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Synthesis of catechols from cyclohexanones via
acid-regulated dual oxidative transformations with
TEMPO†
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and Weiping Su *a,b

Herein, we disclosed a metal-free, operationally simple, general

method for the straightforward synthesis of catechols via an

α-oxygenation of cyclohexanone-initiated cascade oxidative reac-

tion sequence. This metal-free method was particularly advan-

tageous for the synthesis of pharmaceutically relevant catechols,

as it eliminated the need for costly and potentially toxic metal cat-

alysts. An exhibition of more than 60 cyclohexanone substrates

proved the reliability of this protocol in directly synthesizing struc-

turally diverse and synthetically useful bioactive molecules, which

are conventionally unattainable by existing methods.

Green foundation
1. This work advances the field of green chemistry by developing a novel, metal-free approach for the synthesis of catechols from cyclohexanones using in-
expensive and bench-stable TEMPO and TsOH. This method eliminates the need for toxic and expensive metal catalysts and offers a broad substrate scope,
providing a sustainable alternative for synthesizing pharmaceutically relevant catechols. Moreover, TEMPO serves not only as an oxidant in the reaction but
also as an oxygen donor, incorporating oxygen atoms into the target catechol, thereby enhancing atom economy.
2. The operationally simple protocol achieves high selectivity and efficiency, transforming readily available cyclohexanones into diverse catechols with over 60
substrates. It demonstrates excellent functional group tolerance and avoids hazardous reagents, aligning with the principles of green chemistry by minimiz-
ing waste, enhancing atom economy, and eliminating the use of toxic metals.
3. Future research could explore catalytic loading of nitroxides and acids by using environment-friendly terminal oxidants, such as air and O2.

2,2,6,6-Tetramethylpiperidine-N-oxyl (TEMPO) is a persistent
radical due to the delocalization of its unpaired electron across
the nitrogen and oxygen atoms, as well as the steric protection
provided by the bulky alkyl substituents on its nitrogen.
Despite its inherent stability, TEMPO serves as a versatile
oxidant, radical scavenger and catalyst for oxidation reactions,
efficiently facilitating a wide range of chemical transform-
ations in organic synthesis.1 Various TEMPO-enabled oxi-
dation reactions involve the interaction of alkyl radicals with
TEMPO to form alkoxyamine intermediates. Divergent trans-

formations of these alkoxyamine intermediates can be pre-
cisely modulated through tailored reaction conditions,
enabling the selective synthesis of diverse products with high
efficiency based on established parameters.2 TEMPO-derived
alkoxyamines generally undergo two primary reaction path-
ways. The first pathway involves the cleavage of N–O bonds in
TEMPO-derived alkoxyamines, generating oxygenated products
while releasing 2,2,6,6-tetramethylpiperidine (TEMPH)
(Scheme 1a).2e–j Alternatively, alkoxyamines bearing β-C(sp3)–H
bonds undergo β-elimination of TEMPOH, yielding alkenes as
either final products or reactive intermediates (Scheme 1b).2k–o

Herein, we reported TEMPO-mediated oxidation reactions that
integrated these oxidation modes, providing a facile strategy to
construct multi-functionalized catechols from readily available
cyclohexanones (Scheme 1c).

Catechols, characterized by two hydroxyl groups lying on
the ortho-positions of benzene rings, are extensively applied in
contemporary organic synthesis, the pharmaceutical industry,
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and materials science, because catechol and its derivatives
possess valuable pharmacological activities (Scheme 2a).3

About 20 000 metric tons of catechols are manufactured
annually, and 78 drugs have been so far identified containing
one or more catechol moieties (including 17 prescribed by the
FDA),4 which collectively underscores the critical significance
of catechol-based compounds. Despite the dramatic increase
in the demand for catechols, the general synthetic methods
for catechol synthesis remain in the infant stage, and thus,
more effective methods are highly desirable.

