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ABSTRACT: A practical and tunable transition-metal-free aerobic oxidation
of pyrazol-5-ones preparing either 4-hydroxypyrazoles (via C−H hydrox-
ylation) or bispyrazoles (via dehydrogenative homocoupling) is described.
The K2CO3/dioxane reagent system predominately promoted hydroxylation
to deliver the α-hydroxylated pyrazoles. In contrast, the formation of
bispyrazoles was overwhelmingly preferred with CH3CN as the reaction
medium without any additives.

Molecular oxygen is an essential part of multicellular life on
Earth and plays a significant role in biological

metabolism.1 Biological metalloenzymes that frequently contain
catalytic metal centers usually utilize molecular oxygen as an
oxidant to oxidize a variety of substrates, namely, oxygenase and
oxidase.2 The biomimetic approaches employing abundant,
nontoxic, and environmentally benign molecular oxygen as an
oxygen atom source or oxidant into various organic reactions
have potential in the development of green and sustainable
chemistry.3 As two important transformations in this field,
oxidative C−H hydroxylation4 and C−C coupling reaction3,5

have attracted considerable attention for the synthesis of
important biological and pharmaceutical molecules. A traditional
method for access to C−H hydroxylation is the direct use of
organic oxidants (i.e., DMD,6a−c oxaziridines,6d,e m-CPBA,6f

ROOH,6g,h H2O2
6i) or with O2 by transition-metal catalysis (i.e.,

Pd,7a,b Ce,7c−e Co,7f Mn7g,h). From an atom-economical and
ecological point of view, the requirement for stoichiometric
amounts of organic oxidants or heavy metals presents a host of
disadvantages. Afterward, transition-metal-free aerobic oxidative
C−H hydroxylation by organo-,8 phase transfer,9 or inorganic
salt10 catalysis was realized. Despite those remarkable advances,
the use of P(OEt)3 for reduction of superoxide intermediate to a
final alcohol product is necessary in most cases, which inevitably
produces waste.9d,f,g,10a,b On the other hand, the oxidative
homocoupling of α-tertiary carbon adjacent to a carbonyl
function group could be an efficient tool for C−C bond
formation. Accordingly, a wide range of catalytic processes have
been developed using metal oxidants (i.e., KMnO4, V2O5,
FeCl2)

11 or organic oxidants (i.e., CAN and I2),
12 and only a few

examples of aerobic oxidative homocoupling catalyzed by
CuCl13a and Cu2O

13b were reported. Nevertheless, further

excavation of aerobic homocoupling of carbonyl compounds
under mild conditions, particularly without additives, is in great
demand yet remains challenging.
Pyrazol-5-one skeletons represent privileged structural units

ubiquitously appearing in biologically active natural products and
synthetic drugs,14 such as the first synthetic antipyretic and
analgesic drug by Ludwig Knorr in 1883,14c,d antibacterial
agents,14e and p38 inhibitors.14f Concerning extensive applica-
tions of multifunctionalized pyrazol-5-ones15,16 and our
sustaining interest in the aerobic oxidative reactions,17 we
determined to devote our efforts on the exploration for efficient
derivatization of pyrazoles by an aerobic oxidative strategy.
Recently, Wang and co-workers reported an oxidative hydrox-
ylation at the C4-position of pyrazol-5-ones with cumene
hydroperoxide (CHP) as the oxidant (Scheme 1a).18 In 1993,
the homocoupling of pyrazol-5-ones was first demonstrated by
Meske’s group using phenoxy radicals as oxidants (Scheme
2b).19 To the best of our knowledge, the direct aerobic oxidation
of pyrazol-5-ones for both hydroxylation and homocoupling is
unprecedented and still remains a great challenge. Herein, we
present the first switchable aerobic oxidation of pyrazol-5-ones to
afford either 4-hydroxypyrazoles (via C−H hydroxylation) or
bispyrazoles (via C−C homocoupling). The K2CO3/dioxane
system predominately promoted the aerobic hydroxylation; by
contrast, the aerobic homocoupling was overwhelmingly
preferred when CH3CN was used as the solvent without any
additives (Scheme 1c). Moreover, these two kinds of reactions
proceeded smoothly in air, making this tunable aerobic oxidation
more attractive.
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Initially, pyrazol-5-one 1awas chosen as themodel substrate to
optimize reaction conditions of this unprecedented oxidation at
60 °C for 12 h. As shown in Table 1, the reaction occurred readily
to give a mixture of products, and relatively high yields of 43 and
73% were obtained for 2a and 3a in dioxane and CH3CN,
respectively (entries 1−7). Next, various organic and inorganic
bases were used in dioxane to only improve the selectivity of
product 2a, and the results showed that K2CO3 was superior to
provide 2a in a yield of 84% (entries 8−13). Screening of the
reaction temperature indicated that the best outcomes were
acquired at 35 °C in terms of reaction time and product yield
(entries 14−16). If the base loading was increased from 20 to 40
mol %, no obvious influence on the reaction results was detected,
whereas a lower yield of 79% was obtained with a decreased base
loading to 10 mol % (entries 17 and 18) (for solvent screening,
see Supporting Information). Complementarily and compet-
itively with the above hydroxylation process, we commenced
investigating the homocoupling of pyrazol-5-one 1a in CH3CN

