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a b s t r a c t

A cobalt-catalyzed ring-opening/hydroxylation cascade of highly strained cyclopropanols has been

developed for the first time. The reaction was conducted under open-air atmosphere to afford a broad

series of structurally diverse β-hydroxy ketones in moderate to good yields with high regioselectivity.

The protocol features mild reaction conditions, simple operation, high-functional-group tolerance, facile

scalability, and heterocycle compatibility.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Carbon-carbon (C−C) bonds are ubiquitous and usually inert in

most organic building blocks, activation of which is of fundamental

interest and industrial applications [1]. Transition-metals are often

employed to activate C−C bond to form new C−C bond or C−X

(X=heteroatom) bond through coupling reactions. Nevertheless, it

is challenging to achieve such transformations because transition-

metal catalyst interacts preferentially with C−H bond [2–5]. To

address the issues, tremendous efforts have been devoted to de-

veloping viable substrates and competent catalytic systems [6–14].

As for the substrates, tertiary cyclopropanols, first synthesized

by Cottle and coworks [15,16], exhibit unique reactivity towards

C−C bond cleavage driven by the inherent ring strain [17,18],

and are widely used as the C3 synthons. Over the past a few

decades, various ring-opening transformations of cyclopropanols

have been developed for the synthesis of β-functionalized ketones

or cyclic compounds bearing a larger ring [19–25]. In general,

these processes involve a metal homoenolate or a β-keto alkyl

radical intermediate, which could be further engaged in reactions
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with various coupling partners [26–55]. Based on above reaction

pathway, cyclopropanols could serve as good precursors to gen-

erate cyclic compounds like pyridines [56–59], cycloheptanones

[60], γ -butyrolactones [61], and cyclopentanols [62] via a ring-

opening/cyclization process. Besides cyclic compounds, a series of

β-halo- [25–34], amino- [35–37], azide- [34], thio- [34,38,39], CF3-

[40–42], alkyl- [43–49], aryl- [50–52], alkenyl- [53,54], alkynyl-

substituted [55] ketones have been obtained in the presence of

different transition metals or one-electron oxidants (Scheme 1a).

Despite the progress made to forge C−C, C−N, C−halide and C−S

bonds, synthetic methods for the formation of C−O bond from

cyclopropanols are relatively undeveloped [63–68].

Ambient air is widely applied in the C-O bond construction

in organic synthesis due to the abundant reserves, simple ac-

quisition, and mild reaction conditions, ideally satisfying the

requirements for green chemistry compared with metal oxidants

or pure oxygen [69–71]. In addition, β-hydroxy ketones have been

deemed as versatile building blocks for the synthesis of natural

products and pharmaceuticals [72–76]. Therefore, it is of great

significance to develop an efficient synthetic access to β-hydroxy

ketones under an open-air atmosphere. In addition, cobalt has

emerged as a cost-effective and environmentally friendly cata-

lyst for organic transformations [77]. As our ongoing interest in

https://doi.org/10.1016/j.cclet.2022.06.080

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



S. Zhai, S. Qiu, S. Yang et al. Chinese Chemical Letters 34 (2023) 107657

Scheme 1. Overview of the relevant works.

developing novel synthetic methods involving cobalt catalysis

[78–84], we herein present the first example of cobalt-catalyzed

ring-opening/hydroxylation cascade of cyclopropanols using air

as both the sole oxidant and the oxygen source, regioselectively

affording a range of β-hydroxy ketones (Scheme 1b).