Traditionally, catechols are industrially manufactured from
phenols through a multi-step process consisting of an initial
ortho-halogenation and a subsequent hydrolysis under harsh
conditions (Scheme 2b).3a,b However, the low selectivity of this
process often leads to the formation of unwanted side pro-
ducts, such as 1,4-benzenediol, 1,2,3-benzenetriol and 1,2,4-
benzenetriol, which not only complicates the separation
process but also wastes raw materials. In 1909, the Dakin oxi-
dation was discovered and soon applied in catechol synthesis
through a peroxide-initiated multi-step transformation of the
salicylaldehyde framework [Scheme 2c(i)]. However, this was
similarly restricted to relatively low total yields due to the lack
of regioselectivity.5 Later the prevalence of transition-metal cat-
alysis enabled rapid access to catechols through a directing-
group-assisted ortho-C–H functionalization strategy that
offered exclusive regioselectivity [Scheme 2c(ii)].6 Nevertheless,
the indispensable need for expensive transition-metal cata-
lysts, along with the need for the installation and removal of
the directing groups, have limited the extensive application of
this method in catechol synthesis. Although the ideal trans-
formation, from phenols to catechols, has been achieved

through enzyme catalysis with limited examples,7 similar
chemical approaches invariably end up with over-oxidized qui-
nones because of the lower oxidative potential of catechols
compared to phenols, making additional reductive steps inevi-
table in such a detoured approach [Scheme 2c(iii)].8

Since two-step or longer synthetic procedures are generally
required, the development of efficient and easy-to-handle
methods for the syntheses of structurally diverse catechols
from readily available substrates remains highly desired.
Cyclohexanones are easily available and can be readily syn-
thesized with a broad substrate scope.9 Prior elegant studies
have demonstrated that cyclohexanones undergo oxidative
dehydrogenation/aromatization under Pd-catalysis10 or photo-
catalysis11 to generate phenols. In a related study, Jiao’s group
reported an innovative and practical oxidative transformation
of cyclohexanones to catechols,12 employing iodine as a cata-
lyst and dimethyl sulfoxide as both the solvent and oxidant.
However, a straightforward method that avoids the need to use
corrosive reagents and offers improved functional group com-
patibility for the conversion of readily available cyclohexa-
nones to catechols has yet to be achieved.

We envisioned that the reaction of cyclohexanones with
TEMPO could provide one-step access to catechols, facilitating
the development of a non-toxic, transition-metal-free approach
favorable for pharmaceutical manufacturing.13 Considering that
the conversion of cyclohexanones to catechols is expected to
proceed via an α-C(sp3)–H oxygenation/β-elimination cascade
with high regioselectivity, the development of such an approach
must address the following challenges: controlling the competi-
tive oxygenation and β-elimination to ensure reaction selectivity,
as well as managing the inconsistent conditions and substrates
required for these reactions. In this regard, the TEMPO-enabled
C(sp3)–H oxygenation generally occurs at carbons(sp3) that are
not tethered to another C(sp3)–H2h–j or through a reduction of
TEMPO-derived alkoxyamine intermediates by metals.2f Besides,
the TEMPO-enabled oxidation of C(sp3)–H on ethyl or longer
alkyl groups mainly occurs via a β-elimination of TEMPOH to give
alkenyl products.2a–d,k–o As described in Scheme 2d, the compe-
tition between oxygenation and β-elimination in the reaction of
cyclohexanones with TEMPO may lead to varying products, such
as 1,4-benzenediol, phenol, catechol, 1,2-cyclohexanedione14 or
ring-opening side compounds,15 which underlines the challenges
in developing a concise synthesis method for catechols from
cyclohexanones using TEMPO.

Results and discussion
Discovery and optimization of the desired reaction

Our studies commenced with cyclohexanone and TEMPO to
optimize the conditions for catechol synthesis (Table 1).
Consistent with our speculation, the reaction between 4-phe-
nylcyclohexanone with TEMPO occurred to produce the tar-
geted catechol (1), but low yields were observed due to the for-
mation of phenol as a side product (1′) (Table 1, entry 1).
However, the elegant studies performed by Stahl and co-

Scheme 1 TEMPO-mediated modes of C(sp3)–H bond oxidation via
alkoxyamines.
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workers disclosed that Brønsted acids could regulate the redox
property of TEMPO depending on their acid strength and
improve the reactions of TEMPO.16 Additionally, Brønsted
acids can also facilitate TEMPO-enabled oxygenation for the
synthesis of carbonyl compounds by promoting N–O bond
cleavage in the alkoxyamine intermediate.2j,17 Importantly,
Brønsted acids generally promote the tautomerism of ketones
to enols that are electron-rich and thus active toward oxidation
transformation.18 Inspired by these elegant discoveries, we
employed Brønsted acids as additives to achieve the efficient
one-step syntheses of catechols. To our delight, we found that
catalytic p-toluenesulfonic acid (TsOH) could improve the tar-
geted reaction yield significantly (entry 2). Also, increasing the
TsOH loading further raised the yield of catechol and
decreased the yield of phenol (entries 2–5), as shown by the
observation that one equivalent of TsOH enabled a 76% yield
to be obtained (entry 5). Importantly, when NBu4OTs (0.5 equi-
valent) was used, the salt derived from the conjugate base of
TsOH, combined with TsOH (1.0 equivalent), could serve as
additives (entry 6) to obtain catechol in an optimal isolated
yield of 82%, with the phenol completely suppressed.

