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Abstract 

The synthesis of 1,1-difluoro-1-alkenes was achieved by 

the treatment of dithioesters and thioketones with trimethylsilyl 

2-fluorosulfonyl-2,2-difluoroacetate in the presence of a proton 

sponge catalyst, namely, 1,8-bis(dimethylamino)naphthalene. 

The generated electrophilic difluorocarbene (:CF2) reacted with 

the thiocarbonyl functionalities to form 2,2-difluorothiirane 

intermediates, desulfurization of which afforded the products in 

a Barton–Kellogg-type difluoromethylidenation. The reaction 

described herein is an electrophilic counterpart to the Wittig-type 

(nucleophilic) difluoroalkene synthesis starting from carbonyl 

compounds. The electrophilic difluoromethylidenation 

facilitated the synthesis of sulfanylated and diarylated 1,1-

difluoroalkenes, including sterically hindered ones, which are 

inaccessible by nucleophilic difluoromethylidenation. 
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1. Introduction 

The utility of 1,1-difluoro-1-alkenes has been increasingly 

recognized in various fields. For instance, due to their 

characteristics,1 such as small atom size and high 

electronegativity, fluorine substituents can alter and enhance the 

biological activities of the parent molecules.2 Thus, the potential 

of fluoroalkenes including 1,1-difluoroalkenes and 

monofluoroalkenes as high performance pharmaceuticals and 

agrochemicals has been extensively investigated.3,4 Recently, the 

utility of 1,1-difluoroalkenes as synthetic intermediates has 

attracted particular attention.5 At present, the synthesis of 

monofluoroalkenes6 typically involves nucleophilic vinylic 

substitution (SNV) reactions of 1,1-difluoroalkenes.5a,7,8 

Moreover, the α-cation-stabilizing effect of fluorine 

substituents1 has been shown to facilitate cationic cyclizations of 

1,1-difluoroalkenes, leading to the synthesis of pinpoint-

fluorinated polycyclic aromatic hydrocarbons (PAHs),9 fluorine-

free PAHs,10 and fluorinated hetero-PAHs.11 1,1-Difluoroalkenes 

have also been widely used as acceptors in reactions of 

organometallics5d,f and radicals.5e,12 

Among 1,1-difluoro-1-alkenes, we were particularly 

interested in sulfanylated and diarylated difluoroalkenes (Figure 

1). Sulfanylated difluoroalkenes act as intermediates for the 

synthesis of (2,2-difluorovinyl)stannanes, which afford 

diarylated 1,1-difluoroethenes via a cross-coupling reaction 

(Scheme 1, top).13 Furthermore, diaryldifluoroethenes bearing 

biaryl moieties readily produce dibenzo[g,p]chrysenes through 

cationic domino cyclization (bottom).14 In addition to their 

synthetic applications, diarylated 1,1-difluoroethene scaffolds 

can be found in the structures of various therapeutics or drug 

 

Figure 1. Sulfanylated and diarylated 1,1-difluoro-1-alkenes. 

 

Scheme 1. 1,1-Difluoro-1-alkenes as synthetic intermediates.l 

 



 

 

candidates, such as antitubulin agents (e.g., phenstatin 

analogues)15 and ligands for the retinoic acid receptor (RAR),16 

as well as functional materials, including photoreceptors (Figure 

2).17 However, despite their utilities, the synthetic methods for 

the preparation of sulfanylated and diarylated 1,1-

difluoroalkenes require further development. 

 

Figure 2. Examples of diarylated 1,1-difluoroethene scaffolds. 

One of the most frequently employed approaches for the 

synthesis of 1,1-difluoroalkenes is the Wittig-type 

difluoromethylidenation, which involves treatment of carbonyl 

compounds with difluoromethylene ylides typically generated 

from CClF2CO2Na/PPh3 or CBr2CF2 /P(NMe2)3 (Scheme 2).18 

Although commonly used for the preparation of monosubstituted 

1,1-difluoroalkenes from aldehydes (R′ = H), the Wittig-type 

synthesis is hardly applicable for the production of sulfanylated 

and diarylated 1,1-difluoroalkenes. 

 

Scheme 2. The Wittig-type difluoroalkene synthesis 

(nucleophilic approach). 

Because the reaction proceeds via a nucleophilic attack of 

the ylide onto the carbonyl carbon atom, its efficiency is 

significantly affected by the electronic and steric nature of the 

substituents on the carbonyl moiety. Hence, nucleophilic 

difluoromethylidenation is rarely applied in the case of less 

electrophilic carbonyl compounds, such as thioesters (R′ = S–

alkyl/S–aryl, Scheme 2), to produce sulfanylated 1,1-

difluoroalkenes.19 To address the issue of the moderate reactivity 

toward ketones, Horner–Wadsworth–Emmons (HWE)20 and 

Julia-type difluoromethylidenation21 reactions have been 

developed. Nevertheless, there have been no successful reports 

on the synthesis of sterically hindered diaryldifluoroethenes 

using these nucleophilic methods.22 

In this work, we report the synthesis of sulfanylated and 

diarylated 1,1-difluoroalkenes by difluorothiirane-mediated 

difluoromethylidenation (i.e., Barton–Kellogg-type 

difluoromethylidenation) of thiocarbonyl compounds. The 

described reaction is an electrophilic counterpart to the Wittig-

type difluoromethylidenation and addresses the challenges 

associated with poor substrate reactivity. Theoretical 

investigation on enhanced reactivity of the difluorothiirane 

intermediates is also described. 

 

2. Results and Discussion 

Strategy. Generally, the Barton–Kellogg reaction23 is a powerful 

tool for the synthesis of substituted alkenes. Thiirane 

intermediates24 are typically prepared from carbonyl compounds 

in the presence of hydrazine, hydrogen sulfide, and Pb(IV) or 

from thiocarbonyl and diazo group-containing compounds. 

Reductive treatment of the resulting thiiranes with phosphines 

affords the corresponding alkenes and phosphine sulfides. 

Notably, due to its applicability to sterically hindered systems, 

the Barton–Kellogg reaction has been utilized for the 

construction of alkene moieties, e.g., tetrasubstituted alkenes, in 

natural products25 and molecular machines.26 

Because nucleophilic difluoromethylidenation suffers from 

the electron-donating property and steric hindrance of the 

substituents on the carbonyl group, in the present study, we 

adopted a strategy involving thiirane-based electrophilic 

difluoromethylidenation of dithioesters and thioketones using 

difluorocarbene (i.e., Barton–Kellogg-type 

difluoromethylidenation, Scheme 3). We speculated that 

treatment of the substrates with difluorocarbene would afford the 

key difluorothiirane intermediates. Subsequently, 

desulfurization reaction would yield the desired sulfanylated and 

diarylated 1,1-difluoroalkenes. We envisioned that the Barton–

Kellogg-type difluoromethylidenation would be advantageous 

because dithioesters are more electron-rich than ketones; 

therefore, they would react readily with electrophilic 

difluorocarbene. Moreover, the formation of thiirane begins with 

the attack of difluorocarbene onto a sulfur atom (vide infra), not 

a carbonyl carbon atom; thus, the reaction would be less 

sensitive to steric hinderance of the substituents on the 

thiocarbonyl moieties. 

 

Scheme 3. Barton–Kellogg-type difluoroalkene synthesis 

(electrophilic approach used in this study). 

To the best of our knowledge, Barton–Kellogg-type 

difluoromethylidenation of dithioesters has never been reported. 

Mloston described that thioketones, specifically diphenyl 

thioketone and di(p-methoxyphenyl) thioketone, reacted with 

difluorocarbene generated from PhHgCF3  and NaI to form the 

corresponding difluorothiiranes, which underwent facile 

desulfurization in the absence of phosphines to afford the 

corresponding diarylated 1,1-difluoroethenes.27 However, the 

utility of difluorothiiranes as synthetic intermediates has not 

been fully revealed. 

A significant issue associated with the Barton–Kellogg-

type difluoromethylidenation is the generation of 



 

 

difluorocarbene. The species has been extensively described in 

the literature;28 however, vigorous reaction conditions required 

for the formation of difluorocarbene are known to cause 

undesired side reactions, overreactions, and carbene 

dimerization. We recently reported facile generation of 

difluorocarbene using organocatalysts.29 It was found that 

treatment of trimethylsilyl 2-fluorosulfonyl-2,2-difluoroacetate 

(TFDA)30 with proton sponge, namely, 1,8-

bis(dimethylamino)naphthalene (1) (Scheme 4), or N-

heterocyclic carbenes (NHCs) resulted in the fragmentation of 

the compound at temperatures as low as 60 °C to produce 

difluorocarbene. Hence, we expected that the organocatalytic 

generation of difluorocarbene would facilitate the synthesis of 

sulfanylated and diarylated 1,1-difluoroalkenes under nontoxic 

and mild conditions. 

 

Scheme 4. Proton sponge-catalyzed generation of 

difluorocarbene. 

Preparation of dithioesters and thioketones. The substrates, 

i.e., dithioesters 2 and thioketones 3, were prepared as follows. 

Aryl dithioates 2a–i were synthesized by sulfurization of S-aryl 

thiocarboxylates, prepared from acid chlorides and thiophenols, 

with 2,4-di(4-methoxyphenyl)-1,3-dithia-2,4-diphosphetane 

2,4-disulfide (4, Lawesson's reagent, Scheme 5, top). Alkyl 

dithiocarboxylates 2j–n were obtained by alkylation of 

dithiocarboxylate ions generated from Grignard reagents and 

carbon disulfide (middle). Dithioesters were stable under air at 

ambient temperature and could be purified by silica gel column 

chromatography. Thioketones 3 were synthesized by the 

treatment of the corresponding ketones with 4 (bottom) and were 

purified by silica gel column chromatography at −10 °C to 

prevent hydrolysis. 

 

Scheme 5. Preparation of thiocarbonyl compounds. 

 

Electrophilic difluoromethylidenation of dithioesters. As 

reported in our preliminary communication,31 we attempted the 

electrophilic difluoromethylidenation of dithioesters using 

phenyl (2a) and methyl (2j) benzenedithioates as model 

substrates (Table 1).31 Phenyl dithioate 2a was treated with 

TFDA (2.0 equiv over 5 min) in toluene in the presence of 

5 mol% of proton sponge (1) at 40 °C (Table 1, Entry 1). Visible 

gas evolution was observed, indicating the decomposition of 

TFDA. The expected thiirane intermediate 5a was generated, 

albeit in a low yield of 7% (determined by 19F NMR analysis). 

According to the thin layer chromatography (TLC) analysis, a 

considerable amount of dithioate 2a remained unreacted. 

Pleasingly, performing the reaction at 60 °C led to complete 

conversion of 2a, affording 5a and the desired difluoroalkene 6a 

in 40% and 46% yields, respectively (Entry 2). In contrast, when 

2a was treated with TFDA at room temperature and then warmed 

to 60 °C, 5a was obtained in just a 6% yield. On the basis of the 

TLC analysis, 2a was recovered in spite of substantial 

consumption of TFDA. It was speculated that at temperatures 

below 60 °C, the dimerization of difluorocarbene might proceed 

more readily than the formation of thiirane. Thus, upon raising 

the temperature to 60 °C, difluorocarbene was not available for 

the desired reaction. 

As summarized in Table 1, reactions at higher temperatures 

(e.g., at 90 °C, Entry 3, or reflux, Entry 4) resulted in complete 

conversion of 5a to 6a in 84% or 90% yields, along with the 

formation of the undesired difluorocyclopropanation product 7a 

in 2% or 5% yields. To prevent the overreaction to 7a, 2a was 

treated with TFDA at 60 °C for 30 min before increasing the 

reaction temperature. After confirming that 2a was completely 

consumed by TLC analysis and that difluorocarbene generation 

reached completion by monitoring gas evolution, the reaction 

mixture comprising 5a and 6a was heated at 100 °C for 30 min. 

Consequently, sulfanylated difluoroalkene 6a was isolated in an 

87% yield without accompanying 7a (Entry 5, Method A). 

