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a b s t r a c t

An iron-catalyzed coupling reaction of difluoroenol silyl ethers and cyclobutanone oxime esters is de-

scribed. This protocol provides a convenient access to various previously unknown and potentially useful

gem-difluoromethylenated ketonitriles inmoderate to good yields. The transformations of resulting prod-

ucts to other fluorinecontaining products is also documented.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The introduction of a gem-difluoromethylene (CF2) unit into or-

ganic molecules often dramatically perturbs their physical, chem-

ical and biological properties [1–3]. For instance, when the CF2
group was introduced adjacent to the carbonyl functionality, the

electrophilicity of the carbonyl carbon atom is sharply increased.

This causes not only changes in reactivity but in biological activity

as well. It is well known that α,α-difluoroketones tend to exist in

hydrated form and mimic closely the tetrahedral transition state,

which has been applied in the development of enzyme inhibitors

(Fig. 1.) [4,5]. Furthermore, α,α-difluoroketones are valuable build-

ing blocks for the preparation of various useful fluorine-containing

compounds [6–9].

Over the past decades, promising strategies have been reported

for the synthesis of α,α-difluoroketones, mainly including fluori-

nation of ketones [10–14], oxidation of α,α-difluoroalcohols [15–

19], and transformation of difluorocarbonyl synthons [20–24]. The

fluorination methods have some drawbacks such as poor func-

tional compatibility, whereas oxidation protocol always requires

prefunctionalized substrates. In contrast, with the increasing ac-

cessibility of difluorocarbonyl synthons, considerable efforts have

been devoted to their conversions to α,α-difluoroketones. Among

the difluorocarbonyl synthons, difluoroenol silyl ethers have re-
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cently received much attentions due to their versatile reactivity

[25,26]. They are easily prepared from trifluoromethylketones by

Mg-mediated cleavage of one of the C−F bonds [27,28]. The stan-

dard reactions of difluoroenol silyl ethers involve nucleophilic ad-

dition to unsaturated substrates (Scheme 1a) [29–33] and substi-

tution of electrophiles (Scheme 1b) [34–38]. In 2009, our group

reported an unique copper-catalyzed oxidative coupling of diflu-

oroenol silyl ethers with tertiary amines to access β-amino-α,α-

difluoro ketones (Scheme 1c) [39]. Recently, the reactions of diflu-

oroenol silyl ethers and different radical precursors, such as aryl

diazonium salts, Katritzky salts, and alkyl carboxylic redox esters

have been achieved under photoredox catalysis (Scheme 1d) [40–

43]. Despite these elegant advances, the development of new reac-

tions of difluoroenol silyl ethers is still highly demanding.

Alkylnitriles play an important role in organic and medici-

nal chemistry [44–46]. The preparation of alkylnitriles has at-

tracted considerable attention [47–49]. Recent years have wit-

nessed a renaissance of ring-opening of cyclobutanone oxime

esters for the direct installation of diverse cyanoalkyl moieties

into organic compounds under transition-metal [50–58] or pho-

toredox [59–61] catalyzed conditions. Inspired by these achieve-

ments, herein we disclose an iron-catalyzed coupling of difluo-

roenol silyl ethers and cyclobutanone oxime esters to access novel

gem-difluoromethylenated ketonitriles (Scheme 1e).

Initially, difluoroenol silyl ether 1a and cyclobutanone oxime

ester 2a were chosen as the model substrates to optimize the
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Fig. 1. Representative bioactive α,α-difluoroketones.

Scheme 1. Reactions with difluoroenol silyl ethers.

Table 1

Optimization of reaction conditions.a

Entry Catalyst Solvent Temp (°C) Yield (%)b

1 Cu(OTf)2 DCE 100 38

2 Ni(OAc)2 DCE 100 62

3 Fe(OTf)2 DCE 100 74

4 Fe(acac)2 DCE 100 82

5 Fe(OAc)2 DCE 100 89

6 Fe(OTf)3 DCE 100 77

7 Fe(OAc)2 1,4-Dioxane 100 88

8 Fe(OAc)2 MeCN 100 72

9 Fe(OAc)2 toluene 100 76

10 Fe(OAc)2 DMAc 100 38

11 Fe(OAc)2 DCE 80 82

12 Fe(OAc)2 DCE 120 88

13c Fe(OAc)2 DCE 100 29

14d Fe(OAc)2 DCE 100 69

a Reaction conditions: 1a (0.4 mmol), 2a (0.2 mmol), catalyst (0.02 mmol), solvent

(2.0 mL), N2, 12 h.
b Yields determined by 19F NMR spectroscopy using trifluoromethoxylbenzene as an

internal standard.
c Fe(OAc)2 (0.01 mmol).
d Fe(OAc)2 (0.2 mmol).