Scheme 2 Significance of catechols and the development of synthetic approaches.

Table 1 Reaction optimization for the synthesis of catechol from
cyclohexanonea

Entry Additives

Yieldb

1 (%) 1′ (%)

1 None 26 33
2 TsOH (0.1 equiv.) 49 16
3 TsOH (0.2 equiv.) 56 12
4 TsOH (0.5 equiv.) 67 7
5 TsOH (1.0 equiv.) 76 5
6 TsOH (1.0 equiv.) + NBu4OTs (0.5 equiv.) 86 (82c) Trace

a Standard conditions: 4-phenylcyclohexanone (0.2 mmol), TEMPO (3.8
equiv.), TsOH (1.0 equiv.), NBu4OTs (0.5 equiv.), 1,4-dioxane (0.4 mL),
120 °C, N2, 36 h. b Yields were determined by UPLC analysis using
benzyl benzoate as an internal standard. c Isolated yields.

Green Chemistry Communication

This journal is © The Royal Society of Chemistry 2025 Green Chem., 2025, 27, 4143–4151 | 4145

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
8:

51
:3

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc00115c


Substrate scope of reaction

With the optimized conditions in hand, the versatility of the
one-step synthesis of catechols was explored using various
cyclohexanones (Scheme 3). 4-(Hetero)aryl-catechols generally
exhibit high in vivo inhibition efficacy against inflammatory
and HIV-1 reverse transcriptase-associated ribonuclease H.19

To our delight, cyclohexanones bearing various substituent
groups at the γ-positions (1–15), as well as (hetero)aryl groups
(16–19), produced the corresponding catechols in satisfactory
yields, including the synthesis of the potential multitarget
therapeutic drug 16.20 Due to the metal-free conditions, both
halogens (F, Cl, Br; 4–6) and pseudo-halogen (OTf, 11) groups
were well tolerated, which offered opportunities for further
modifications. Cyclohexanones with a series of alkyl groups at
the γ-positions also gave the corresponding products in moder-
ate to good yields, regardless of their steric hindrance (21–27).
Next, a range of polar functional groups, such as esters (28,
29), amide (30), Weinreb amide (31), ketal (32) and the phar-
maceutically relevant trifluoromethyl (33) group, were all
proven to be compatible with the proposed catechol synthesis.

In comparison to γ-substituted ones, β-substituted cyclohex-
anones were more readily available by employing the well-
established nucleophilic 1,4-conjugate addition between
common cyclohexenones and nucleophilic reagents (Grignard
reagents, organoboron reagents, etc.).9b,c Despite this advan-
tage, converting the non-symmetrical β-substituted cyclohexa-
nones into catechols may result in the production of two regio-
isomers due to the two different enolization orientations.

Pleasingly, our method enabled the regioselective trans-
formation of β-substituted cyclohexanones to para-substituted
catechols in good yields (34–39). Since γ-substituted and
β-substituted cyclohexanones produced the same structural
products, the use of more readily accessible β-substituted
cyclohexanones further simplified the synthesis of para-substi-
tuted catechols. Meanwhile, 3,4-dually substituted cyclohexa-
nones also underwent this transformation under standard con-
ditions to form the tetra-substituted benzenoid products (40,
41), which opened up a new avenue for synthesizing structu-
rally complex and functionally concentrated catechols.
Interestingly, cyclohexanones substituted with cyclopropyl
groups at either the γ- or β-position offered catechols bearing

Scheme 3 Scope of cyclohexanones. Conditions: cyclohexanone (0.2 mmol), TEMPO (3.8 equiv.), TsOH (1.0 equiv.), NBu4OTs (0.5 equiv.), 1,4-
dioxane (0.4 mL), 120 °C, 36 h, under N2 atmosphere. Yields are the yields of isolated products.
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intact cyclopropyl groups without requiring the ring opening
of cyclopropanes (42, 43).