We hypothesized that electron-donating methyl dithioate 2j 

was more reactive than phenyl dithioate 2a due to the electron-

deficient nature of difluorocarbene. Unexpectedly, 2j was found 

to be less reactive. Specifically, as shown in Entry 6, the reaction 

of 2j at 60 °C led to the formation of thiirane in a lower yield of 

46% (5j + 6j) compared with 86% (5a + 6a) in the case of Entry 

2. Thiocarbonyl compounds react with carbenes to form the 

corresponding thiocarbonyl ylides,24b,32 whose electrocyclic ring 

closure33 affords thiiranes. The observed reactivity difference 

between 2a and 2j was rationalized by the assumption that the 

electrocyclization was rate-determining and retained 

nucleophilic character. Thus, the cyclization was retarded by the 

electron-donating property of the methylsulfanyl group (2j). 

When the reaction was performed at reflux (Entry 7), thiirane 

was obtained in an increased 81% yield (6j + 7j), along with the 

undesired cyclopropane 7j (14% yield). To reduce the contact 

time between difluoroalkene 6j and difluorocarbene, the 

addition of TFDA was completed within 1 min, which improved 

the yield of 6j up to 82% (Entry 8, Method B). 

It is noteworthy that dithioester-derived difluorothiirane 5a 

was isolated by silica gel column chromatography. To the best of 

our knowledge, the preparation of just nine 2,2-difluorothiiranes 

(8,34 9,35 10,27 and 1127) has been previously described (Figure 

3). The reported products were derived from thioaldehydes or 

thioketones, and spectroscopic characterization was only 

conducted for 2,2-difluorothiiranes 10. In our preliminary 

communication,31 the structure of the sulfanylated, dithioester-

derived thiirane 5a was firstly characterized by spectroscopic 

methods (1H, 13C, and 19F NMR; and IR). Difluorothiirane 5a 

showed characteristic 13C and 19F NMR signals that are similar 

to those of 10 in the literature,27 whereas the HRMS of 5a did 

not give a parent peak because of the rapid desulfurization under 

ionization conditions. 



 

 

Table 1. Optimization of reaction conditions.a) 

 

Entry 2 R Conditions 5 (%)b,c] 6 (%)b,c) 7 (%)b,c) 

1 2a Ph 40 °C, 0.5 h 7, 5a trace, 6a – , 7a 

2 2a Ph 60 °C, 0.5 h 40, 5a 46 , 6a – , 7a 

3 2a Ph 90 °C, 0.5 h 2, 5a 84, 6a 2, 7a 

4 2a Ph reflux, 0.5 h –, 5a 90, 6a 5, 7a 

5d) 2a Ph 60 °C, 0.5 h, then 100 °C, 0.5 h –, 5a 90 (87),e) 6a – , 7a 

6 2j Me 60 °C, 0.5 h 5, 5j 41, 6j trace, 7j 

7 2j Me reflux, 0.5 h –, 5j 67, 6j 14, 7j 

8f,g) 2j Me reflux, 0.5 h –, 5j 82, 6j 6 , 7j 

a) Unless otherwise noted, TFDA was added over 5 min. b) 19F NMR yield based on the internal (CF3)2C(C6H4p-Me)2 standard. 

c) – : Not detected by 19F NMR analysis. d) Method A. e) Isolated yield is indicated in parentheses. f) TFDA was added over 

1 min. g) Method B. 

 

Figure 3. Previously reported 2,2-difluorothiiranes. 

Furthermore, we synthesized various sulfanylated 1,1-

difluoro-1-alkenes 6 by electrophilic difluoromethylidenation of 

dithioesters (Figure 4).31 Phenyl arenedithioates 2a–e underwent 

difluoromethylidenation by Method A to give the corresponding 

products 6a–e in 70–87% yields. Sterically demanding thiiranes 

2f,g were treated according to Method B to provide the 

corresponding 6f,g in 94% and 80% yields, respectively. 

Dithioate 2h containing a meta-chloro-substituted phenyl group, 

also afforded the corresponding product 6h by Method B in a 

92% yield. Using the same approach, phenyl alkanedithioate 2i 

and alkyl arenedithioates 2j–n gave products 6i and 6j–n in 58–

90% yields. 

On the basis of these results, it was concluded that for 

relatively electron-deficient (i.e., S-arylated) and sterically less 

demanding dithioates (2a–e), Method A worked well because of 

the high reactivity of the compounds. In contrast, electron-rich 

(i.e., S-alkylated, 2j–n) or sterically demanding (2f,g) dithioates 

were less reactive; therefore, Method B was more suitable. 

Over the last decade, the difluoromethyl moiety (CHF2) 

has attracted considerable interest36 not only as a 

nonnucleophilic proton donor for hydrogen bonding37 but also 

as a functional group for increasing the lipophilicity of 

compounds38 used for the preparation of pharmaceuticals and 

agrochemicals.  Among the CHF2-containing compounds, 

difluoromethyl sulfides are particularly promising.39 We found 

that difluorocarbene generated from TFDA in the presence of 1 

readily promoted difluoromethylation of dithiocarboxylic acid 

12 to afford difluoromethyl dithioate 2o in a 71% yield (Scheme 

6).40 Upon treatment with additional TFDA (2.0 equiv.), 

dithioate 2o underwent difluoromethylidenation in a one-pot 

operation, producing difluoromethyl difluorovinyl sulfide 6o in 

a 65% yield from 12. This is the first example of the 

difluoromethylation of dithiocarboxylic acids.41 

Sodium chlorodifluoroacetate and bromodifluoroacetate 

were also examined as difluorocarbene sources (Scheme 7).31 

Notably, dithioate 2j underwent difluoromethylidenation with 

these sodium salts at 160 °C to give difluoroalkene 6j in 

moderate 41% (ClCF2CO2Na) and 31% (BrCF2CO2Na) yields, 

along with 48% (ClCF2CO2Na) and 57% (BrCF2CO2Na) 

recovery of 2j. It was speculated that the high temperature 

(160 °C) required for the generation of difluorocarbene caused 

unfavorable dimerization of difluorocarbene, leading to the 

recovery of the substrate. Hence, the formation of 

difluorocarbene from TFDA by an organocatalyst proved to be 

more effective for the synthesis of sulfanylated 1,1-

difluoroalkenes than the classical :CF2 generations with sodium 

halodifluoroacetates. 

Electrophilic Barton–Kellogg-type 

difluoromethylidenation is complementary to the nucleophilic 

Wittig-type difluoromethylidenation as confirmed by Scheme 

8.31. Although the nucleophilic difluoromethylidenation failed to 

produce the sulfanylated difluoroalkene 6a from dithioate 2a 

(0% yield, Scheme 8B), the electrophilic method afforded 6a in 

an 87% yield (A).42 Conversely, electrophilic 

difluoromethylidenation was not suitable for o-

phenylbenzaldehyde (0% yield, C). Instead, the compound was 

subjected to nucleophilic difluoromethylidenation to give the 

corresponding difluorostyrene 13 in an 87% yield (D).9b 



 

 

 

Figure 4. Synthesis of sulfanylated 1,1-difluoro-1-alkenes from dithioesters. 

 

Scheme 6. Successive difluoromethylation/ 

difluoromethylidenation of dithiocarboxylic acids. 

 
Scheme 7. Difluoromethylidenation of dithioesters with sodium 
halodifluoroacetates. 

Mechanistic investigation on desulfurization: experimental 

approach. In a standard Barton–Kellogg reaction involving 

fluorine-free substrates, external reducing agents such as 

phosphines are required to remove sulfur in the form of 

 

Scheme 8. Comparative study on difluoromethylidenation. 

phosphine sulfides (S=PR3). In contrast, desulfurization of 

difluorothiiranes 5 proceeded in the absence of phosphines. 

Although it has been established that the elimination of sulfur 

from difluorothiirane proceeds without reducing agents,27 

experimental details for the phosphine-free desulfurization have 

not been fully elucidated. Hence, in this study, we examined the 

desulfurization pathway of this system. 

The two possible pathways for the desulfurization reaction 

are demonstrated in Scheme 9. Pathway (A) involves 

spontaneous elimination of the sulfur atom in the form of S8, 

which is supported by the report that dichlorothiiranes 

underwent thermal desulfurization to form elemental sulfur.43 In 



 

 

route B, a second molecule of difluorocarbene eliminates the 

sulfur atom from thiirane to generate S=CF2. This is supported 

by the report that electron-deficient carbenoids or carbenes, such 

as N2=C(CO2Me)2
44 and :CF2,45 work as desulfurization or 

deoxygenation agents, forming S=C(CO2Me)2 and O=CF2, 

respectively.46 To distinguish between these pathways (A) and 

(B), we investigated the stoichiometry of the desulfurization 

reaction. 

 

Scheme 9. Possible desulfurization pathways. 

Dithiobenzoate 2a was treated with 1.0 or 2.0 equiv. of 

TFDA (Scheme 10).31 It was found that the yield of 6a remained 

nearly the same, regardless of the TFDA loading, indicating that 

the desulfurization reaction proceeded spontaneously in the 

absence of difluorocarbene (Scheme 9A). 

 

Scheme 10. Effect of TFDA loading on desulfurization. 

We subsequently attempted to isolate elemental sulfur (S8) 

from the fluorinated system as reported in our preliminary 

communication (Scheme 11).31 Dithioate 2a (1.0 mmol) was 

treated with TFDA (2.0 equiv) in the presence of 1 (5 mol%) at 

reflux for 3 min. Difluoroalkene 6a was obtained in an 89% 

yield, and 25 mg of yellow crystalline material was successfully 

isolated. Elemental analysis of the product suggested that the 

sulfur content in the sample was 91.63 wt% (0.71 mmol). This 

implied that the isolated sample was essentially elemental sulfur 

(S8) and the yield (71%) was nearly consistent with that of 6a 

(89%). Thus, the elimination of elemental sulfur was 

confirmed.47 

 

Scheme 11. Isolation of elemental sulfur. 

Electrophilic difluoromethylidenation of thioketones. 

Similarly to sulfanylated 1,1-difluoroalkenes, disubstituted 1,1-

difluoroethenes are not easily accessible from ketones by the 

nucleophilic Wittig-type difluoromethylidenation due to 

electronic and steric reasons. Thus, the transformation has been 

typically conducted with activated ketones, such as α-

oxygenated ketones48 and α-haloketones,49 predominantly 

trifluoromethyl ketones. 

When di(p-methoxyphenyl) thioketone 3a (0.1 mol/L) was 

treated with TFDA in the presence of 5 mol% of proton sponge 

(1) at 100 °C, the desired 1,1-difluoroethene 14a was obtained 

in a 75% yield (Table 2, Entry 1). Notably, the mass balance was 

improved under diluted conditions. When the reaction was 

conducted at a substrate concentration of 0.05 mol/L (Entry 2), 
19F NMR analysis indicated the formation of two compounds, 

namely, difluoroethene 14a and difluorothiirane intermediate 

11a, of which the latter was not isolated (11a + 14a = 87% yield). 

Thus, difluorothiirane 11a generated from thioketone 3a was 

much less stable than 5a and could not be fully characterized (19F 

NMR 63.2 vs. C6F6). 

Table 2. Synthesis of diarylated 1,1-difluoroethenes from thioketones.a) 

 

Entry c (3a) (mol/L) t (h) 11a (%) 14a (%)b) 11a + 14a (%) 

1 0.1 0.5 – 75 75 

2 0.05 0.5 10 77 87 

3 0.01 0.5 53 38 91 

4 0.01 5 – 90 (85) 90 

a) 19F NMR yield based on the internal (CF3)2C(C6H4p-Me)2 standard. B) Isolated yield is indicated in 

parentheses. 



 

 

 

Figure 5. Synthesis of diarylated 1,1-difluoroethenes. 

The mass balance was further improved at a 3a concentration of 

0.01 mol/L. In this case, the desired products were obtained in a 

91% yield (11a + 14a, Entry 3). Finally, extending the reaction 

time resulted in full conversion of difluorothiirane to afford 1,1-

difluoroethene 14a in a 90% yield (85% isolated yield, Entry 4). 

Furthermore, various diarylated 1,1-difluoroethenes were 

synthesized from thioketones by the Barton–Kellogg-type 

difluoromethylidenation (Figure 5). Similarly to 14a, 

difluoroethene 14b–d were obtained from 3b–d in 74%, 64%, 

and 68% yields, respectively.50 As well as electron-rich 

difluoroethenes, electron-deficient difluoroethene 14e was 

synthesized in a 76% yield. The synthesis of tricyclic 

difluoroethene 14f was also achieved in a 75% yield. 