and found that the oxidative homocoupling preferentially
occurred to produce bispyrazole 3a in a reasonable yield of
73% at 60 °C (entries 4, 20, and 21). Excitingly, products 2a and
3a were also synthesized in 78 and 65% yields in air, although a
prolonged reaction time is necessary (entries 19 and 22). It
should be noted that the mixture of 2a and 3a can be completely
separated by one flash column chromatography.
Under the optimized reaction conditions shown in entry 15 of

Table 1, we first investigated the substrate scope of the aerobic
oxidative hydroxylation (Scheme 2). Substituents at the para- or
meta-position in 4-benzylpyrazoles were very compatible
regardless of electric characteristics, leading to the tertiary
alcohols 2b−j in good yields of 80−92%. For substrates bearing a
methyl group or bromine atom at the ortho-position, the reaction
gave rise to the corresponding products 2k or 2l in slightly lower
yields and selectivity. Significantly, substituents at the C4-
position of pyrazol-5-ones can be easily expanded to methyl,
ethyl, and allyl groups, and the desired compounds 2m−o were
produced concisely in 84−93% yields. Furthermore, other
methyl-substituted pyrazol-5-ones 1p and 1q were also
applicable reactants to furnish exclusively the hydroxylation
products 2p and 2q in excellent yields of 95 and 97%,
respectively. Remarkably, 3-phenylpyrazoles 1r and 1s were
successfully reacted to synthesize the corresponding compounds
2r and 2s in 89 and 87% yields, respectively.
Subsequently, the same substrates 1a−s were subjected to the

optimal reaction conditions of aerobic oxidative homocoupling
shown in entry 4 of Table 1. As depicted in Scheme 3, reactions of

Scheme 1. Oxidative Hydroxylation/Homocoupling of
Pyrazol-5-ones

Scheme 2. Scope of Aerobic Oxidative Hydroxylation*

*Reaction conditions: pyrazol-5-ones 1 (0.2 mmol), K2CO3 (20 mol
%), dioxane (3.0 mL), O2 (1 atm), 35 °C, 12 h. aYield of isolated
product. bYield of isolated corresponding homocoupling product is in
parentheses. cReaction was conducted in DMSO (3.0 mL) due to
insolubility of substrate in dioxane.

Table 1. Optimization of the Reaction Conditions for Aerobic
Oxidation of Pyrazolesa

