective towards secondary alcohol in both the reactions
(Scheme 3).

After learning during elucidation of the mechanism, that the
ethers too easily oxidized to corresponding aldehydes and ketone,
NCBSI was applied for the oxidation of ethers of benzyl alcohol and
1-phenyl ethanol with primary, secondary, and tertiary aliphatic
alcohols. For alkyl benzyl ethers, the reaction was exothermic up
to 38 �C with vigorous evolution of corresponding alkyl chloride
(Table 6, entries 1–4) was observed. The reaction time increased
with an increased alkyl chain. However, tert-butyl ether took a
shorter reaction time (Table 6, entry 4). Similar observations were
obtained for the oxidation of ethers of 1-phenyl ethanol (Table 6,
entry 8).

For isopropyl ether, the reagent was selective towards the aro-
matic part compared to the alkyl part presumably due to the stabil-
ity of benzylic carbocation for chlorination to form intermediate
(b) (Scheme 2) (Table 6, entries 3 and 7).

To access the recyclability of N-(phenylsulfonyl) benzenesulfon-
amide, a precursor of NCBSI, benzyl alcohol, 1 was oxidized to ben-
zaldehyde, 1a on a 10 g scale [46], and the N-(phenylsulfonyl)
5

benzenesulfonamide was extracted from the product by washing
with 5% NaHCO3 and recovered from aqueous solution by acidifica-
tion with concentrated hydrochloric acid [47] as a precipitate in
98% yield with 99.77% purity by HPLC and identified by HRMS.

In conclusion, we have first time identified and confirmed
NCBSI as a mild, regioselective rapid oxidant for alcohols and
ethers theoretically [33] as well as experimentally. The reagent
was well suited for the oxidation of an array of alcohols and ethers
without an additive. For electron-donating alcohols and ethers, the
selectivity of oxidation over chlorination and yield was achieved by
a combination of catalytic recoverable PS-TEMPO with NCBSI. The
precursor of the NCBSI can be easily separated from the reaction
mixture and recovered quantitatively for recycling to NCBSI.
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