Importantly, as mentioned above, electrophilic 

difluoromethylidenation was expected to be advantageous for 

the synthesis of sterically hindered thioketones. Indeed, 

mesitylated thioketone 3g readily reacted with the in situ 

generated difluorocarbene and the corresponding difluoroethene 

14g was isolated in a 77% yield. Difluoroethenes 14h,i, bearing 

one or two o-phenylphenyl groups, were prepared in 89% and 

77% yields. Difluoroditolylethene 14j was synthesized from 

di(o-tolyl) thioketone 3j in a 77% yield. Thus, the Barton–

Kellogg-type, thioketone-based method provides an easy access 

to sterically hindered difluoroethenes. As demonstrated in 

Scheme 1, bis(biaryl)difluoroethenes such as 14i act as useful 

precursors for the synthesis of PAHs via a Brønsted acid-

promoted domino cyclization.14 

It is noteworthy that treatment of electron-rich di(p-

methoxyphenyl) ketone and sterically hindered di(o-

phenylphenyl) ketone with a Wittig-type reagent, 

[tris(dimethylamino)phosphonio]difluoroacetate51 resulted in 

the formation of the corresponding 1,1-difluoroethenes 14a and 

14i in poor yields (Scheme 12). Hence, we determined that 

electrophilic difluoromethylidenation (Figure 5) could be used 

as a complementary method for substrates, for which the 

nucleophilic reaction is not suitable.52 

 

Scheme 12. Wittig-type reactions for the synthesis of electron-

rich or sterically hindered 1,1-difluoroethenes. 

Mechanistic investigation on desulfurization: theoretical 

approach. Fluorine-free thiiranes are thermally stable and 

require phosphines for their desulfurization. In contrast, 

difluorothiirane was found to be unstable and readily underwent 

elimination of elemental sulfur to give the corresponding 1,1-

difluoroalkenes. Interestingly, it was reported that the reactivity 

of dichlorothiirane was moderate and that spontaneous 

desulfurization occurred after a few months of storage.32,53 

The aforementioned successful isolation of eliminated S8 

encouraged us to investigate the origin of the enhanced reactivity 

of chlorinated and fluorinated thiiranes. Mosquera previously 

calculated the energies of fluorinated thiiranes and reported that 

their calculated ring strains correlated with the calculated 

reaction energies.54 Nonetheless, no comparison of ring strains 

of (dihalo)thiiranes with their observed reactivities toward 

desulfurization has not been performed to date. 



 

 

In this study, we estimated the energy change during 

hydrogenolysis of the S–C bond of fluorine-free thiirane 15-H 

(Scheme 13A, −22.1 kcal/mol, DFT, B3LYP/6-31G*).53 In the 

case of dichlorothiirane 15-Cl, the energy change during the 

hydrogenolysis of the S–C bond distal to the CCl2 moiety was 

determined at −24.5 kcal/mol (B), which indicated that 15-Cl 

was less stable than 15-H by 2.4 kcal/mol (relative strain, 

Estrain
rel). Moreover, the relative strain for difluorothiirane 15-F 

was considerably higher at 6.7 kcal/mol (C). Additionally, the 

relative strains of dichlorothiirane 16-Cl and difluorothiirane 16-

F were estimated in a similar manner.55 It was found that the 

relative strains of the dichlorothiirane and the difluorothiirane 

were 2.1 (E) and 6.7 kcal/mol (F), respectively. We concluded 

that the relative strains of the halogenated thiiranes rationalized 

their desulfurization reactivities. 

It was determined that the introduction of halogens caused 

distortion in the structures of thiiranes (Table 3). The DFT 

calculation suggested that the bond angles for the H–C–H 

( HC2H) and S–C–C ( SC2C3) bonds in thiirane 15-H were 114.9° 

and 67.2°, respectively. Furthermore, the bond length of the S–

C bond (r SC3) was established at 1.86 Å (Entry 1). In 15-F, the 

F–C–F bond angle ( FC2F) was calculated at 107.0°, which was 

7.9° narrower than in the case of 15-H (Entry 3). In addition, the 

S–CF2–C bond angle ( SC2C3) in 15-F was 71.4°, which was 

wider than the same bond angle in 15-H by 4.2°. The bond length 

of the S–C bond distal to the CF2 moiety (r SC3) in 15-F was 

determined at 1.93 Å; therefore, it was 0.07 Å longer than the 

corresponding bond in 15-H (Entry 3). The distortion of 

dichlorothiirane 15-Cl was intermediary between 15-H and 15-

F (Entry 2). The same trend was observed in derivatives 16. Thus, 

the S–CCl2–C (16-Cl) bond angle ( SC2C3) increased only 

marginally, whereas the S–CF2–C (16-F) bond angle was 

significantly larger. The bond lengths of the S–C bonds distal to 

the CCl2 and CF2 moieties (r SC3) were also slightly and 

significantly increased, respectively (Entries 4–6). The 

calculated parameters for 16-H were in agreement with the 

previously reported experimental values (Entries 4 and 7). 

 

Scheme 13. Calculated relative strain energies of thiiranes. 

Table 3. Calculated structural parameters of thiiranes.a) 

 

Entry 15/16  XC2X (°)  SC2C3 (°)  SC3C2 (°)  C2SC3 (°) r SC3 (Å) r SC2 (Å) r C2C3 (Å) 

1 15-H 114.9 67.2 65.4 47.4 1.86 1.84 1.49 

2 15-Cl 108.7 (–6.2) 69.1 (+1.9) 62.9 (–2.5) 47.9 (+0.5) 1.89 (+0.03) 1.80 (–0.04) 1.50 (+0.01) 

3 15-F 107.0 (–7.9) 71.4 (+4.2) 61.7 (–3.7) 46.8 (–0.6) 1.93 (+0.07) 1.79 (–0.05) 1.48 (–0.01) 

4 16-H 114.7 66.2 66.2 47.5 1.84 1.84 1.48 

5 16-Cl 111.1 (–3.6) 67.5 (+1.3) 64.7 (–1.5) 47.8 (+0.3) 1.85 (+0.01) 1.81 (–0.03) 1.48 (+0.00) 

6 16-F 108.7 (–6.0) 68.7 (+1.5) 64.4 (–1.8) 47.0 (–0.5) 1.87 (+0.03) 1.81 (–0.03) 1.47 (–0.01) 

7 16-H 116.0,b) 
115.83c) 

65.80,b) 
65.87c) 

65.80,b) 
65.87c) 

48.43,b) 
48.27c) 

1.819,b) 
1.815c) 

1.819,b) 
1.815c) 

1.492,b) 
1.484c) 

a) Differences from 15-H or 16-H are shown in parentheses. b) The experimental values reported by Le Van.56 c) The experimental 

values reported by Sheridan.57 



 

 

According to Bent's rule, these distortions were attributed 

to the strongly electron-withdrawing inductive effect of the 

fluorine substituents. Because the p character-rich C–F bonds 

exhibit a smaller interelectronic repulsion around the CF2 carbon 

atom than the s character-rich C–S/C–C bonds, the F–C–F bond 

angle became narrower, while the S–CF2–C bond angle became 

wider, leading to distortions and instability of difluorothiiranes. 

 

3. Conclusion 

A facile method for the synthesis of sulfanylated and 

sterically demanding diarylated 1,1-difluoroalkenes via 

difluorothiiranes was developed herein. TFDA was treated with 

a proton sponge catalyst to generate difluorocarbene (: CF2), 

which reacted with dithioesters and diaryl thioketones to form 

difluorothiirane intermediates. Spontaneous desulfurization (i.e., 

elimination of elemental sulfur) of difluorothiiranes afforded the 

desired difluoroalkenes. The utilized Barton–Kellogg-type 

reaction is an electrophilic counterpart to the Wittig-type 

reaction of aldehydes or ketones. The two approaches are 

complementary and can be used for the preparation of diverse 

1,1-difluoro-1-alkenes. Theoretical calculation indicated that the 

distortion caused by the electron-withdrawing fluorine 

substituents is the origin of the enhanced reactivity of the 

difluorothiirane intermediates. 

 

 

4. Experimental 

THF and toluene were dried by passing through a column 

of activated alumina followed by a column of Q-5 scavenger 

(Engelhard). p-Xylene was distilled with azeotropic removal of 

water and stored over molecular sieves 4A. Nitromethane was 

distilled form calcium hydride and stored under nitrogen. 

Trimethylsilyl 2,2-difluoro-2-fluorosulfonylacetate 

(TFDA) was purchased from TOKYO CHEMICAL 

INDUSTRY CO., LTD. and distilled under reduced pressure 

(62 °C/15 mmHg). TFDA can be prepared according to the 

literature.30b 1,8-Bis(dimethylamino)naphthalene (proton 

sponge, 1) was purchased from TOKYO CHEMICAL 

INDUSTRY CO., LTD. and recrystallized from methanol/ water. 

Sodium bromodifluoroacetate was prepared by our method.58 

The sodium salts were hygroscopic and handled in a glove box. 

Carbodithioic acid 12 was prepared by the procedure in 

literature.59 ,,-Trifluorotoluene (PhCF3) and 1,1,1,3,3,3-

hexafluoro-2,2-di(4-methylphenyl)propane  [(CF3)2C(C6H4p-

Me)2] as internal standards for determination of 19F NMR yields 

was purchased from TOKYO CHEMICAL INDUSTRY CO., 

LTD. and used as received. All reactions were performed under 

an argon atmosphere. 

Column chromatography was conducted on silica gel 

(Silica Gel 60 N, Kanto Chemical Co., Inc. for column 

chromatography). Purification was also performed by 

preparative HPLC (GPC), using a JAI LC-908 instrument 

(Jaigel-2H, CHCl3). 

IR spectra were recorded on a Horiba FT-300S 

spectrometer by the attenuated total reflectance (ATR method). 

NMR spectra were recorded on Bruker Avance 500 or Jeol JNM 

ECS-400 spectrometers in CDCl3 at 500 or 400 MHz (1H NMR), 

at 126 or 101 MHz (13C NMR), and at 470 or 376 MHz (19F 

NMR). Chemical shifts were given in ppm relative to internal 

Me4Si (for 1H NMR:  = 0.00), CDCl3 (for 13C NMR:  = 77.0) 

and C6F6 (for 19F NMR:  = 0.0; C6F6 exhibits a 19F NMR signal 

at –162.9 ppm vs. CFCl3). High-resolution mass spectroscopy 

(HRMS) was conducted with a Jeol JMS-T100GCV (EI/TOF) 

spectrometer. Elemental analyses (EA) were performed with a 

Yanako MT-3 CHN Corder apparatus or an Elementar Vario 

Micro Cube apparatus. 

Preparation and spectral data of dithioesters 2a–n were 

described in our previous publication.31 Thioketones 3 were 

prepared from the corresponding ketones using Lawesson's 

reagent 4 in a similar manner to 2a–i.  

Difluoromethyl 4-methoxybenzenecarbodithioate (2o): 
1H NMR (500 MHz, CDCl3):  3.88 (s, 3H), 6.90 (d, J = 9.0 Hz, 

2H), 7.54 (t, JHF = 54.8 Hz, 1H), 8.04 (d, J = 9.0 Hz, 2H); 13C 

NMR (126 MHz, CDCl3):  55.7, 113.9, 123.2 (t, JCF = 272 Hz), 

129.3, 137.2, 164.8, 218.5; 19F NMR (471 MHz, CDCl3):  61.3 
(d, JFH = 55 Hz); IR (neat):  2841, 1593, 1244, 1173, 904, 725 

cm–1; HRMS (EI, TOF): m/z calcd for C9H8F2OS2 [M]+: 

233.9985; found: 233.9988. 

Di(4-methoxyphenyl)methanethione (3a): 1H NMR (500 

MHz, CDCl3):  3.88 (s, 6H), 6.88 (d, J = 8.5 Hz, 4H), 7.73 (d, 

J = 8.5 Hz, 4H); 13C NMR (126 MHz, CDCl3):  55.5, 113.2, 

132.1, 140.8, 163.1, 233.4; IR (neat):  2974, 1589, 1502, 1250, 

837 cm–1; HRMS (EI, TOF): m/z calcd for C15H14SO2 [M]+: 

258.0715; found: 258.0717. 