Our studies commenced with the reaction of 1-(4-

methoxyphenyl)cyclopropan-1-ol (1a) with Co(OAc)2·4H2O (20

mol%) in MeOH under an air atmosphere at room temperature for

20 h, which, to our delight, led to the desired β-hydroxyl ketone

2a in 45% yield (Table 1, entry 1). Other cobalt catalysts such as

Co(acac)2, Co(acac)3, CoCl2, CoBr2, and CoF2 were found to be less

Table 1

Screening of reaction conditions.a

Entry Catalyst Base Solvent Yield (%)b

1 Co(OAc)2 ·4H2O / MeOH 45

2 Co(acac)2 / MeOH 35

3 Co(acac)3 / MeOH 20

4 CoCl2 / MeOH trace

5 CoBr2 / MeOH trace

6 CoF2 / MeOH ND

7 Co(OAc)2 ·4H2O Et3N MeOH 56

8 Co(OAc)2 ·4H2O Et3N 1,4-dioxane 42

9 Co(OAc)2 ·4H2O Et3N DMF 25

10 Co(OAc)2 ·4H2O Et3N DCE 38

11 Co(OAc)2 ·4H2O Et3N toluene 74

12 Co(OAc)2 ·4H2O Et3N HFIP 45

13 Co(OAc)2 ·4H2O Et3N TFE 20

14 Co(OAc)2 ·4H2O Et3N EtOH 60

15 Co(OAc)2 ·4H2O Et3N CH3CN 84

16c Co(OAc)2 ·4H2O Et3N CH3CN 70

17d Co(OAc)2 ·4H2O Et3N CH3CN 83

18 AgNO3 Et3N CH3CN 27

19 Mn(OAc)2 ·4H2O Et3N CH3CN 62

20 Fe(acac)2 Et3N CH3CN trace

21 Co(OAc)2 ·4H2O Na2CO3 CH3CN 42

22 Co(OAc)2 ·4H2O NaHCO3 CH3CN 51

23 Co(OAc)2 ·4H2O K2CO3 CH3CN 55

24 Co(OAc)2 ·4H2O DBU CH3CN 5

25 Co(OAc)2 ·4H2O
iPr2NEt CH3CN 81

26 Co(OAc)2 ·4H2O
iPr2NH CH3CN 60

27 Co(OAc)2 ·4H2O NaHSO3 CH3CN 52

28e Co(OAc)2 ·4H2O Et3N CH3CN 83

29 / Et3N CH3CN ND

a Reaction conditions: 1a (0.2 mmol), catalyst (20 mol%), base (2.0 equiv.), solvent

(2.0 mL), open air, r.t., 20 h.
b Yield determined by 1H NMR analysis using N-benzylmaleimide as an internal

standard.
c Co(OAc)2·4H2O (10 mol%).
d Co(OAc)2·4H2O (25 mol%).
e The reaction was performed under the atmosphere of O2 (1 atm). ND=not

detectable.

Scheme 2. Scope of the 1-substituted tertiary cyclopropanols. Reaction conditions:

1 (0.4 mmol), Co(OAc)2·4H2O (20 mol%), Et3N (2.0 equiv.), CH3CN (4.0 mL), open

air, r.t., 20 h. a Na2CO3 (2.0 equiv.), dioxane (4.0 mL), open air, r.t., 20 h.

effective for this reaction (entries 2-6). Co(OAc)2·4H2O was thus

employed for further investigations. When Et3N (2.0 equiv.) was

added as the base, the yield of 2a was improved to 56% (entry 7).

Subseqently, solvent effect was examined, revealing that CH3CN

was the best among the solvents screened (entries 8-15). Then, the

loading of the Co(OAc)2·4H2O was screened. When the loading of

the catalyst was decreased to 10 mol%, the yield of 2a declined to

70%; when the reaction was performed with 25 mol% of the cata-

lyst loading, a comparable yield of the product was formed (entries

16 and 17). With CH3CN as the solvent, other metal catalysts such

as AgNO3, Mn(OAc)2·4H2O, and Fe(acac)2 (entries 18-20) were ex-

amined, but all of them were obviously inferior to Co(OAc)2·4H2O.

Furthermore, for this reaction, Et3N proved to be better than other

bases, such as Na2CO3, NaHCO3, K2CO3, DBU,
iPr2NEt,

iPr2NH, and

NaHSO3 (entries 21-27). Note that a comparable yield of 83% was

obtained when the reaction was conducted under an atmosphere

of O2 instead of air (entry 28). Finally, no hydroxylation product

was detected in the absence of any metal salts, which indicated

the necessity of an appropriate metal catalyst (entry 29).

With the optimized conditions secured (Table 1, entry 15),

we examined the generality of this ring-opening/hydroxylation

cascade reaction. The investigations started with tertiary cyclo-

propanols containing no substituents at C2 or C3 (Scheme 2). In

general, a variety of 1-aryl-substituted cyclopropanols bearing an

electron-neutral group (e.g., H), an electron-donating group (e.g.,

Me, OMe, Ph, tBu, OTs), or an electron-withdrawing group (e.g.,

F, Cl, Br, I, CF3, CO2Me) at the para position of the aromatic ring

proceeded smoothly to afford the desired β-hydroxy ketones 2a-2l

in 57%-89% yields. o-Substitution (2m), m-substitution (2n, 2o),

and disubstitution (2p, 2q) on the aryl moiety were well toler-

ated, giving the corresponding products in good yields. Likewise,

naphthyl-substituted cyclopropanols were also found to be suitable

for the reaction and produced 2r and 2s in 62% and 72% yields,

respectively. Cyclopropanols with a heteroaryl substituent (2t-2v)

such as indolyl, furyl, and thienyl, were also competent substrates.

