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The low-temperature selective oxidation of
alcohols and a one-pot oxidative esterification
using an IBS(III/V)/oxone catalysis†

Ryutaro Kondo, Muhammet Uyanik * and Kazuaki Ishihara *

The IBS/oxone catalyst system has been improved for selective

alcohol oxidation at near-room temperature (30 °C), overcoming

the limitations of the conventional high-temperature (70 °C)

method. An NMR spectroscopy analysis identified the rate-deter-

mining step, leading to the development of optimized conditions

based on the pre-generation of IBS(III) and a phase-transfer

catalyst. These improvements enhanced the functional-group tol-

erance and substrate scope, including thermally unstable, acid-

sensitive, or overoxidation-prone alcohols. Furthermore, the

system was successfully applied to one-pot oxidative esterification

reactions, demonstrating its versatility and synthetic utility in mild

oxidation processes.

Green foundation
1. This work introduces a low-temperature (30 °C), transition metal-free IBS(III/V)/oxone catalytic system for the selective oxidation of alcohols and one-pot oxi-
dative esterification, offering a sustainable alternative to conventional oxidation methods that rely on toxic heavy metals, transition metal catalysts, or elev-
ated temperatures.
2. This method employs oxone, a green terminal oxidant, and avoids hazardous reagents and energy-intensive conditions, while achieving high chemo-
selectivity and broad substrate scope—including acid-sensitive and overoxidation-prone alcohols.
3. Future work will focus on further improving sustainability by replacing nitromethane or acetonitrile with greener solvents, and by developing recyclable or
immobilized IBS catalysts to enhance operational efficiency and reduce waste.

Introduction

The selective oxidation of alcohols to carbonyl compounds is a
fundamental transformation in organic synthesis that plays a
key role in the production of fine chemicals, pharmaceuticals,
and functional materials.1 The development of environmen-
tally benign and efficient methods for this transformation
remains a significant challenge and a central objective in
green and sustainable chemistry.1,2 Traditional oxidation
methods often rely on heavy-metal oxidants, such as chro-
mium(VI) and manganese(IV), or transition-metal catalysts,
such as ruthenium and copper.1 In recent years, hypervalent
iodine compounds3 and nitroxyl radicals4 have emerged as
promising metal-free alternatives, offering high efficiency with

reduced toxicity. However, many existing methods still suffer
from drawbacks, such as the use of stoichiometric hazardous
oxidants, harsh reaction conditions, or limited substrate
scope, emphasizing the need for more sustainable
approaches.1–4 The 2-iodoxybenzenesulfonic acid (IBS)5/oxone
catalyst system is an example of a metal-free alternative, devel-
oped by our group,6 that has demonstrated significant poten-
tial for alcohol oxidation under non-aqueous conditions
(Scheme 1a).7,8 Oxone, a commercially available triple in-
organic salt (KHSO5·0.5KHSO4·0.5K2SO4),

9 serves as a terminal
oxidant, facilitating the stepwise oxidation of iodine species
from I(I) to I(III) and subsequently to I(V). As illustrated in
Scheme 1b,6 pre-IBS 1 is initially oxidized to IBS(III) 2, starting
the catalytic process. The oxidation cycle then proceeds via a
reversible I(III)/I(V) redox equilibrium, where 2 is further oxi-
dized to IBS(V) 3, which subsequently oxidizes the alcohol sub-
strate and thus regenerates 2.

Despite its advantages, the original IBS/oxone system
requires elevated temperatures (typically 70 °C), which limited
its functional-group tolerance and substrate scope
(Scheme 1a).6a,d,e High-temperature conditions frequently lead
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to overoxidation, dehydration, and undesired side reactions,
particularly for thermally unstable or acid-sensitive substrates
and those prone to overoxidation. To address these challenges,
we explored two key strategies: (1) enhancing the oxone solubi-
lity using a solid–liquid phase-transfer catalyst (PTC) and (2)
identifying the rate-determining step of the catalytic cycle and
optimizing the reaction conditions accordingly, aiming to
develop a more versatile, energy-efficient, and substrate-toler-
ant oxidation protocol. The pursuit of lower-temperature cata-
lytic oxidations without compromising efficiency, particularly
for sensitive and synthetically relevant substrates, remains a
central objective in contemporary green chemistry.10