(4-Methoxyphenyl)(2-naphthyl)methanethione (3b): 1H 

NMR (500 MHz, CDCl3):  3.83 (s, 3H), 6.85 (d, J = 8.9 Hz, 

2H), 7.47 (dd, J = 7.9, 7.9 Hz, 1H), 7.53 (dd, J = 7.9, 7.9 Hz, 

1H), 7.75–7.84 (m, 6H), 8.05 (s, 1H); 13C NMR (126 MHz, 

CDCl3):  55.5, 113.3, 126.7, 127.1, 127.5, 127.6, 127.8, 129.2, 

129.4, 132.1, 132.3, 134.6, 140.5, 145.0, 163.5, 235.0; IR (neat): 

ν 2920, 1724, 1234, 756, 694 cm–1; HRMS (EI, TOF): m/z calcd 

for C18H14OS [M]+: 278.0765; found: 278.0769. 

(4-Methoxyphenyl)(2-thienyl)methanethione (3c): 1H 

NMR (500 MHz, CDCl3):  3.85 (s, 3H), 6.88 (d, J = 8.5 Hz, 

2H), 7.12 (dd, J = 5.0, 4.2 Hz, 1H), 7.36 (dd, J = 4.2 Hz, 1H), 

7.71 (d, J = 5.0 Hz, 1H), 7.73 (dd, J = 8.5 Hz, 2H); 13C NMR 

(126 MHz, CDCl3):  55.4, 113.2, 128.5, 130.8, 131,3. 137.3, 

140.0, 154.8, 162.8, 221.2; IR (neat): ν 2929, 1595, 1350, 1255, 

1167, 1024 cm–1; HRMS (EI, TOF): m/z calcd. for C12H10OS2 

[M]+: 234.0173; found: 234.0165. 

Diphenylmethanethione (3d): 1H NMR (400 MHz, 

CDCl3):  7.38 (dd, J = 7.8, 7.8 Hz, 4H), 7.56 (t, J = 7.8 Hz, 2H), 

7.71 (dd, J = 7.8, 0.8 Hz, 4H); 13C NMR (101 MHz, CDCl3):  

128.0, 129.6, 132.0, 147.3, 238.5; IR (neat):  3057, 1441, 1265, 

1219, 756, 688 cm–1; HRMS (EI, TOF): m/z calcd for C13H10S 

[M]+: 198.0503; found: 198.0499. 
Di(4-chlorophenyl)methanethione (3e): 1H NMR (400 

MHz, CDCl3):  7.37 (ddd, J = 8.7, 2.3, 2.3 Hz, 4H), 7.64 (ddd, 

J = 8.7, 2.3, 2.3 Hz, 4H); 13C NMR (101 MHz, CDCl3):  128.4, 

130.7, 138.9, 145.2, 234.4; IR (neat):  1662, 1585, 1092, 771 

cm–1; HRMS (EI, TOF):  m/z calcd for C13H8Cl2S [M]+: 

265.9724; found: 265.9730. 

5H-Dibenzo[a,d][7]annulene-5-thione (3f): 1H NMR 

(500 MHz, CDCl3):  7.00 (s, 2H), 7.36 (dd, J = 7.6, 1.1 Hz, 2H), 

7.40 (ddd, J = 7.6, 7.6, 1.0 Hz, 2H), 7.51 (ddd, J = 7.6, 7.6, 1.0 

Hz, 2H), 8.03 (dd, J = 7.6, 1.1 Hz, 2H); 13C NMR (126 MHz, 

CDCl3):  128.5, 128.6, 129.4, 130.5, 130.7, 131.4, 149.2, 239.8; 

IR (neat):  3057, 1282, 1196, 802, 766, 712 cm–1; HRMS (EI, 

TOF): m/z calcd for C15H10S [M]+: 222.0503; found: 222.0512.  

Mesityl(phenyl)methanethione (3g): 1H NMR (400 MHz, 

CDCl3):  2.05 (s, 6H), 2.33 (s, 3H), 6.90 (s, 2H), 7.35 (dd, J = 

7.9, 7.9 Hz, 2H), 7.59 (t, J = 7.9 Hz, 1H), 7.90 (d, J = 7.9 Hz, 

2H); 13C NMR (101 MHz, CDCl3):  20.3, 21.7, 128.6, 129.2, 

129.4, 133.2, 134.2, 137.9, 144.5, 146.9, 243.9; IR (neat):  2916, 

1446, 1219, 1047, 687 cm–1; HRMS (EI, TOF):  m/z calcd for 

C16H16S [M]+: 240.0973; found: 240.0965. 

Phenyl(2-phenylphenyl)methanethione (3h): 1H NMR 

(400 MHz, CDCl3):  7.06–7.14 (m, 5H), 7.16–7.20 (m, 2H), 

7.30–7.43 (m, 3H), 7.49–7.57 (m, 4H); 13C NMR (101 MHz, 

CDCl3):  126.88, 126.92, 127.7, 127.8, 128.7, 129.2, 129.9, 

130.0, 130.1, 132.3, 139.3, 140.6, 146.3, 148.7, 241.8; IR (neat): 



 

 

ν 2916, 1400, 1348, 1242, 1049, 717 cm–1; HRMS (EI, TOF):  

m/z calcd for C19H14S [M]+: 274.0816; found: 274.0828. 

Di(2-phenylphenyl)methanethione (3i): 1H NMR (500 

MHz, CDCl3):  6.82–6.87(m, 4H), 6.92–6.94 (m, 4H), 7.04–

7.10 (m, 6H), 7.14 (dd, J = 7.7, 7.7 Hz, 4H); 13C NMR (126 MHz, 

CDCl3):  = 126.2, 126.7, 127.7, 128.6, 129.3, 129.5, 132.4, 

137.9, 141.2, 149.4, 248.5; IR (neat):  3057, 1466, 1279, 754, 

698 cm–1; HRMS (EI, TOF):  m/z calcd for C25H18S [M]+: 

350.1129; found: 350.1127. 

Di(2-methyphenyl)methanethione (3j): 1H NMR (400 

MHz, CDCl3):  2.12 (s, 6H), 7.13 (d, J = 7.5 Hz, 2H), 7.18 (ddd, 

J = 7.5, 7.5, 1.0 Hz, 2H), 7.32 (ddd, J = 7.5, 7.5, 1.0 Hz, 2H), 

7.44 (dd, J = 7.5, 1.0 Hz, 2H); 13C NMR (126 MHz, CDCl3):  

21.1, 125.8, 129.6, 130.4, 131.1, 134.6, 150.0, 245.6; IR (neat): 

 3060, 1595, 1454, 1290, 1227, 752 cm–1; HRMS (EI, TOF): 

m/z calcd for C15H14S [M]+: 226.0816; found: 226.0817. 

Synthesis of sulfanylated difluoroalkenes 6 

(difluoromethylidenation of dithioesters 2, method A; for 

electron-deficient and sterically less hindered substrates). 

Synthesis of difluoroalkene 6a is described as a typical 

procedure. To a toluene solution (4 mL, 60 °C) of phenyl 

benzenecarbodithioate (2a, 115 mg, 0.499 mmol) and proton 

sponge (1, 5.6 mg, 0.030 mmol) was added TFDA (200 L, 1.06 

mmol) dropwise over 5 min. Gas evolution was observed and the 

solution was stirred for 30 min. After the solution was heated up 

to 100 °C and stirred for 30 min, saturated aqueous sodium 

hydrogen carbonate (10 mL) was added to quench the reaction 

at room temperature. Organic materials were extracted with 

ethyl acetate three times. The combined extracts were washed 

with brine and dried over anhydrous sodium sulfate.  After 

removal of the solvent under reduced pressure, the residue was 

purified by column chromatography on silica gel (hexane) to 

give difluoroalkene 6a (109 mg, 87% yield) as a colorless liquid. 

Synthesis of sulfanylated difluoroalkenes 6 

(difluoromethylidenation of dithioesters 2, method B; for 

electron-rich or sterically hindered substrates). Synthesis of 

difluoroalkene 6j is described as a typical procedure. To a 

refluxing toluene solution (2 mL) of methyl 

benzenecarbodithioate (2j, 43 mg, 0.26 mmol), proton sponge (1, 

2.8 mg, 0.013 mmol), and 1,1,1,3,3,3-hexafluoro-2,2-di(4-

methylphenyl)propane (14 mg, 0.042 mmol) was added TFDA 

(100 L, 0.531 mmol) dropwise over 1 min. The solution was 

stirred for 30 min. 19F NMR analysis based on an internal 

standard, 1,1,1,3,3,3-hexafluoro-2,2-di(4-

methylphenyl)propane indicated that difluoroalkene 6j was 

obtained in 82% yield. 

2,2-Difluoro-3-phenyl-3-(phenylsulfanyl)thiirane (5a): 

A sample after purification by column chromatography (hexane), 

which contained a small amount of 14a, was used for analysis. 
1H NMR (500 MHz, CDCl3):  7.19–7.31 (m); 13C NMR (126 

MHz, CDCl3):  63.4 (dd, JCF = 11, 10 Hz), 120.5 (dd, JCF = 310, 

310 Hz), 127.9, 128.6, 129.0, 129.1, 129.5, 130.5, 135.0, 135.3 

(d, JCF = 4 Hz); 19F NMR (471 MHz, CDCl3):  63.0 (d, J = 106 

Hz, 1F), 65.6 (d, J = 106 Hz, 1F); IR (neat):  1323, 1234, 1140, 

933, 737 cm–1. 

Spectral data of difluoroalkene 6a19b were in complete 

agreement with those in literature.  

1,1-Difluoro-2-phenylsulfanyl-2-(4-

methylphenyl)ethene (6b): 1H NMR (500 MHz, CDCl3):  2.30 

(s, 3H), 7.10–7.13 (m, 3H), 7.19 (dd, J = 7.4, 7.4 Hz, 2H), 7.22–

7.24 (m, 2H), 7.42 (dd, J = 8.1, 1.5 Hz, 2H); 13C NMR (126 MHz, 

CDCl3):  21.1, 88.7 (dd, JCF = 21, 21 Hz), 126.3, 128.0, 128.5 

(dd, JCF = 4, 4 Hz), 128.9, 129.1, 129.3 (d, JCF = 4 Hz), 134.6 

(dd, JCF = 2, 2 Hz), 137.9, 156.9 (dd, JCF = 305, 290 Hz); 19F 

NMR (471 MHz, CDCl3):   85.2 (d, J = 14 Hz, 1F), 87.2 (d, 

J = 14 Hz, 1F); IR (neat):  3076, 3028, 1684, 1265, 1009, 814, 

735, 687 cm–1; HRMS (EI, TOF): m/z calcd for C15H12F2S [M]+: 

262.0628; found: 262.0627. 

1,1-Difluoro-2-(4-methoxyphenyl)-2-

(phenylsulfanyl)ethene (6c): 1H NMR (500 MHz, CDCl3):  

3.78 (s, 3H), 6.84 (d, J = 8.8 Hz, 2H), 7.12 (t, J = 6.8 Hz, 1H), 

7.15–7.24 (m, 4H), 7.46 (d, J = 8.8 Hz, 2H); 13C NMR (126 MHz, 

CDCl3):  55.2, 88.5 (dd, JCF = 21, 21 Hz), 113.8, 124.3 (d, JCF 

= 4 Hz), 126.3, 128.0, 129.0, 129.9 (dd, JCF = 4, 4 Hz), 134.5, 

156.7 (dd, JCF = 304, 290 Hz), 159.2; 19F NMR (471 MHz, 

CDCl3):  = 83.1 (d, J = 16 Hz, 1F), 85.2 (d, J = 16 Hz, 1F); 

IR (neat):  3060, 2836, 1684, 1606, 1510, 1242, 912, 744 cm–

1; HRMS (EI, TOF): m/z calcd for C15H12F2OS [M]+: 278.0577; 

found: 278.0576. 