Further exploration of the substrate scope demonstrated
that both the positions and nature of several substituents
impacted the chemo-selectivity of this transformation
(Scheme 4). Cyclohexanone containing an α-methyl substituent
produced a mixture of monophenol (44a) and catechol (44b)
compounds with a nearly 1 : 1 ratio. Moreover, cyclohexanone
bearing an α-benzyl group gave a phenol (45a) in a poor yield
without the formation of catechol (45b). The reaction outcome
of these two cyclohexanones indicated that the α-substituents
might reduce the reaction efficiency and inhibit the
α-oxygenation of cyclohexanone. In agreement with this specu-
lation, 2-phenylcyclohexanone produced a phenol (46a) in
excellent yield and a catechol (46b) in poor yield. Both the N-
tert-butyloxycarbonyl amino group (NH-Boc) (47) and
N-methyl-N-tert-butyloxycarbonyl amino group (Me-N-Boc) (48)
were found to be compatible with this reaction, but a mixture
of phenol and catechol was observed in both cases. This was
probably because the amino groups also acted as an active
component21 to facilitate the dehydrogenative aromatization of
cyclohexanones and impeded the α-oxygenation of cyclohexa-
nones. Similarly, 3,5-diphenylcyclohexanone also showed good
reactivity, producing a mixture of phenol (49a) and catechol
(49b) in high yields, which could be attributed to the high
reactivity of the phenyl moiety towards oxidation.

Synthetic applications

Notably, our one-step synthesis of catechols can enable the
rapid syntheses of many natural products and pharmaceutical
compounds starting from readily available compounds
(Scheme 5). In this context, protocatechuic acid, a compound

currently accessed by the alkaline fusion of vanillin, possesses
a multitude of pharmacological activities including in vivo
antiviral and nephroprotective activity.22 By using industrial-
ized ethyl 4-oxocyclohexanecarboxylate as a starting material,
our method offered a two-step approach to protocatechuic acid
in a good total yield (51). Similarly, both γ-acrylate-substituted
and γ-acetate-substituted cyclohexanones underwent acid-regu-
lated reactions with TEMPO to produce the catechol derivatives
(52, 54), which were then smoothly converted into the naturally
occurring caffeic acid (53) and hydroxytyrosol (55)23 via a one-
step operation, respectively. Compound 56, featuring four phe-
nolic hydroxyl groups, inhibits the aggregation of amyloid-β
peptide in Alzheimer’s, and acts as a superb bridging ligand
for charge transfer.24 Our protocol also realized the use of
commercially available 4,4′-bicyclohexanone for the one-step
synthesis of the biological active compound 56. Compared
with the known methods, which typically require multi-step
synthetic routes involving palladium, our method not only
offers a simplified synthesis of 56, but also circumvents the
need for the employment of cytotoxic transition metals.
Intriguingly, for substrates that contain two different carbo-
nyls, TEMPO can distinguish them and selectively transform
the cyclohexanone part into the corresponding compound 57,
the direct precursor to the Alzheimer’s inhibitor Tolcapone.25

Furthermore, the agrochemical diethofencarb (59), an effective
marketed fungicide against benzimidazole-resistant fungi,
could be quickly constructed through our method and a sub-
sequent ethylation transformation.26

Considering the pharmacological activity exhibited by some
compounds bearing a catechol component,19,20 we also endea-
vored to apply our approach in the late-stage functionalization
of structurally complex bioactive molecules, which could offer

Scheme 4 Substituent effect on the conversion of cyclohexanones to catechols. Conditions: cyclohexanone (0.2 mmol), TEMPO (3.8 equiv.), TsOH
(1.0 equiv.), NBu4OTs (0.5 equiv.), 1,4-dioxane (0.4 mL),120 °C, 36 h, under a N2 atmosphere. Yields are the yields of isolated products. N. D. = not
detected.
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a streamlined synthesis of catechol-based pharmaceutically
relevant molecules. In this domain, cyclohexanones embedded
in natural products, such as L-menthol (60), citronellol (61)
and isoborneol (62), could be transformed into the corres-
ponding catechols with high efficiency. Notably, the more chal-
lenging steroid substrate, namely bolandione, which bears two
carbonyl groups on its cyclic skeleton, underwent
α-oxygenation and single β-H elimination on its six-membered
ring to deliver product 63, in a marginal yield.