Furthermore, 1-alkyl-substituted cyclopropanols reacted smoothly

to furnish 2w-2z in 51%-71% yields.
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Scheme 3. Scope of the disubstituted tertiary cyclopropanols. Reaction conditions:

1 (0.4 mmol), Co(OAc)2·4H2O (20 mol%), Et3N (2.0 equiv.), CH3CN (4.0 mL), open

air, r.t., 20 h.

Next, we explored the reaction of tertiary cyclopropanols with

substitution at both C1 and C2 (Scheme 3). 1-Phenyl-substituted

cyclopropanols carrying either an alkyl (2aa, 2bb) or a chloroalkyl

(2cc) group at the C2 showed good tolerance and delivered

the corresponding products as a single regioisomer, implying

that the reaction would involve exclusively disconnection of the

more-substituted carbon-carbon bond. Also, the structure of 2cc

was confirmed by an X-ray diffraction analysis (CCDC: 2142632).

1-Aryl-2-methyl-substituted substrates with a methyl, bromo, or

fluoro group locating on the benzene ring could also be success-

fully transformed into the β-hydroxy ketones 2dd-2ff in 69%-82%

yields in a highly regioselective manner.

In addition, to demonstrate the utility of this cobalt-catalyzed

ring-opening/hydroxylation cascade reaction in the synthesis, the

following large-scale experiments were performed. When 1i (4

mmol) and 1ee (5 mmol) were selected as the substrates, satisfac-

tory yields were achieved for the generation of β-hydroxyl ketones

2i (80%) and 2ee (74%), respectively (Scheme 4a). To display the

applications of the β-hydroxyl ketone products accessible through

the current synthetic method, two types of derivatizations were

conducted (Scheme 4b). For example, the carbonyl group was

smoothly reduced by NaBH4 to afford the corresponding diol 3i in

76% yield. Furthermore, 1,2-addition of vinylmagnesium bromide

to β-hydroxyl ketone 2i produced diol 4i in a moderate yield.

Scheme 4. Scalability experiments and representative derivatizations of 2i.

Scheme 5. Radical quenching experiment.

Scheme 6. Proposed mechanism.

To confirm whether the reaction proceeded via a radical path-

way, the relevant radical quenching experiment was conducted

(Scheme 5). Radical scavenger such as 2,2,6,6-tetramethyl-1-

piperidinyl-oxy (TEMPO, 3.0 equiv.) was added to the reaction

system under the standard conditions, the cascade reaction was

completely inhibited in this case.

Based on our own findings as well as the literature reports

[80,85,86], a plausible mechanism of the Co-catalyzed ring-

opening/hydroxylation cascade reaction of cyclopropanols is

proposed in Scheme 6. The reaction begins with oxidation of

Co(II) to Co(III) by O2 present in air. Single electron transfer (SET)

from cyclopropanol 1 to Co(III) occurs to generate oxy radical

intermediate A as well as a proton (H+). Subsequently, a radical

β-scission takes place at the more-substituted carbon-carbon bond

in order to form a more stablized β-keto alkyl radical intermediate

B. Radical B is reacted with O2 to deliver peroxyradical C, which

is converted into hydroperoxide D through an SET/protonation

sequence. Co(II)-mediated SET reduction of D furnishes anion

intermediate E with simultaneous release of Co(III) species, which

enters into the next catalytic cycle. Finally, protonation of anion E

gives β-hydroxy ketone 2.

In summary, utilizing air as both the sole oxidant and the oxy-

gen source, we have realized an efficient cobalt-catalyzed radical

ring-opening/hydroxylation cascade reaction of cyclopropanols to

afford the β-hydroxy ketones with yields up to 89%. The trans-

formation presumably involves a β-keto alkyl radical intermediate

generated by the β-scission of cycloalkoxy radical. The advantages

of the present new protocol include use of green oxidant (air)

and earch-abundant cobalt salt, mild reaction conditions (room

temperature), high regioselectivity, and broad substrate scope.

Moreover, this method provides an efficient access to β-hydroxy

ketones, which are not only useful chemicals but also valuable

building blocks for further derivatizations. Further studies on air-

assisted cobalt-catalyzed reactions and the ring-opening reaction

of cyclopropanols are currently ongoing in our laboratory.
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