1-(4-Chlorophenyl)-2,2-difluoro-1-

(phenylsulfanyl)ethene (6d): 1H NMR (500 MHz, CDCl3):  

7.12 (tt, J = 6.9, 1.8 Hz, 1H), 7.17–7.26 (m, 6H), 7.45 (dd, 

J = 8.6, 1.3 Hz, 2H); 13C NMR (126 MHz, CDCl3):  88.4 (dd, 

JCF = 22, 20 Hz), 126.6, 128.3, 128.6, 129.1, 130.0 (dd, JCF 

= 4, 4 Hz), 130.8 (d, JCF = 4 Hz), 133.8–133.9 (m), 157.0 

(dd, JCF = 306, 291 Hz); 19F NMR (471 MHz, CDCl3):  86.1 

(d, J = 11 Hz, 1F), 88.2 (d, J = 11 Hz, 1F); IR (neat):  3074, 

1682, 1477, 1279, 1009, 933, 737, 688 cm–1; HRMS (EI, 

TOF): m/z calcd for C14H9ClF2S [M]+: 282.0082; found: 

282.0087. 

1,1-Difluoro-2-phenylsulfanyl-2-[4-

(trifluoromethyl)phenyl]ethene (6e): 1H NMR (500 MHz, 

CDCl3):  7.15–7.19 (m, 1H), 7.21–7.25 (m, 4H), 7.56 (d, J 

= 8.3 Hz, 2H), 7.65 (d, J = 8.3 Hz, 2H); 13C NMR (126 MHz, 

CDCl3):  88.6 (dd, JCF = 22, 20 Hz), 123.9 (q, JCF = 272 Hz), 

125.4 (q, JCF = 4 Hz), 126.8, 128.4, 129.0 (dd, JCF = 4, 4 Hz), 

129.2, 130.0 (q, JCF = 33 Hz), 133.7 (dd, JCF = 2, 2 Hz), 

136.2 (d, JCF = 5 Hz), 157.5 (dd, JCF = 307, 292 Hz); 19F 

NMR (471 MHz, CDCl3):  87.4 (d, J = 8 Hz, 1F), 89.8 (d, J 

= 8 Hz, 1F), 100.1 (s, 3F); IR (neat):  3066, 1682, 1319, 

1273, 1119, 1068, 1011, 841, 741 cm–1; HRMS (EI, TOF): 

m/z calcd for C15H9F5S [M]+: 316.0345; found: 316.0341. 

1-(Biphenyl-2-yl)-2,2-difluoro-1-

(phenylsulfanyl)ethene (6f): 1H NMR (500 MHz, CDCl3):  

7.19–7.26 (m, 9H), 7.29–7.39 (m, 5H); 13C NMR (126 MHz, 

CDCl3):  88.9 (dd, JCF = 24 Hz), 127.1, 127.2, 127.4, 128.1, 

128.6, 128.7, 128.9, 130.4, 130.7, 131.2, 131.3, 133.4 (dd, 

JCF = 2 Hz), 140.8, 142.2 (d, JCF = 2 Hz), 156.0 (dd, JCF = 

300, 292 Hz); 19F NMR (471 MHz, CDCl3):  83.3 (d, J = 15 

Hz, 1F), 86.2 (d, J = 15 Hz, 1F); IR (neat):  3060, 1697, 

1475, 1277, 1219, 1007, 914, 748 cm–1; HRMS (EI, TOF): 

m/z calcd for C20H14F2S [M]+: 324.0784; found: 324.0796. 

1-(2-Chlorophenyl)-2,2-difluoro-1-

(phenylsulfanyl)ethene (6g): 1H NMR (500 MHz, CDCl3):  

7.13–7.25 (m, 6H), 7.33–7.35 (m, 3H); 13C NMR (126 MHz, 

CDCl3):  86.8 (dd, JCF = 25, 25 Hz), 126.6, 127.4, 128.9, 

129.69, 129.72, 130.7, 131.5 (d, JCF = 3 Hz), 131.6, 132.9 

(dd, JCF = 2, 2 Hz), 134.2, 156.2 (dd, JCF = 302, 292 Hz); 

19F NMR (471 MHz, CDCl3):  84.5 (d, J = 10 Hz, 1F), 89.3 

(d, J = 10 Hz, 1F); IR (neat):  1697, 1471, 1275, 1065, 1011, 

750, 688 cm–1; HRMS (EI, TOF): m/z calcd for C14H9ClF2S 

[M]+: 282.0082; found: 282.0081. 

1-(3-Chlorophenyl)-2,2-difluoro-1-

(phenylsulfanyl)ethene (6h): 1H NMR (500 MHz, CDCl3):  

7.13 (tt, J = 7.0, 1.8 Hz, 1H), 7.19–7.24 (m, 6H), 7.39–7.41 

(m, 1H), 7.53 (s, 1H); 13C NMR (126 MHz, CDCl3):  88.4 

(dd, JCF = 21, 21 Hz), 126.7, 126.9 (dd, JCF = 4, 4 Hz), 128.1, 

128.3, 128.7 (dd, JCF = 4, 4 Hz), 129.1, 129.6, 133.8 (dd, 

JCF = 2, 2 Hz), 134.2 (d, JCF = 4 Hz), 134.3, 157.2 (dd, JCF 

= 307, 291 Hz); 19F NMR (471 MHz, CDCl3):  86.9 (d, J = 

10 Hz, 1F), 89.1 (d, J = 10 Hz, 1F); IR (neat):  1683, 1475, 



 

 

1282, 1217, 1012, 908, 732, 688 cm–1; HRMS (EI, TOF): m/z 

calcd for C14H9ClF2S [M]+: 282.0082; found: 282.0081. 

1,1-Difluoro-2-(phenylsulfanyl)hept-1-ene (6i): 1H 

NMR (500 MHz, CDCl3):  0.86 (t, J = 7.0 Hz, 3H), 1.19–1.31 

(m, 4H), 1.49 (dt, J = 7.4, 7.4 Hz, 2H), 2.14 (tt, J = 7.4, 2.5 Hz, 

2H), 7.18–7.22 (m, 1H), 7.28–7.29 (m, 4H); 13C NMR (126 MHz, 

CDCl3):  13.9, 22.3, 27.0 (dd, JCF = 2, 2 Hz), 28.1, 30.9, 86.7 

(dd, JCF = 26, 16 Hz), 126.5, 128.8, 129.0, 134.2 (dd, JCF = 2, 2 

Hz), 156.9 (dd, JCF = 297, 288 Hz); 19F NMR (471 MHz, CDCl3): 

 80.6 (d, J = 27 Hz, 1F), 81.4 (d, J = 27 Hz, 1F); IR (neat):  

2929, 1709, 1477, 1259, 1126, 771, 739, 688 cm–1; HRMS (EI, 

TOF): m/z calcd for C13H16F2S [M]+: 242.0941; found: 242.0941. 

1,1-Difluoro-2-methylsulfanyl-2-phenylethene (6j): 1H 

NMR (500 MHz, CDCl3):  2.07 (s, 3H), 7.31 (t, J = 8.0 Hz, 

1H), 7.38 (dd, J = 8.0, 8.0 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H); 

13C NMR (126 MHz, CDCl3):  16.4, 91.0 (dd, JCF = 22, 21 

Hz), 128.0, 128.5, 129.0 (dd, JCF = 3, 3 Hz), 131.9 (dd, JCF 

= 3, 1 Hz), 154.7 (dd, JCF = 301, 288 Hz); 19F NMR (471 

MHz, CDCl3):  81.8 (d, J = 24 Hz, 1F), 84.0 (d, J = 24 Hz, 1F); 

IR (neat):  2925, 1695, 1265, 1236, 1007, 912, 748, 741 cm–

1; HRMS (EI, TOF): m/z calcd for C9H8F2S [M]+: 186.0315; 

found: 186.0317. 

1,1-Difluoro-2-methylsulfanyl-2-(4-

methylphenyl)ethene (6k): 1H NMR (500 MHz, CDCl3):  2.06 

(s, 3H), 2.36 (s, 3H), 7.19 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 

8.0 Hz, 2H); 13C NMR (126 MHz, CDCl3):  16.3 (dd, JCF = 2 

Hz), 21.2, 90.8 (dd, JCF = 22, 21 Hz), 154.5 (dd, JCF = 300, 

288 Hz), 137.9, 129.2, 128.9 (dd, JCF = 3 Hz), 128.8 (d, JCF 

= 4 Hz); 19F NMR (471 MHz, CDCl3):  81.4 (d, J = 26 Hz, 

1F), 83.3 (d, J = 26 Hz, 1F); IR (neat):  2924, 1691, 1510, 

1265, 1234, 1011, 931, 816 cm–1; HRMS (EI, TOF): m/z calcd 

for C10H10F2S [M]+: 200.0471; found: 200.0480. 

1-(4-Chlorophenyl)-2,2-difluoro-1-

(methylsulfanyl)ethene (6l): 1H NMR (500 MHz, CDCl3):  

2.07 (s, 3H), 7.36 (d, J = 8.4 Hz, 2H), 7.45 (d, J = 8.4 Hz, 

2H); 13C NMR (126 MHz, CDCl3):  16.4, 90.3 (dd, JCF = 23, 

20 Hz), 128.8, 130.3 (dd, JCF = 3, 3 Hz), 130.4 (dd, JCF = 4, 

2 Hz), 133.9, 154.9 (dd, JCF = 302, 289 Hz); 19F NMR (471 

MHz, CDCl3):  82.8 (d, J = 22 Hz, 1F), 85.0 (d, J = 22 Hz, 

1F); IR (neat):  2925, 1685, 1488,1274, 1009, 912, 827, 742 

cm–1; HRMS (EI, TOF): m/z calcd for C9H7ClF2S [M]+: 

219.9925; found: 219.9930. 

1-Benzylsulfanyl-2,2-difluoro-1-phenylethene (6m): 1H 

NMR (500 MHz, CDCl3):  3.62 (s, 2H), 7.14 (d, J = 7.2 Hz, 

2H), 7.20–7.26 (m, 3H), 7.30 (t, J = 7.2 Hz, 1H), 7.36 (dd, 

J = 7.2, 7.2 Hz, 2H), 7.44 (d, J = 7.2 Hz, 2H); 13C NMR (126 

MHz, CDCl3):  37.2 (dd, JCF = 2, 2 Hz), 89.1 (dd, JCF = 23, 

21 Hz), 127.2, 127.9, 128.38, 128.43, 128.9, 129.1 (dd, JCF 

= 3, 3 Hz), 132.2 (d, JCF = 3 Hz), 137.3, 155.9 (dd, JCF = 

303, 289 Hz); 19F NMR (471 MHz, CDCl3):  83.1 (d, J = 19 

Hz, 1F), 85.4 (d, J = 19 Hz, 1F); IR (neat):  2925, 1689, 

1491, 1265, 1234, 1007, 694 cm–1; HRMS (EI, TOF): m/z 

calcd for C15H12F2S [M]+: 262.0628; found: 262.0628. 

1-Benzylsulfanyl-1-(4-chlorophenyl)-2,2-

difluoroethene (6n): 1H NMR (500 MHz, CDCl3):  3.63 (s, 

2H), 7.11–7.13 (m, 2H), 7.21–7.28 (m, 3H), 7.31–7.36 (m, 

4H); 13C NMR (126 MHz, CDCl3):  37.3 (dd, JCF = 2, 2 Hz), 

88.3 (dd, JCF = 23, 20 Hz), 127.3, 128.4, 128.7, 128.9, 130.3 

(dd, JCF = 4, 4 Hz), 130.8 (d, JCF = 3 Hz), 133.8, 137.1, 

156.0 (dd, JCF = 304, 290 Hz); 19F NMR (471 MHz, CDCl3): 

 84.1 (d, J = 17 Hz, 1F), 86.4 (d, J = 17 Hz, 1F); IR (neat): 

 3032, 1685, 1491, 1275, 1090, 1010, 827 cm–1; HRMS (EI, 

TOF): m/z calcd for C15H11F2S [M]+: 296.0238; found: 

296.0238. 