We have previously demonstrated that a PTC improves
oxone solubility, thus facilitating efficient oxidation in the IBS/
oxone-catalyzed oxidative dearomatization of phenols.11 Here,
we extend this approach to alcohol oxidation to enhance the
reaction scope and efficiency. More importantly, an NMR ana-
lysis identified the rate-determining step under non-aqueous
conditions to be the oxidation of 1 to 2 prior to entering the
catalytic cycle (Scheme 1b). Based on these findings, we
hypothesized that using 2 directly instead of 1 would accelerate
the oxidation process. Indeed, this modification significantly
improved the reaction efficiency, allowing alcohol oxidation at
lower temperatures while maintaining high chemoselectivity
(Scheme 1c). Furthermore, we extended the IBS/oxone system
to achieve a one-pot oxidative esterification under mild con-
ditions, demonstrating its versatility and practical utility.

Results and discussion

To evaluate the performance of the IBS/oxone system at lower
temperatures, we selected the oxidation of 5-nonanol (4a) to
5-nonanone (5a) in the presence of pre-IBS 1a (2 mol%) and

powdered oxone6 in acetonitrile as the model reaction
(Scheme 2a). Under conventional high-temperature conditions
(70 °C),6a the reaction proceeded rapidly. However, at 30 °C,
the reaction rate significantly decreased, highlighting the
limitations of the existing system. To improve the efficiency of
the oxidation at lower temperatures, we introduced tetrabutyl-
ammonium hydrogen sulfate as a solid–liquid PTC to enhance
the solubility of oxone in the organic solvent. As anticipated,
this modification reduced the reaction time from 24 h to 11 h.

To gain deeper insight into the catalytic mechanism, we
conducted a series of NMR experiments to monitor the iodine
oxidation process (Scheme 2b; I(I): black, I(III): blue, I(V): red).

In CD3CN (in the presence of the PTC), the oxidation of I(I)
to I(III) was identified as the rate-determining step, as the con-
version of 1a to 2a was slow, whereas the subsequent oxidation
of 2a to 3a proceeded rapidly (Scheme 2b, left). The influence
of electron-donating substituents was then examined in
CD3CN. The 4,5-dimethyl-substituted pre-IBS 1c exhibited sig-
nificantly faster consumption than 1a, attributed to both
enhanced solubility12 and the electronic effects6 of the methyl
groups. In contrast, the 4-methyl derivative 1b reacted at a rate
comparable to 1a, suggesting that a substantial increase in
solubility, as observed for 1c, might be an important factor in
achieving marked rate acceleration in this system. Despite
these variations in I(I) consumption rates, all corresponding
IBS(III) intermediates (2a, 2b, and 2c) remained consistently at
very low or undetectable levels (Scheme 2b, left). This uni-
formly low accumulation–even for the potentially faster-
forming 2c–indicates their extremely rapid subsequent oxi-
dation to IBS(V) species, supporting the oxidation of I(I) to I(III)
as the overall rate-determining step. In D2O, the oxidation of
1a to 2a proceeded rapidly, but the subsequent oxidation of 2a
to 3a was slower (Scheme 2b, right).

Scheme 1 IBS/oxone catalysis for alcohol oxidation.

Scheme 2 Initial investigation of the IBS/oxone catalysis at lower
temperatures.
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Although the mechanism by which 1 is oxidized by oxone is
not yet fully understood, these pronounced differences in reac-
tion profiles and identified rate-determining steps between
CD3CN and D2O can be explained by solubility effects. Both
oxone and 1a are poorly soluble in organic solvents, which
slows the initial oxidation to 2a, while 2a and 3a are more
soluble, allowing faster oxidation of 2a to 3a. In contrast, in
water, all species (1a, 2a, 3a, and oxone) are fully dissolved,
resulting in faster oxidation steps than in organic solvents. It
is also important to note that different amounts of oxone were
used in each solvent: 10 equivalents in CD3CN and 4 equiva-
lents in D2O. These loadings were selected to reflect and
accommodate the distinct solubility and reactivity profiles of
oxone and the iodine species in each solvent. While absolute
oxone concentration may influence reaction rates, the chosen
conditions were optimized to clearly reveal the distinct kinetic
bottlenecks in each medium. Therefore, these variations in
oxone loading do not affect the validity of our mechanistic
conclusions.