reaction conditions (Table 1). To our delight, the common metal

catalysts, such as Cu(OTf)2, Ni(OAc)2, and Fe(OTf)2, could promote

this coupling reaction (entries 1–3). Among them, Fe(OTf)2 was op-

timal, affording the desired product 3aa in 74% yield. Then, other

iron catalysts including Fe(acac)2, Fe(OAc)2, and Fe(OTf)3 were

tested (entries 4–6). The yield of 3aa was improved to 89% with

Fe(OAc)2 as the catalyst. However, further screening of the solvent

Scheme 2. Scope of cyclobutanone oxime esters. Reaction conditions: 1a

(0.4 mmol), 2 (0.2 mmol), Fe(OAc)2 (0.02 mmol), DCE (2.0 mL), N2, 100 °C, 12 h,

isolated yields. a Reaction was performed in 1.0 mmol.

(entries 7–10), reaction temperature (entries 11 and 12), and

amount of catalyst (entries 13 and 14) failed to give better results.

With the optimized reaction conditions in hand, we first exam-

ined the scope of cyclobutanone oxime esters (Scheme 2). A variety

of cyclobutanone oxime esters 2a-2s reacted efficiently with 1a to

provide the corresponding gem-difluoromethylenated ketonitriles

3aa-3as in moderate to good yields. 3-Substituted oxime esters

bearing alkyl (2b), benzyl (2c), aryl (2d-2l), nitrile (2m) and

ester (2n) participated in this reaction smoothly. The synthetically

useful aryl halides (2g-2k) were well tolerated. It should be noted

that the 3,3-disubstituted cyclobutanone oxime ester (2o, 2p) did

not exhibit obvious steric effect. On the other hand, sterically

hindered substrate 2q deliver the desired product 3aq in lower

yield. Oxetan-3-one and thietan-3-one derived oxime esters 2r

and 2s were also suitable substrates. Notably, this reaction could

be easily scaled up to 1.0 mmol with a slight decrease in yield.

Next, the generality of difluoroenol silyl ethers was investigated.

As shown in Scheme 3, aromatic difluoroenol silyl ethers (1b-1g)

bearing both electron-donating and electron-withdrawing groups

were smoothly converted to the cyanoalkylated products. Naphthyl

difluoroenol silyl ether (1h) was found to be the suitable reactant.

The cyanoalkylation of heteroaryl difluoroenol silyl ether (1i) was

also successful, affording products 3ia and 3id in moderate yields,

respectively. However, alkyl difluoroenol silyl ethers were not com-

patible with the reaction conditions. The structure of product 3dr

was confirmed by X-ray crystallographic analysis (for details, see

Supporting information).

Subsequently, the derivatization of product 3aa was performed

to probe the synthetic utility of this protocol (Scheme 4). Reduc-

tion of 3aa with NaBH4 in EtOH afforded the corresponding alco-

hol 4 in 85% yield. Furthermore, treatment of 3aa with K2CO3 and

H2O2 in MeOH furnished the amide derivative 5 in 88% yield.

To gain insight into the reaction mechanism, a radical scav-

enger, 2,6-di-tert-butyl-4-methylphenol (BHT), was added to the

reaction mixture. The target product 3aa was not observed; in-

stead, a cyanoalkyl−BHT adduct 6 was formed in 38% yield

(Scheme 5a). This result indicated that a cyanoalkyl radical species

was probably involved in this reaction. On the basis of this result
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Scheme 3. Scope of difluoroenol silyl ethers. Reaction conditions: 1 (0.4 mmol), 2

(0.2 mmol), Fe(OAc)2 (0.02 mmol), DCE (2.0 mL), N2, 100 °C, 12 h, isolated yields.

Scheme 4. Transformation of 3aa.

Scheme 5. Proposed reaction mechanism.

and previous studies [40–43,50–58], a plausible mechanism was

proposed for this iron-catalyzed reaction (Scheme 5b). First, single-

electron transfer (SET) from Fe(II) catalyst to cyclobutanone oxime

esters 2 gives iminyl radical A and an Fe(III) species. Then, iminyl

radical A undergoes C−C bond cleavage via β-elimination, leading

to γ -cyanoalkyl radical B, which is subsequently added to difluo-

roenol silyl ethers 1 to give β ,β-difluoroalkyl radical C. This radical

intermediate C would be oxidized by Fe(III) species to the corre-

sponding cation intermediate D. Finally, desilylation of intermedi-

ate D furnishes the desired products 3.

In summary, we have developed an iron-catalyzed coupling

of readily available difluoroenol silyl ethers and cyclobutanone

oxime esters to access novel gem-difluoromethylenated ketoni-

triles. This reaction proceeds under mild conditions with excel-

lent functional group tolerance. Due to increasing importance of

fluorine-containing compounds and synthetic utility of carbonyl

and nitrile groups, this protocol might find applications in drug

discovery and material science.
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