2,2-Difluoro-1-difluoromethylsulfanyl-1-(4-

methoxyphenyl)ethene (6o): 1H NMR (500 MHz, CDCl3):  

3.82 (s, 3H), 6.63 (t, JHF = 56.8 Hz, 1H), 6.91 (d, J = 8.9 Hz, 2H), 

7.44 (d, J = 8.9 Hz, 2H); 13C NMR (126 MHz, CDCl3):  55.2, 

90.6–91.0 (m), 114.0, 119.5 (t, JCF = 271 Hz), 123.7 (d, JCF = 4 

Hz), 129.9 (dd, JCF = 2, 2 Hz), 157.0 (dd, JCF = 291, 291 Hz), 

159.5; 19F NMR (471 MHz, CDCl3):  69.4 (td, J = 57, 3 Hz, 2F), 

87.5 (br d, J = 57 Hz, 1F), 88.9 (dt, J = 57, 3 Hz, 1F); IR (neat): 

 2836, 1683, 912, 744 cm–1; HRMS (EI, TOF): m/z calcd for 

C10H8F4OS [M]+: 252.0232; found: 252.0237. 

1,1,2,2-Tetrafluoro-3-methylsulfanyl-3-

phenylcyclopropane (7j): the sample was obtained using 8 

equiv of TFDA. 1H NMR (500 MHz, CDCl3):  2.08 (s, 3H), 

7.29 (d, J = 7.3 Hz, 2H), 7.36–7.44 (m, 3H); 13C NMR (126 

MHz, CDCl3):  13.8, 45.5 (dddd, JCF = 13, 13, 11, 11 Hz), 

106.0 (dddd, JCF = 313, 313, 12, 12 Hz), 128.7, 129.0, 

130.1; 19F NMR (471 MHz, CDCl3):  18.7 (dm, J = 165 Hz, 

2F), 23.5 (dm, J = 165 Hz, 2F); IR (neat):  2927, 1489, 1217, 

1157, 810, 748, 696, 565 cm–1; HRMS (EI, TOF): m/z calcd 

for C10H8F4S [M]+: 236.0283; found: 236.0278. 

Synthesis of diarylated difluoroethenes 14 

(difluoromethylidenation of thioketones 3). Synthesis of 

difluoroethene 14g is described as a typical procedure. To a 

toluene solution (6 mL) of mesityl(phenyl)methanethione (3g, 

144 mg, 0.60 mmol) and proton sponge (1, 6.8 mg, 0.030 mmol) 

was added TFDA (240 L, 1.20 mmol) dropwise. The solution 

was stirred under reflux for 30 min. Saturated aqueous sodium 

hydrogen carbonate (10 mL) was added to quench the reaction 

at room temperature. Organic materials were extracted with 

ethyl acetate three times. The combined extracts were washed 

with brine and dried over anhydrous sodium sulfate. After 

removal of the solvent under reduced pressure, the residue was 

purified by column chromatography on silica gel (hexane) to 

give difluoroethene 14g (119 mg, 77% yield) as a colorless 

liquid. 

1,1-Difluoro-2,2-di(4-methoxyphenyl)ethene (14a): 1H 

NMR (500 MHz, CDCl3):  3.80 (s, 6H), 6.87 (d, J = 8.8 Hz, 

4H), 7.18 (d, J = 8.8 Hz, 4H); 13C NMR (126 MHz, CDCl3):  

55.2, 95.2 (t, JCF = 19 Hz), 113.8, 126.8, 130.7 (t, JCF = 3 Hz), 

153.4 (t, JCF = 292 Hz), 158.8; 19F NMR (471 MHz, CDCl3):  

73.1 (s); IR (neat):  2937, 1701, 1512, 1244, 1028, 831 cm–1; 

HRMS (EI, TOF): m/z calcd for C16H14F2O2 [M]+: 276.0962; 

found: 276.0960. 

1,1-Difluoro-2-(4-methoxyphenyl)-2-(2-naphthyl)- 

ethene (14b): 1H NMR (500 MHz, CDCl3): 3.80 (s, 3H), 6.89 

(d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.4 Hz, 2H), 7.36 (d, J = 8.5 Hz, 

1H), 7.44–7.49 (m, 2H), 7.72–7.84 (m, 4H); 13C NMR (126 MHz, 

CDCl3):  55.2, 95.9 (dd, JCF = 18, 18 Hz), 113.9, 126.2, 126.5 

(dd, JCF = 3, 3 Hz), 127.2 (dd, JCF = 3, 3 Hz), 127.6, 127.9, 128.0, 

128.8 (dd, JCF = 3, 3 Hz), 130.8 (dd, JCF = 3, 3 Hz), 132.0 (dd, 

JCF = 4, 4 Hz), 132.5, 133.2, 153.8 (dd, JCF = 293, 293 Hz), 

159.0; 19F NMR (471 MHz, CDCl3):  74.0 (d, J = 35 Hz, 1F), 

74.1 (d, J = 35 Hz, 1F); IR (neat): ν 2837, 1701, 1512, 1236, 

1176, 816 cm–1; m/z calcd for C19H14F2O [M]+: 296.1013; 

found: 296.1020. 

1,1-Difluoro-2-(4-methoxyphenyl)2-(2-thienyl)ethene 

(14c): 1H NMR (500 MHz, CDCl3): 3.83 (s, 3H), 6.90 (dd, J = 

4.0, 1.0 Hz, 1H), 6.93 (d, J = 8.5 Hz, 2H), 6.99 (dd, J = 4.0, 4.0 

Hz, 1H), 7.26–7.30 (m, 3H); 13C NMR (126 MHz, CDCl3):  

55.3, 91.6 (dd, JCF = 25, 18 Hz), 113.9, 125.2 (dd, JCF = 3, 3 Hz), 

125.6 (dd, JCF = 6, 3 Hz), 126.9, 127.0 (dd, JCF = 4, 4 Hz), 131.0 

(dd, JCF = 3, 3 Hz), 136.9 (dd, JCF = 7, 2 Hz), 153.3 (dd, JCF = 

298, 291 Hz), 159.5; 19F NMR (471 MHz, CDCl3):  73.9 (d, J 

= 28 Hz, 1F), 78.5 (d, J = 28 Hz, 1F); IR (neat): ν 2837, 1699, 

1510, 1244, 1173, 827 cm–1; HRMS (EI): m/z calcd. for 

C13H10F2OS [M]+: 252.0420; found: 252.0426. 

1,1-Difluoro-2,2-diphenylethene (14d): 1H NMR (500 

MHz, CDCl3):  7.25–7.31 (m, 6H), 7.34 (dd, J = 7.5 Hz, 7.5 Hz, 



 

 

4H); 13C NMR (126 MHz, CDCl3):  96.2 (t, JCF = 18 Hz), 127.5, 

128.4, 129.6 (t, JCF = 3 Hz), 134.3, 153.8 (t, JCF = 294 Hz); 19F 

NMR (471 MHz, CDCl3):  75.1 (s); IR (neat):  3060, 1703, 

1242, 1211, 984, 760, 694 cm–1; HRMS (EI, TOF): m/z calcd for 

C14H10F2 [M]+: 216.0751; found: 216.0741. 

1,1-Di(4-chlorophenyl)-2,2-difluoroethene (14e): 1H 

NMR (500 MHz, CDCl3):  7.17 (d, J = 8.5 Hz, 4H), 7.33 (d, J 

= 8.5, 4H); 13C NMR (126 MHz, CDCl3):  94.7 (t, JCF = 19 Hz), 

128.8, 130.8 (t, JCF = 3 Hz), 132.3, 133.8, 153.7 (t, JCF = 295 

Hz); 19F NMR (471 MHz, CDCl3):  76.5 (s); IR (neat):  1705, 

1495, 1250, 1093, 989, 825 cm–1; HRMS (EI, TOF): m/z calcd 

for C14H8Cl2F2 [M]+: 283.9971; found: 283.9958. 

5-Difluoromethylidene-5H-dibenzo[a,d][7]annulene 

(14f): 1H NMR (500 MHz, CDCl3):  6.84 (s, 2H), 7.29–7.31 (m, 

4H), 7.33–7.39 (m, 4H); 13C NMR (126 MHz, CDCl3):  95.1 (t, 

JCF = 21 Hz), 127.8, 128.5, 129.0 (t, JCF = 2 Hz), 129.1, 131.0, 

131.7, 135.6, 152.3 (t, JCF = 292 Hz); 19F NMR (471 MHz, 

CDCl3):  69.4 (s); IR (neat):  3024, 1720, 1244, 985, 802, 760 

cm–1; HRMS (EI, TOF): m/z calcd for C16H10F2 [M]+: 

240.0751; found: 240.0754. 

1,1-Difluoro-2-mesityl-2-phenylethene (14g): 1H NMR 

(400 MHz, CDCl3):  2.13 (s, 6H), 2.32 (s, 3H), 6.94 (s, 2H), 

7.20–7.23 (m, 3H), 7.27–7.31 (m, 2H); 13C NMR (126 MHz, 

CDCl3):  19.8, 21.1, 92.6 (dd, JCF = 24, 13 Hz), 127.0, 127.5 

(dd, JCF = 6, 4 Hz), 128.5, 128.6, 129.2 (d, JCF = 4 Hz), 133.2 

(dd, JCF = 6, 4 Hz), 137.6 (d, JCF = 2 Hz), 137.8, 152.8 (dd, JCF 

= 301, 286 Hz); 19F NMR (471 MHz, CDCl3):  74.1 (d, J = 32 

Hz, 1F), 79.6 (d, J = 32 Hz, 1F); IR (neat):  2918, 1240, 1209, 

982, 764 cm–1; HRMS (EI, TOF): m/z calcd for C17H16F2OS 

[M]+: 258.1220; found: 258.1218. 

1,1-Difluoro-2-phenyl-2-(2-phenylphenyl)ethene (14h): 
1H NMR (500 MHz, CDCl3):  7.04–7.08 (m, 2H), 7.12–7.24 (m, 

8H), 7.33–7.44 (m, 4H); 13C NMR (126 MHz, CDCl3):  95.3 

(dd, JCF = 16, 16 Hz), 126.8, 126.9, 127.4, 127.8, 128.0, 128.4, 

128.50, 128.53, 130.4, 131.5 (dd, JCF = 2, 2 Hz), 132.3 (dd, JCF 

= 2, 2 Hz), 134.5 (dd, JCF = 4, 4 Hz), 140.9, 142.9, 153.2 (dd, JCF 

= 290, 289 Hz); 19F NMR (471 MHz, CDCl3):  73.4 (d, J = 30 

Hz, 1F), 78.8 (d, J = 30 Hz, 1F); IR (neat): ν = 3060, 1707, 1238, 

984, 694 cm–1; m/z calcd for C20H14F2 [M]+: 292.1064; found: 

292.1079. 

1,1-Difluoro-2,2-di(2-phenylphenyl)ethene (14i): 1H 

NMR (500 MHz, CDCl3):  6.57 (d, J = 7.6 Hz, 2H), 6.89 (ddd, 

J = 7.6, 7.6, 1.3 Hz, 2H), 7.01–7.03 (m, 2H), 7.07 (dd, J = 7.6, 

0.9 Hz, 2H), 7.12 (ddd, J = 7.6, 7.6, 1.2 Hz, 2H), 7.19–7.23 (m, 

6H); 13C NMR (126 MHz, CDCl3):  95.0 (t, JCF = 20 Hz), 126.5, 

126.8, 127.2, 127.8, 128.6, 129.8, 131.4, 132.4, 141.6, 142.1, 

153.5 (t, JCF = 292 Hz); 19F NMR (471 MHz, CDCl3):  74.5 (s); 

IR (neat):  3059, 3024, 1712, 1477, 1244, 984, 760, 698 cm–1; 

HRMS (EI, TOF): m/z calcd for C17H16F2 [M]+: 368.1377; 

found: 368.1364. 

1,1-Difluoro-2,2-di(2-methyphenyl)ethene (14j): 1H 

NMR (500 MHz, CDCl3):  2.26 (s, 6H), 7.11–7.16 (m, 4H), 

7.17–7.23 (m, 4H); 13C NMR (126 MHz, CDCl3):  19.9, 93.6 (t, 

JCF = 21 Hz), 125.7, 127.8, 130.5 (t, JCF = 3 Hz), 130.6, 133.6, 

136.9, 152.2 (t, JCF = 292 Hz); 19F NMR (471 MHz, CDCl3):  

75.8 (s); IR (neat):  3064, 1714, 1489, 1244, 982 cm–1; HRMS 

(EI, TOF): m/z calcd for C16H14F2 [M]+: 244.1064; found: 

244.1064. 