Building on these mechanistic insights, we developed a
new strategy to improve the efficiency of the IBS/oxone system.
We hypothesized that using IBS(III) 2 as the starting species
could eliminate the slow initiation step, thereby accelerating
the oxidation process. IBS(III) 2 can be easily synthesized from
pre-IBS 1 using peracetic acid in the presence of sulfuric acid.13

To evaluate this approach, we compared the outcomes of
the oxidation of 4a using pre-IBS 1c or IBS(III) 2c (1 mol%)
(Scheme 3a, Method B). Although the reactions proceeded
smoothly at room temperature (23–26 °C), we used a thermo-
static bath set to 30 °C in most experiments to ensure consist-
ent temperature control and reproducibility. To our delight,
the use of 2c resulted in a faster reaction (red vs. black in the
graph). This improvement was attributed to the rapid for-
mation of 3c from 2c, eliminating the need for the slow initial
oxidation step under non-aqueous conditions.

While pre-formed IBS(III) 2 successfully accelerated the reac-
tion, we also explored an alternative strategy to generate IBS(III)
2 in situ, allowing the use of the more cost-effective and easily
handled precatalyst pre-IBS 1. As 1 can be rapidly oxidized to 2

in water, we designed a modified procedure in which a small
amount of water (∼1 equiv.) was added to 1 and oxone to pre-
generate 2 in situ (Scheme 3b, Method C; blue vs. black in
Scheme 3c). Although the catalytic activity of IBS decreases sig-
nificantly in aqueous conditions, we anticipated that the dehy-
drating effect of oxone (specifically its K2SO4 component)
would mitigate the impact of the small amount of water used.
Thus, we found that the reaction proceeded rapidly, at a com-
parable rate to Method B, when 2c was pre-generated in situ
before adding the alcohol substrate (blue vs. red in
Scheme 3c). Furthermore, we compared the performance of
IBS(III) 2a–2c when using Method C. As the previous NMR
experiments had led us to expect (Scheme 2b), 2c exhibited the
highest reactivity, further confirming that electron-donating
substituents enhance the oxidation efficiency (Scheme S1†).

To demonstrate the generality and applicability of the
improved IBS/oxone system using 2c in the presence of a PTC,
we explored the oxidation of various primary and secondary
alcohols. We selected nitromethane based on our previous fin-
dings,6a which showed that it consistently provides superior
chemoselectivity for the conversion of primary alcohols to
aldehydes, particularly compared to conventional solvents
such as acetonitrile. Here, we particularly focused on sub-
strates that have posed challenges under conventional high-
temperature conditions that use pre-IBS 1a in the absence of a
PTC. Under these conventional conditions, overoxidation and
side reactions are frequently observed, particularly for elec-
tron-rich benzylic alcohols, acid-sensitive terpenoids, and
functionalized aliphatic alcohols.

To further illustrate these issues, we examined representa-
tive substrates prone to these side reactions. The oxidation of
4-methoxybenzyl alcohol (4b) under conventional high-temp-
erature conditions yielded a complex mixture containing
4-methoxybenzaldehyde (5b) in low yield, with the complex
mixture likely resulting from dehydration and overoxidation
pathways (Scheme 4a, Method A). Similarly, 1,2,3,4-tetrahydro-
1-naphthol (4c) yielded α-tetralone (5c) in low yield, likely due
to overoxidations leading to the formation of quinonoid bypro-
ducts (Scheme 4b, Method A). In contrast, the low-temperature
oxidation conditions developed here (Method B) effectively
suppressed these competing pathways, affording 5b and 5c in
significantly improved yields.

The oxidation of electron-rich benzylic alcohols (4d–f ),
6-methoxy-2-naphthalenemethanol (4g), and 9-anthracene-
methanol (4h) proceeded efficiently under low-temperature
conditions (Method B), affording the corresponding aldehydes
in high yield (Scheme 5a). Similarly, both primary and second-
ary acid-sensitive alcohols were efficiently oxidized under the
improved conditions. Primary alcohols, including (−)-myrtenol
(4i), (−)-nopol (4j), and the epoxide-containing aliphatic
alcohol 4k, could be successfully oxidized using either Method
B or C (Scheme 5a), while secondary alcohols such as (−)-iso-
pulegol (4l) and (−)-cis-verbenol (4m) were effectively converted
to ketones using Method C (Scheme 5b). In contrast, oxidation
under high-temperature conditions (Method A) led to side
reactions and the formation of complex mixtures of products.Scheme 3 Design of new procedures, Methods B and C.
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Additionally, the oxidation of Boc-protected amino alcohol 4n
and the highly lipophilic steroid-derived alcohol 4o afforded
the corresponding ketones in high yield, demonstrating the
broad functional-group tolerance and applicability of the new
system (Scheme 5b).