entry solvent base (mol %) temp (°C) 2a/3a yield (%)b

1 CH2Cl2 60 21/35
2 toluene 60 38/51
3 THF 60 39/49
4 CH3CN 60 19/73
5 dioxane 60 43/50
6 DMSO 60 41/48
7 DMF 60 36/51
8 dioxane K2CO3 (20) 60 84/8
9 dioxane Na2CO3 (20) 60 81/10
10 dioxane NaOAc (20) 60 77/16
11 dioxane K2PO4 (20) 60 82/11
12 dioxane Et3N (20) 60 75/13
13 dioxane DBU (20) 60 78/15
14 dioxane K2CO3 (20) 80 80/13
15 dioxane K2CO3 (20) 35 84/8
16c dioxane K2CO3 (20) 20 85/9
17 dioxane K2CO3 (40) 35 83/8
18 dioxane K2CO3 (10) 35 79/15
19d,e dioxane K2CO3 (20) 35 78/9
20 CH3CN 80 23/69
21e CH3CN 35 12/71
22d CH3CN 60 17/65

aReaction conditions: 1a (0.2 mmol) was stirred in solvent (3.0 mL)
under O2 (1 atm) with or without base for 12 h. bYield of isolated
product. cReaction for 20 h. dIn air (1 atm). eReaction for 40 h.

Organic Letters Letter

DOI: 10.1021/acs.orglett.7b00951
Org. Lett. XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b00951/suppl_file/ol7b00951_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.7b00951


different 4-benzylpyrazoles 1a−k proceeded smoothly to furnish
the coupling products bispyrazoles 3a−k in 65−77% yields and
up to 5.1:1 dr with reasonable selectivity in the above competitive
hydroxylation process. Only trace transformation occurred with
1l, and 96% of substrate was recovered. Moreover, with
treatment of the starting materials 1m−o in this transformation,
compounds 3m−o were obtained in 46−66% yields. In the case
of 4-methylpyrazol-5-one 1m, only one diastereomer was
identified by 1H NMR spectroscopy. Also, other methyl-
substituted molecules 1p and 1q were tolerated to afford
products 3p and 3q in yields of 48 and 50%, respectively. When
3-phenylpyrazole 1r was used as reaction substrate, a 55% yield
and 4.4:1 dr were detected for product 3r. However, a poor yield
of 9% was obtained for 3s, likely because of the high steric
hindrance between two benzyl groups in product 3s.
For practicality of this transformation to be highlighted, both

hydroxylation and homocoupling reactions of substrate 1a were
conducted under the optimized reaction conditions in 1 mmol
scale (Scheme 4). Gratifyingly, the same high yields of 83 and
73% were acquired for the desired compounds 2a and 3a,
respectively.
On the basis of these preliminary results and pioneering works

on aerobic oxidation of the α-position of C−H in carbonyl
compounds, a possible mechanism is proposed in Scheme 5. In

the presence of molecular oxygen with addition of base (Path I),
4-hydroxylation of pyrazole is preferential due to the fast
deprotonation by K2CO3, providing the corresponding carban-
ion A, which reacts with O2 to generate a superoxide anion B.
Then, a proton migration occurs to form the superoxide C and
immediately regenerates carbanion A that was directly oxidized
by O2 or superoxideC. After a failure to separately synthesize the
intermediate C, we utilized the 1H NMR spectrum of the
reaction mixture to detect the acidic H atom of the superoxide
part, and the desired peak was not found. Reasonably, the later
redox reaction between carbanion A and superoxide C occurred
faster than O2, providing the desired 4-hydroxylated product 2.

9e

Additionally, in the absence of base (path II), the homocoupling
predominates. Pyrazole might be auto-oxidized to radical
intermediate D that undergoes a homocoupling process to
deliver bispyrazole products 3.13a,b,19

In conclusion, we have described a practical and tunable
aerobic oxidation of pyrazoles from hydroxylation to homocou-
pling by changing solvent and base under transition-metal-free
reaction conditions. The aerobic oxidative hydroxylation was
favored in the K2CO3/dioxane reagent system to produce a
variety of 4-hydroxypyrazoles in high to excellent yields.
Complementarily, the aerobic oxidative homocoupling reaction
predominately occurred when the reaction was performed in a
nitrile solvent without any additives, providing bispyrazoles in
good yields. Importantly, the concise synthesis of these two kinds
of desired products via automatic oxidation in air with acceptable
yields makes this switchable aerobic oxidation more attractive.
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Sundeń, H.; Engqvist, M.; Ibrahem, I.; Casas, J. J. Am. Chem. Soc. 2004,
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