 

Acknowledgement 

This research was financially supported by JSPS 

KAKENHI Grant Number JP19H02707 (J.I.) in Grant-in-Aid 

for Scientific Research (B), JSPS KAKENHI Grant Number 

20K21186 (J.I.) in Grant-in-Aid for Challenging Research 

(Exploratory), and JSPS KAKENHI Grant Number 20K05486 

(K.F.) in Grant-in-Aid for Scientific Research (C). This work 

was partly supported by MEXT KAKENHI Grant Number 

JP18H04234 (J.I.) in Grant-in-Aid for Scientific Research on 

Innovative Areas "Precisely Designed Catalysts with 

Customized Scaffolding." TOSOH FINECHEM 

COORPORATION is acknowledged for a generous gift of 

dibromodifluoromethane. 

 

References 

1. a) B. E. Smart, Organofluorine Chemistry, Principles and 

Commercial Applications, Plenum Press, New York, 1994. 

b) K. Uneyama, in Methods for Introduction of Fluorine-

Functionality into Molecules, Blackwell Publishing, 

Oxford, 2006, pp. 1–100. c) J.-P. Bégué, D. Bonnet-

Delpon, in Bioorganic and Medicinal Chemistry of 

Fluorine, Wiley, Hoboken, 2008, pp. 1–22. d) D. O’Hagan, 

Chem. Soc. Rev. 2008, 37, 308.  

2. a) B. E. Smart, J. Fluorine Chem. 2001, 109, 3. b) W. K. 

Hagmann, J. Med. Chem. 2008, 51, 4359. c) J. Wang, M. 

Sánchez-Roselló, J. L. Aceña, C. del Pozo, A. E. 

Sorochinsky, S. Fustero, V. A. Soloshonok, H. Liu, Chem. 

Rev. 2014, 114, 2432. d) E. P. Gillis, K. J. Eastman, M. D. 

Hill, D. J. Donnelly, N. A. Meanwell, J. Med. Chem. 2015, 

58, 8315. e) Y. Zhou, J. Wang, Z. Gu, S. Wang, W. Zhu, J. 

L. Aceña, V. A. Soloshonok, K. Izawa, H. Liu, Chem. Rev. 

2016, 116, 422. 

3. a) M. Bobek, I. Kavai, E. De Clercq, J. Med. Chem. 1987, 

30, 1494. b) Y. Pan, J. Qiu, R. B. Silverman, J. Med. Chem. 

2003, 46, 5292. c) J.-M. Altenburger, G. Y. Lassalle, M. 

Matrougui, D. Galtier, J.-C. Jetha, Z. Bocskei, C. N. Berry, 

C. Lunven, J. Lorrain, J.-P. Herault, P. Schaeffer, S. E. 

O'Connor, J.-M. Herbert, Bioorg. Med. Chem. 2004, 12, 

1713. d) S. Couve-Bonnaire, D. Cahard, X. Pannecoucke, 

Org. Biomol. Chem. 2007, 5, 1151. e) N. A. Meanwell, J. 

Med. Chem. 2018, 61, 5822. 

4. As well as biological activities, utility of difluoroalkenes 

as electrolyte additives for high-charge-voltage lithium ion 

batteries was investigated. See: T. Kubota, M. Ihara, S. 

Katayama, H. Nakai, J. Ichikawa, J. Power Sources 2012, 

207, 141. 

5. a) J. Ichikawa, Chim. Oggi 2007, 25, 54. b) H. Amii, K. 

Uneyama, Chem. Rev. 2009, 109, 2119. c) X. Zhang, S. 

Cao, Tetrahedron Lett. 2017, 58, 375. d) T. Fujita, K. 

Fuchibe, J. Ichikawa, Angew. Chem. Int. Ed. 2019, 58, 390. 

e) C. Liu, H. Zeng, C. Zhu, H. Jiang, Chem. Commun. 2020, 

56, 10442. f) S. Koley, R. A. Altman, Isr. J. Chem. 2020, 

60, 313. 

6. G. Landelle, M. Bergeron, M.-O. Turcotte-Savard, J.-F. 

Paquin, Chem. Soc. Rev. 2011, 40, 2867. 

7. For early publications, see for example: a) K. Okuhara, J. 

Org. Chem. 1976, 73, 1487. b) G. D. Crouse, J. D. Webster, 

J. Org. Chem. 1992, 57, 6643. See also: c) T. Hanamoto, S. 

Harada, K. Shindo, M. Kondo, Chem. Commun. 1999, 

2397. 

8. For our recent publications on SNV reaction of 1,1-

difluoro-1-alkenes, see: a) T. Fujita, M. Takazawa, K. 

Sugiyama, N. Suzuki, J. Ichikawa, Org. Lett. 2017, 19, 588. 

b) K. Fuchibe, T. Fushihara, J. Ichikawa, Org. Lett. 2020, 

22, 2201. c) R. Morioka, T. Fujita, J. Ichikawa, Helv. Chim. 

Acta 2020, 103, e2000159. 

9. See for example: a) K. Fuchibe, T. Morikawa, K. Shigeno, 

T. Fujita, J. Ichikawa, Org. Lett. 2015, 17, 1126. b) K. 

Fuchibe, T. Morikawa, R. Ueda, T. Okauchi, J. Ichikawa, 

J. Fluorine Chem. 2015, 179, 106. c) K. Fuchibe, K. 

Shigeno, N. Zhao, H. Aihara, R. Akisaka, T. Morikawa, T. 

Fujita, K. Yamakawa, T. Shimada, J. Ichikawa, J. Fluorine 

Chem. 2017, 203, 173.  



 

 

10. See for example: a) J. Ichikawa, M. Yokota, T. Kudo, S. 

Umezaki, Angew. Chem. Int. Ed. 2008, 47, 4870. b) K. 

Fuchibe, H. Jyono, M. Fujiwara, T. Kudo, M. Yokota, J. 

Ichikawa, Chem. Eur. J. 2011, 17, 12175. c) K. Fuchibe, G. 

Takao, H. Takahashi, S. Ijima, J. Ichikawa, Bull. Chem. 

Soc. Jpn. 2019, 92, 2019. 

11. K. Fuchibe, N. Tsuda, J. Ichikawa, Heterocycles 2019, 99, 

1196. 

12. a) M. Suda, Tetrahedron Lett. 1981, 22, 2395. b) J. A. 

Cooper, E. Copin, G. Sandford, J. Fluorine Chem. 2002, 

115, 83. c) A. Gautier, G. Garipova, C. Salcedo, S. Balieu, 

S. R. Piettre, Angew. Chem., Int. Ed. 2004, 43, 5963. d) S. 

S. Ashirbaev, V. V. Levin, M. I. Struchkova, A. D. Dilman, 

Fluorine Notes 2017, 115, 1. e) D. L. Orsi, J. T. Douglas, 

J. P. Sorrentino, R. A. Altman, J. Org. Chem. 2020, 85, 

10451. 

13. J. H. Choi, I. H. Jeong, Tetrahedron Lett. 2008, 49, 952. 

14. N. Suzuki, T. Fujita, J. Ichikawa, Org. Lett. 2015, 17, 4984. 

15. S. Messaoudi, B. Tréguier, A. Hamze, O. Provot, J.-F. 

Peyrat, J. R. De Losada, J.-M. Liu, J. Bignon, J. 

Wdzieczak-Bakala, S. Thoret, J. Dubois, J.-D. Brion, M. 

Alami, J. Med. Chem. 2009, 52, 4538. 

16. K.-L. Yu, P. Spinazze, J. Ostrowski, S. J. Currier, E. J. Pack, 

L. Hammer, T. Roalsvig, J. A. Honeyman, D. R. Tortolani, 

P. R. Reczek, M. M. Mansuri, J. E. Starrett, J. Med. Chem. 

1996, 39, 2411. 

17. N. Hirose, O. Sasaki, Y. Takizawa, Electrophotographic 

photoreceptors, EP 153145, Aug. 28, 1985. 

18. D. J. Burton, Z.-Y. Yang, W. Qiu, Chem. Rev. 1996, 96, 

1641. 

19. For non-Wittig-type generation of sulfanylated 1,1-

difluoro-1-alkenes, see: a) S. T. Purrington, N. F. Samaha, 

J. Fluorine Chem. 1989, 43, 229. b) I. H. Jeong, Y. K. Min, 

Y. S. Kim, B. T. Kim, K. Y. Cho, Tetrahedron Lett. 1994, 

35, 7783. c) A. Y. Sizov, A. N. Kovregin, R. N. Serdyuk, 

M. V. Vorob’ev, V. A. Porosyatnikov, A. A. Tsvetkov, D. O. 

Korneev, A. F. Ermolov, Russ. Chem. Bull. Int. Ed. 2006, 

55, 1200. d) V. M. Timoshenko, C. Portella, J. Fluorine 

Chem. 2009, 130, 586. 

20. a) M. Obayashi, E. Ito, K. Matsui, K. Kondo, Tetrahedron 

Lett. 1982, 23, 2323. b) M. L. Edwards, D. M. Stemerick, 

E. T. Jarvi, D. P. Matthews, J. R. McCarthy, Tetrahedron 

Lett. 1990, 31, 5571. c) S. R. Piettre, L. Cabanas, 

Tetrahedron Lett. 1996, 37, 5881. 

21. a) G. K. S. Prakash, Y. Wang, J. Hu, G. A. Olah, J. Fluorine 

Chem. 2005, 126, 1361. b) Y. Zhao, W. Huang, L. Zhu, J. 

Hu, Org. Lett 2010, 12, 1444. c) X.-P. Wang, J.-H. Lin, J.-

C. Xiao, X. Zheng, Eur. J. Org. Chem. 2014, 2014, 928. d) 

B. Gao, Y. Zhao, M. Hu, C. Ni, J. Hu, Chem. Eur. J. 2014, 

20, 7803. 

22. For non-Wittig-type syntheses of diarylated 1,1-

difluoroethenes, see for example: [coupling reactions of 

difluorovinylmetals/halides] a) A. Raghavanpillai, D. J. 

Burton, J. Org. Chem. 2006, 71, 194. b) S. Y. Han, I. H. 

Jeong, Org. Lett. 2010, 12, 5518. c) S. Y. Han, H. Y. Lee, 

J. H. Jeon, I. H. Jeong, Tetrahedron Lett. 2012, 53, 1833. 

d) T. Fujita, N. Suzuki, T. Ichitsuka, J. Ichikawa, J. 

Fluorine Chem. 2013, 155, 97. e) J. Zhou, B. Jiang, M. 

Guo, Y. Sumii, N. Shibata, Chem. Lett. 2020, 49, 1439. f) 
B. Du, C.-M. Chan, P.-Y. Lee, L.-H. Cheung, X. Xu, Z. Lin, 

W.-Y. Yu, Nat. Commun. 2021, 12, 412. [coupling 

reactions of diazo compounds] g) M. Hu, Z. He, B. Gao, L. 

Li, C. Ni, J. Hu, J. Am. Chem. Soc. 2013, 135, 17302. h) Z. 

Zhang, Q. Zhou, W. Yu, T. Li, G. Wu, Y. Zhang, J. Wang, 

Org. Lett. 2015, 17, 2474. i) M. Hu, C. Ni, L. Li, Y. Han, 

J. Hu, J. Am. Chem. Soc. 2015, 137, 14496. j) J. Zheng, J.-

H. Lin, L.-Y. Yu, Y. Wei, X. Zheng, J.-C. Xiao, Org. Lett. 

2015, 17, 6150. k) Z. Zhang, W. Yu, C. Wu, C. Wang, Y. 

Zhang, J. Wang, Angew. Chem., Int. Ed. 2016, 55, 273. l) 

Z. Zhang, W. Yu, Q. Zhou, T. Li, Y. Zhang, J. Wang, Chin. 

J. Chem. 2016, 34, 473. m) Z. Yang, C. Pei, R. M. Koenigs, 

Org. Lett. 2020, 22, 7234. 

23. a) R. M. Kellogg, S. Wassenaar, Tetrahedron Lett. 1970, 

11, 1987. b) Z. Wang, in Comprehensive Organic Name 

Reactions and Reagents (Ed.: Z. Wang), John Wiley & 

Sons, Inc., Hoboken, 2009, pp. 249–253; c) G. Mlostoń, R. 

Jasiński, K. Kula, H. Heimgartner, Eur. J. Org. Chem. 2020, 

2020, 176. 