The IBS/oxone catalyst system naturally operates under
acidic conditions due to the KHSO4 component of oxone.
Moreover, as the oxidation progresses, KHSO4 is gradually gen-
erated as a byproduct, further increasing the acidity of the
reaction medium. Lowering the reaction temperature to 30 °C
not only moderates the oxidative strength but also reduces the
acidity, thereby enabling a milder yet effective oxidation
process. This adjustment expands the substrate scope to
include acid-sensitive and overoxidation-prone alcohols, which
are challenging substrates for the high-temperature con-
ditions. An alternative approach to controlling acidity involves
using K2CO3-buffered oxone, which we previously demon-

strated to be effective in the IBS/oxone-catalyzed oxidative dear-
omatization of phenols.11b However, during alcohol oxidation,
this approach substantially reduces the oxidative power of the
system, making it unsuitable for the present reaction
(Scheme S2†).

To further demonstrate the utility of the improved IBS/
oxone system, we explored its applicability to the formation of
lactones8e and oxidative esterification reactions. The oxidation
of 1,4-butanediol (6) under low-temperature conditions using
in situ pre-generated 2c (Method C) led to the selective oxi-
dation of one hydroxyl group, followed by an intramolecular
cyclization and further oxidation, affording γ-butyrolactone (7)
in high yield (Scheme 6a). In contrast, the conventional high-
temperature conditions using 1a (Method A) resulted in a
lower yield, likely due to the dehydration of the lactol inter-
mediate under the harsh conditions applied.

Encouraged by this result, we extended the method to
encompass intermolecular oxidative esterification reactions.
Esters are widely used in pharmaceuticals, cosmetics, and fine
chemicals, and they also serve as protecting groups in organic
synthesis. Conventional esterification reactions from alcohols
typically require multiple steps,14 whereas the present method

Scheme 4 Comparison of conventional and current oxidation
methods: representative examples. a Anhydrous Na2SO4 was used as a
desiccant in both the conventional and current oxidation methods to
prevent aldehyde hydration to hemiacetals during the oxidation of the
primary alcohols.6a

Scheme 5 Chemoselective oxidation of alcohols. aUnless otherwise
noted, the reactions were performed with 1.0 mmol of 4 under the opti-
mized conditions using Method B. Yields from conventional Method A
(see Scheme 4) are shown in brackets. b 1a or 2c (5 mol%). c In EtOAc
(0.1 M). d Powdered oxone (1.6 equiv.). e 1a or 2c (10 mol%). f A complex
mixture containing unidentified side products was obtained. gDibenzyl
ether (a dehydrative dimerization byproduct) was obtained in 70% yield.
hMethod C. For details, see the ESI.†
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enables a direct esterification via a selective oxidation to
aldehydes.

We initially examined the oxidation of 3-phenyl-1-propanol
(4p) in the presence of methanol (8a) to yield methyl 3-phenyl-
propionate (9pa) (Scheme 6b). However, the presence of 8a
likely inhibited ligand exchange7k between IBS(V) and the sub-
strate alcohol 4p, suggesting that oxidative esterification in the
presence of two different alcohols is challenging. To overcome
this issue, we first allowed the complete oxidation of 4p to the
aldehyde 5p prior to the addition of 8a (Scheme 6c). This
modification prevented interference between the two alcohols
during the initial oxidation step, thereby facilitating an
efficient oxidative esterification. Optimization studies revealed
that using 1.6 equivalents of oxone for the oxidation of 4p to
5p, followed by the addition of 2.0 equivalents of oxone and an
excess of 8a, afforded 9pa in 92% yield (Scheme 6c; for details,
see Table S1†). This stepwise oxone addition is feasible
because overoxidation is less problematic at room temperature,
allowing the controlled oxidation of the aldehyde intermediate
without the occurrence of significant side reactions.