Mechanism studies

To elucidate the mechanism of this reaction, an array of experi-
mental studies was carried out (Scheme 6). 4-Phenyl-cyclohexe-
none (64) was transformed under standard conditions to
produce 4-phenylphenol (1′) as the main product, along with a
small amount of 4-phenyl-catechol (1) (Scheme 6a). In con-

trast, the reaction of 4-phenyl-cyclohexane-1,2-dione (65) only
formed 4-phenyl-catechol (1) without the formation of phenol
1′ (Scheme 6b). No conversion of phenol to catechol was
observed when 1′ was used as the starting material
(Scheme 6c). These reactions suggested that the oxidative
transformation might proceed through an initial
α-oxygenation of cyclohexanones to form 1,2-cyclohexanedione
as an intermediate, followed by a dehydrogenative aromatiza-
tion of 1,2-cyclohexanedione to yield the catechol. The possi-
bility of an initial β-H elimination of cyclohexanone to form
cyclohexenone (64) as an intermediate was excluded. Notably,
although Brønsted acids can promote the disproportionation
of TEMPO to its corresponding oxoammonium salt (TEMPO+)
and hydroxylamine (TEMPOH),27 the reaction of 2,2,6,6-tetra-
methyl-1-oxo-piperidinium tetrafluoroborate (TEMPO+BF4

−)
with 4-phenylcyclohexanone did not generate the catechol

Scheme 5 Synthetic applications.
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product (Scheme 6d), indicating that the reaction was likely
initiated by the interaction of cyclohexanone with TEMPO
rather than the oxoammonium salt. The 18O-labeled experi-
ment revealed that one of the oxygen atoms in catechol origi-
nated from TEMPO, as high-resolution mass spectrometry ana-
lysis indicated that the 18O ratio in the product catechol (18O-1)
was nearly identical to that of the starting 18O-TEMPO. These
mechanistic studies demonstrate that this acid-regulated oxi-
dation of cyclohexanone represents a novel oxidation mode of
TEMPO, as reactions between TEMPO and alkyl ketones via
the isomerization of alkyl ketones into enols generally require
external oxidants to oxidize the enols to carbon-centered
radicals.28

Grounded on the experimental results and previous
studies,2a,29 a plausible mechanism for this catechol-synthesis
reaction was proposed and shown in Scheme 6f. Initially,
TsOH, a Brønsted acid, promoted the isomerization of cyclo-
hexanone into the enol tautomer (I). TEMPO then abstracted a
hydrogen atom from the hydroxyl group of enol (I) to form
radical (II) at the α-carbon of cyclohexanone. This α-carbon-
centered radical was trapped by another TEMPO molecule to
give intermediate (III), which was further isomerized to the
enol bearing a TEMPO substituent at the α-position (IV) due to

the relatively strong acidity of the C(sp3)–H bond at the
α-carbon bounded to TEMPO. The α-TEMPO enol (IV) under-
went cleavage of the O–N bond of TEMPO through transition
state V to form 1,2-cyclohexanedione (VI) along with the elim-
ination of TEMPH. 1,2-Cyclohexanedione (VI) also underwent
acid-promoted isomerization to give the α-carbonyl-enol inter-
mediate (VII), which was then oxidized by TEMPO to form the
1,2-cyclohexanedione radical (VIII), followed by combination
with another TEMPO molecule to form intermediate IX. Due
to the intramolecular hydrogen bonding, the hydrogen abstrac-
tion from the hydroxyl group to eliminate TEMPH was geome-
trically unfavored. Consequently, intermediate IX underwent a
β-elimination of TEMPOH to give the α-carbonyl enone inter-
mediate (X). Finally, α-carbonyl enone (X) underwent an aro-
matization-driven isomerization via TsOH-mediated hydrogen
migration to give catechol (XI) as the final product.

Conclusions

In conclusion, we have developed an acid-regulated method
for the syntheses of catechols through the oxidation of cyclo-
hexanones by TEMPO. This transformation consisted of two

Scheme 6 Mechanistic studies. (a) Use of 4-phenyl-cyclohexenone as the substrate. (b) Use of 4-phenyl-cyclohexane-1,2-dione as the substrate.
(c) Use of 4-phenylphenol as the substrate. (d) Use of oxoammonium salt as an oxidant. (e) 18O-labeled experiment. (f ) Proposed reaction mecha-
nism. Yields are for isolated products.

Green Chemistry Communication

This journal is © The Royal Society of Chemistry 2025 Green Chem., 2025, 27, 4143–4151 | 4149

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
8:

51
:3

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc00115c


different TEMPO-enabled oxidation modes (oxygenation and
β-elimination), thus representing a novel transformation, as
these two modes generally required distinct reaction con-
ditions and were only feasible with varied substrates. This
acid-regulated protocol exhibited excellent functional group
tolerance and was applicable for the concise synthesis and
modification of bioactive compounds. Considering that cate-
chols are key structural components in many varieties of bio-
active compounds, we hope this general method for the
efficient synthesis of catechols will find wide applications in
organic synthesis.
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