24. a) M. Sander, Chem. Rev. 1966, 66, 297. b) G. Mloston, J. 

Romanski, C. Schmidt, H. P. Reisenauer, G. Maier, Chem. 

Ber. 1994, 127, 2527. c) M. Saito, J. Nakayama, in Science 

of Synthesis, Georg Thieme Verlag, Stuttgart, 2008, vol. 39, 

pp. 589–658. d) J. Warkentin, D. Plażuk, in Comprehensive 

Heterocyclic Chemistry III (Eds.: A. R. Katritzky, C. A. 

Ramsden, E. F. V. Scriven, R. J. K. Taylor), Elsevier, 

Oxford, 2008, pp. 299–390. e) T. Vilaivan, W. Chavasiri, 

P. Rashatasakhon, in Comprehensive Heterocyclic 

Chemistry III (Eds.: A. R. Katritzky, C. A. Ramsden, E. F. 

V. Scriven, R. J. K. Taylor), Elsevier, Oxford, 2008, pp. 

391–431. 

25. a) G. Kim, M. Y. Chu-Moyer, S. J. Danishefsky, G. K. 

Schulte, J. Am. Chem. Soc. 1993, 115, 30. b) M. Yang, J. 

Li, A. Li, Nat. Commun. 2015, 6, 6445. 

26. a) N. Ruangsupapichat, M. M. Pollard, S. R. Harutyunyan, 

B. L. Feringa, Nat. Chem. 2011, 3, 53. b) T. Kudernac, N. 

Ruangsupapichat, M. Parschau, B. Maciá, N. Katsonis, S. 

R. Harutyunyan, K.-H. Ernst, B. L. Feringa, Nature 2011, 

479, 208. 

27. G. Mloston, J. Romanski, H. Heimgartner, Heterocycles 

1999, 50, 403. 

28. a) D. L. S. Brahms, W. P. Dailey, Chem. Rev. 1996, 96, 

1585. b) M. Fedoryński, Chem. Rev. 2003, 103, 1099. c) 

W. R. Dolbier, Jr., M. A. Battiste, Chem. Rev. 2003, 103, 

1071. d) C. Ni, J. Hu, Synthesis 2014, 46, 842. 

29. See for example: a) K. Fuchibe, Y. Koseki, H. Sasagawa, 

J. Ichikawa, Chem. Lett. 2011, 40, 1189. b) K. Fuchibe, M. 

Bando, R. Takayama, J. Ichikawa, J. Fluorine Chem. 2015, 

171, 133. c) K. Fuchibe, R. Takayama, T. Yokoyama, J. 

Ichikawa, Chem. Eur. J. 2017, 23, 2831. d) K. Fuchibe, R. 

Takayama, T. Aono, J. Hu, T. Hidano, H. Sasagawa, M. 

Fujiwara, S. Miyazaki, R. Nadano, J. Ichikawa, Synthesis 

2018, 50, 514.  

30. a) F. Tian, V. Kruger, O. Bautista, J.-X. Duan, A.-R. Li, W. 

R. Dolbier, Jr., Q.-Y. Chen, Org. Lett. 2000, 2, 563. b) W. 

R. Dolbier, Jr., F. Tian, J.-X. Duan, A.-R. Li, S. Ait-

Mohand, O. Bautista, S. Buathong, J. Marshall Baker, J. 

Crawford, P. Anselme, X. H. Cai, A. Modzelewska, H. 

Koroniak, M. A. Battiste, Q.-Y. Chen, J. Fluorine Chem. 

2004, 125, 459. 

31. R. Takayama, A. Yamada, K. Fuchibe, J. Ichikawa, Org. 

Lett. 2017, 19, 5050. 

32. Other pathways from thiocarbonyl compounds to thiiranes, 

such as [2+1] cycloaddition were not excluded in 

chlorinated system. See: G. Mlostoń, J. Romański, A. 

Swiatek, H. Heimgartner, Helv. Chim. Acta 1999, 82, 946. 

33. a) J. Buter, S. Wassenaar, R. M. Kellogg, J. Org. Chem. 

1972, 37, 4045. b) R. M. Kellogg, Tetrahedron 1976, 32, 

2165. 

34. H. A. Wiebe, A. R. Knight, O. P. Strausz, H. E. Gunning, 

J. Am. Chem. Soc. 1965, 87, 1443. 

35. a) W. R. Brasen, H. N. Cripps, C. G. Bottomley, M. W. 

Farlow, C. G. Krespan, J. Org. Chem. 1965, 30, 4188. b) 



 

 

C. G. Krespan, W. R. Brasen, H. N. Cripps, Advan. Chem. 

Ser. 1972, 110, 179. c) R. A. Bekker, V. Y. Popkova, I. L. 

Knunyants, Izv. Akad. Nauk SSSR, Ser. Khim. 1980, 1692. 

d) R. A. Bekker, L. A. Rozov, V. Y. Popkova, Izv. Akad. 

Nauk SSSR, Ser. Khim. 1983, 2575. e) B. Beagley, R. 

Calladine, R. G. Pritchard, S. F. Taylor, J. Mol. Struct. 

1987, 158, 309. 

36. a) J. Ichikawa, J. Synth. Org. Chem. Jpn. 2010, 68, 1175. 

b) N. A. Meanwell, J. Med. Chem. 2011, 54, 2529.  

37. a) Y. Zafrani, D. Yeffet, G. Sod-Moriah, A. Berliner, D. 

Amir, D. Marciano, E. Gershonov, S. Saphier, J Med Chem 

2017, 60, 797. b) Y. Zafrani, S. Saphier, E. Gershonov, 

Future Med. Chem. 2020, 12, 361. 

38. Y. Zafrani, G. Sod-Moriah, D. Yeffet, A. Berliner, D. Amir, 

D. Marciano, S. Elias, S. Katalan, N. Ashkenazi, M. 

Madmon, E. Gershonov, S. Saphier, J. Med. Chem. 2019, 

62, 5628. 

39. a) T. Tsuji, H. Satoh, M. Narisada, Y. Hamashima, T. 

Yoshida, J. Antibiot. 1985, 38, 466. b) K. Morita, K. Ide, 

Y. Hayase, T. Takahashi, Y. Hayashi, Agric. Biol. Chem. 

1987, 51, 1339. 

40. Although dithiocarboxylic acids are generally unstable, 12 

was stable enough to be purified by standard 

chromatographic procedure. 

41. a) D. E. Yerien, S. Barata‐Vallejo, A. Postigo, Chem. Eur. 

J. 2017, 23, 14676. b) N. Levi, D. Amir, E. Gershonov, Y. 

Zafrani, Synthesis 2019, 51, 4549. See also: ref 29b. 

42. Monothioesters RC(=S)OR' were inactive and the 

corresponding products were obtained in less than 10% 

yields. Monothioesters RC(=O)SR' did not afford 

sulfanylated 1,1-difluoroalkenes. 

43. W. Chew, D. N. Harpp, Sulfur Lett. 1993, 15, 247. 

44. a) S. Takano, S.-i. Tomita, M. Takahashi, K. Ogasawara, 

Synthesis 1987, 1987, 1116. b) G. Mlostón, H. 

Heimgartner, Helv. Chim. Acta 1996, 79, 1785. 

45. J. Yu, J.-H. Lin, D. Yu, R. Du, J.-C. Xiao, Nat. Commun. 

2019, 10, 5362. 

46. See also: F. S. Guziec, L. J. Sanfilippo, Tetrahedron 1988, 

44, 6241. 

47. Difluoromethylidenation of 2a at 60 °C for longer 2.5 h 

afforded 87% yield of 6a but did not afford the crystalline 

materials. By prolonging the reaction time, formed S8 

might react with difluorocarbene. See: J. Yu, J.-H. Lin, J.-

C. Xiao, Angew. Chem., Int. Ed. 2017, 56, 16669. 

48. a) P. J. Serafinowski, C. L. Barnes, Tetrahedron 1996, 52, 

7929. b) H. Ueki, T. Chiba, T. Yamazaki, T. Kitazume, J. 

Org. Chem. 2004, 69, 7616. c) X.-L. Qiu, F.-L. Qing, J. 

Org. Chem. 2005, 70, 3826. d) G. Hirai, T. Watanabe, K. 

Yamaguchi, T. Miyagi, M. Sodeoka, J. Am. Chem. Soc. 

2007, 129, 15420. e) R. Zhang, A. De Angelis, A. Wang, E. 

Sieber-McMaster, X. Li, R. Russell, P. Pelton, J. Xu, P. Zhu, 

L. Zhou, K. Demarest, W. V. Murray, G.-H. Kuo, Bioorg. 

Med. Chem. Lett. 2009, 19, 1101. 

49. a) D. G. Naae, D. J. Burton, Syn. Commun. 1973, 3, 197. 

b) D. J. Burton, H. W. Tsao, J. Fluorine Chem. 1988, 40, 

183. c) P. S. Bhadury, M. Palit, M. Sharma, S. K. Raza, D. 

K. Jaiswal, J. Fluorine Chem. 2002, 116, 75. d) C. S. 

Thomoson, H. Martinez, W. R. Dolbier, Jr., J. Fluorine 

Chem. 2013, 150, 53. e) F. Wang, L. Li, C. Ni, J. Hu, 

Beilstein J. Org. Chem. 2014, 10, 344. 

50. 1,1-Difluoroethenes 14b,c,e partially decomposed during 

purification. 

51. J. Zheng, J. Cai, J.-H. Lin, Y. Guo, J.-C. Xiao, Chem. 

Commun. 2013, 49, 7513. 

52. Thioketones 3a or 3g with 

(triphenylphosphonio)difluoroacetate (2.0 equiv, 8 °C) 

produced the corresponding 14a and 14g in decreased 50% 

and 77% NMR yields, respectively. It is likely that this is 

ascribed to difluorocarbene liberated from the reagent. 

See: X.-Y. Deng, J.-H. Lin, J. Zheng, J.-C. Xiao, Chem. 

Commun. 2015, 8805. 

53. a) W. Chew, R. C. Hynes, D. N. Harpp, J. Org. Chem. 1993, 

58, 4398. b) W. Chew, D. N. Harpp, J. Org. Chem. 1993, 

58, 4405. 

54. A. Vila, E. De la Puente, R. A. Mosquera, Chem. Phys. Lett. 

2005, 405, 440. 

55. For thioketone-derived thiiranes 11, calculations were 

performed on nonarylated model compounds 16-H, 16-Cl, 

and 16-F, since the differences of structual parameters, 

listed in Table 3, between 2,2-diphenylthiirane and 2,2-

difluoro-3,3-diphenylthiirane were quite similar to those 

of 15 and 16 series. 

56. G. L. C. Jr., A. W. Boyd, R. J. Myers, W. D. Gwinn, W. I. 

L. Van, J. Chem. Phys. 1951, 19, 676. 

57. K. Okiye, C. Hirose, D. G. Lister, J. Sheridan, Chem. Phys. 

Lett. 1974, 24, 111. 

58. T. Aono, H. Sasagawa, K. Fuchibe, J. Ichikawa, Org. Lett. 

2015, 17, 5736. 

59. A. C. Worth, C. E. Needham, D. B. Franklin, A. J. 

Lampkins, Synth. Commun. 2012, 42, 2694. 

 

 



 

 

Graphical Abstract 

 

Synthesis of Difluoroalkenes from Thiocarbonyl Compounds via Difluorothiiranes: Electrophilic Counterpart to Wittig-Type 

Difluoromethylidenation 

 

Kohei Fuchibe,1 Atsushi Yamada,1 Kosei Hachinohe,1 Kana Matsumoto,1 Ryo Takayama,1 and Junji Ichikawa*1 

 

The synthesis of 1,1-difluoro-1-alkenes was achieved by the treatment of dithioesters and thioketones with trimethylsilyl 2-

fluorosulfonyl-2,2-difluoroacetate in the presence of a proton sponge catalyst. Sulfanylated and sterically hindered diarylated 

difluoroalkenes were obtained. In the reaction, the generated difluorocarbene reacted with the thiocarbonyl moiety to form 2,2-

difluorothiirane intermediates, whose desulfurization afforded the products (Barton–Kellogg-type difluoromethylidenation). 

 

 

 

 

 