With the optimized conditions in hand, we explored the
substrate scope for the oxidative esterification (Scheme 7).
Replacing methanol (8a) with ethanol (8b) or 2-propanol (8c)
yielded the corresponding esters, even though the bulkier 8c
required a higher temperature for the final hemiacetalization/
oxidation step. The oxidation of a propargyl alcohol (4q),
benzyl alcohol (4r), and dibenzyl alcohols (4s, 4t) also pro-
ceeded efficiently, affording ethyl ester 9qb and methyl esters
9ra–9ta at elevated temperatures.

To demonstrate the synthetic utility of this method, we
applied it to the total synthesis of phlomic acid, a naturally
occurring axially chiral allene.15 In the two-step method
reported by Ma et al., the esterification requires the use of
toxic trimethylsilyldiazomethane.16 In contrast, our one-pot
oxidative esterification approach afforded ester 9ua in 96%
yield (Scheme 7), surpassing the efficiency of the literature
method while eliminating the need for hazardous reagents.

To quantitatively validate the green credentials of our
approach, we performed an EcoScale analysis.17 For the oxi-
dation of primary alcohols (4b to 5b), the present low-tempera-
ture method achieved an excellent EcoScale score of 76, signifi-
cantly higher than the score of 45 obtained with our previous
high-temperature protocol.6a This improvement is primarily
attributed to the substantially improved yield and milder reac-
tion conditions. A similarly notable enhancement was
observed for the oxidation of secondary alcohols (4c to 5c),
with the EcoScale score increasing from 19.5 to 68 (see ESI†
for detailed calculations).

To further contextualize the advantages of our method, it is
valuable to consider its position relative to state-of-the-art bio-
catalytic approaches. Biocatalysis, typically employing enzymes
such as alcohol dehydrogenases (ADHs), oxidases (AOXs), or
galactose oxidase variants (GOase), represents a premier strat-
egy in green chemistry, capable of delivering unparalleled
selectivity under exceptionally mild, aqueous conditions, often
utilizing oxygen as a benign oxidant.18 Complementing these
highly specialized enzymatic systems, chemocatalytic methods
like the one developed herein offer distinct and complemen-

Scheme 6 Oxidative lactonization and esterification of alcohols.

Scheme 7 Oxidative esterification of alcohols. Unless otherwise noted,
the reactions were performed with 1.0 mmol of 4. Conditions for the
hemiacetalization/oxidation step are shown in parentheses. a ROH 8 (40
equiv.). bMeOH 8a (60 equiv.). c 10 mmol of 4 were used.
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tary advantages, primarily centered on broader substrate
scope, operational simplicity, and robustness. Our system uti-
lizes standard laboratory reagents and common synthetic tech-
niques, bypassing the complexities associated with enzyme
stability, cofactor recycling, and enzyme-specific optimization.
Therefore, it provides a readily accessible and practical alterna-
tive for a wide variety of functionalized alcohols, especially in
cases where suitable enzymes may not be readily available or
applicable.

Ultimately, the choice between biocatalytic and chemocata-
lytic approaches depends strategically on the target substrate,
required reaction conditions, and practical constraints. The
present IBS/oxone catalysis expands the green oxidation
toolbox by offering a highly practical, efficient, and easily
implementable chemocatalytic option.

Conclusions

In conclusion, we have developed a significantly improved IBS/
oxone catalyst system that enables efficient and selective oxi-
dation of alcohols at 30 °C with broad substrate applicability.
This advance was achieved through a mechanistically guided
strategy involving the pre-generation (or efficient in situ for-
mation) of the active IBS(III) species, along with enhanced solu-
bility of oxone via a phase-transfer catalyst (PTC). These modi-
fications not only accelerated the oxidation process but also
effectively suppressed side reactions, thereby expanding the
scope to include thermally unstable, acid-sensitive, and oxi-
dation-prone substrates. Lowering the operational temperature
from 70 °C to 30 °C represents a significant step toward more
energy-efficient and sustainable synthetic methodologies. The
versatility and practicality of this system were further demon-
strated by its successful application to one-pot oxidative lacto-
nization and, notably, highly efficient oxidative esterification.
These examples highlight its potential as an atom-economical
alternative to conventional multi-step processes. Overall, this
work not only expands the utility of hypervalent iodine cataly-
sis but also demonstrates its promise as a practical and sus-
tainable platform for key oxidative transformations, addressing
the growing demand for greener and more streamlined pro-
cesses in the synthesis of pharmaceuticals and fine chemicals.
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