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Abstract

:

A protocol for the coupling of potassium xanthogenates with α-(trifluoromethyl)styrenes in the presence of triethyl phosphite is reported. The reaction is carried out under blue light irradiation in the presence of organic photocatalyst 3DPAFIPN. The reaction proceeds via formation of alkyl radicals from readily available xanthogenate salts via oxidative desulfurization and cleavage of the carbon–oxygen bond assisted by triethyl phosphite.
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1. Introduction


Radical reactions constitute a rapidly developing branch of synthetic organic chemistry [1]. The advent of photocatalysis has offered novel opportunities in radical chemistry, primarily associated with methods for the generation of radical intermediates [2,3,4]. Recently, we described an approach for the direct generation of free radicals from aliphatic thiols via their in situ conversion into zinc thiolates with subsequent abstraction of the sulfur by triphenylphosphine [5] (Scheme 1) The key idea of this method is that a combination of a thiolate and a phosphorus (III) reagent upon photoredox oxidation leads to a free radical and the strong phosphorus–sulfur double bond. This reaction may proceed via initial oxidation of either the thiolate anion or the phosphorus atom. Herein, we report the extension of this principle to alcohols, which are far more abundant than thiols. We proposed that potassium xanthogenates, which can be easily obtained from alcohols, could be involved in reaction with phosphorus (III) reagents under photocatalytic conditions. Indeed, after abstraction of the sulfur by the phosphorus reagent, the thiocarbonyl radical is formed, which is prone to expel carbonyl sulfide (COS) with the generation of alkyl radical [6,7]. As coupling partners, we employed α-(trifluoromethyl)styrenes, since they are known to be effective radical acceptors leading, after redox cycle, to gem-difluorinated styrenes [8,9]. During the preparation of this manuscript we became aware of a similar concept, with the alkyl radicals being trapped by acrylates [10].




2. Results


Potassium xanthogenate 1a derived from phenethyl alcohol was used as a model reagent and its coupling with styrene 2a under blue light irradiation was carried out. We performed extensive variation of the phosphorus (III) reagent, photocatalyst, solvent, and the reaction time (Table 1). Using triphenylphosphine as a reagent and a typical iridium catalyst, the best result was achieved in dichloromethane as solvent within 1.5 h (entry 3). The switch to an organic photocatalyst 3DPAFIPN (0.6 mol%) [11] led to further improvement. Rewardingly, triethyl phosphite also proved to be a suitable reagent. With this phosphite, the complete conversion of styrene 2a was achieved in 3 h, and gave product 3a in a 68% isolated yield (entry 16).



Under the optimized conditions, potassium xanthogenates 1 were combined with α-(trifluoromethyl)styrenes 2 (Scheme 2). The reaction involving generation of primary radicals worked well, while xanthogenates generating secondary radicals required five equivalents of triethyl phosphite. In this way, cyclopentyl, cyclohexyl, isopropyl, and tert-butyl radicals were successfully intercepted by styrene 1a.



The proposed mechanistic concept is presented in Scheme 3. The photoexcited catalyst converts xanthogenate anion and the phosphorus (III) reagent into phosphoranyl radical 4, which then undergoes fragmentation with the formation of carbonyl sulfide (COS) and phosphorus (V) product bearing a strong P=S bond. Then, the radical adds across the C=C bond of styrene 2 followed by reduction with the aid of the reduced form of the photocatalyst. At the final step the carbanionic species eliminates fluoride anion, leading to product 3. Concerning the formation of intermediate 4, two pathways can be considered depending on the matching of redox potentials of xanthogenate anion and the phosphorus reagent. Thus, the single-electron oxidation of xanthogenate leads to the sulfur-centered radical, which can interact with the phosphorus reagent [12,13]. Alternatively, the phosphorus atom can first be oxidized to give the phosphinyl radical cation [14,15,16], which can combine with the xanthogenate anion.




3. Materials and Methods


3.1. General Information


Dichloromethane was distilled from calcium hydride and stored over 3 Å molecular sieves. Column chromatography was carried out using silica gel (230–400 mesh). For TLC, precoated plates F-254 were used. NMR spectra were recorded on a Bruker Avance II 300 instrument (see Supplementary Materials for copies of NMR spectra). HRMS spectra were measured using electrospray ionization and time-of-flight analyzer. The measurements were performed in positive (4500 V) or negative (3200 V) ion modes; m/z mass range from 50 to 3000.



Starting compounds were prepared according to literature procedures: α-(trifluoromethyl)styrenes [17]; potassium phenethyl xanthogenate [18]; potassium n-hexyl xanthogenate [19]; potassium isoamyl xanthogenate [20]; cyclopentyl xanthogenate [20]; potassium cyclohexyl xanthogenate [20]; potassium isopropyl xanthogenate [21]; potassium tert-butyl xanthogenate [22]; 2,4,6-tris(diphenylamino)-5-fluoroisophthalonitrile (3DPAFIPN) [11].




3.2. Reaction of Potassium Xanthagenates with α-(Trifluoromethyl)styrenes (General Procedure)


Potassium xanthagenate 1 (0.75 mmol, 1.5 equiv), and 3DPAFIPN (2.0 mg, 0.6 mol%) were placed in a test tube (Duran # 261351155, Roth # K248.1, outside diameter 12 mm). The tube was evacuated and filled with argon. Dichloromethane (2.0 mL), triethyl phosphite (for 3a–d,h,i, 128 µL, 0.75 mmol, 1.5 equiv; for 3e–g,j 431 µL, 2. 5 mmol, 5.0 equiv), and α-(trifluoromethyl)styrene 2 (0.5 mmol, 1.0 equiv) were added. The tube was tightly closed with a screw cap and irradiated for 3 h by blue light. For the irradiation, a 450 nm LED chip (Hontiey royal blue 100 W, operated at 40 W) was employed. The distance between the LED chip and the test tube was 1 cm. During irradiation, the tube was immersed into a water bath (15–20 °C). For the work-up, saturated K2CO3 (1 mL) was added, the mixture was stirred for 15 min, then water (10 mL) was added, and the mixture was extracted with hexanes (3 × 4 mL). The combined organic layers were dried over sodium sulfate, filtered, concentrated. The crude material was purified by column chromatography on silica gel.



(5,5-Difluoropent-4-ene-1,4-diyl)dibenzene (3a) [5]. Yield 88 mg (68%). Colorless oil. Chromatography: hexanes. Rf 0.28 (hexanes). 1H NMR (300 MHz, CDCl3) δ: 7.48–7.16 (m, 10H), 2.70 (t, J = 7.8, 2H), 2.57–2.50 (m, 2H), 1.85–1.74 (m, 2H). 13C{1H} NMR (75 MHz, CDCl3) δ: 153.8 (t, J = 288.6 Hz), 142.0, 133.8, 128.6, 128.5, 128.4, 128.4 (t, J = 3.3 Hz), 127.4, 126.0, 92.4 (t, J = 17.4 Hz), 35.4, 29.5 (t, J = 2.5 Hz), 27.5 (t, J = 1.3 Hz). 19F NMR (282 MHz, CDCl3) δ: −92.1–92.5 (m, 2F).



(1,1-Difluoronon-1-en-2-yl)benzene (3b). Yield 77 mg (65%). Colorless oil. Chromatography: hexanes. Rf 0.55 (hexanes). 1H NMR (300 MHz, CDCl3) δ: 7.46–7.28 (m, 5H), 2.50–2.40 (m, 2H), 1.51–1.21 (m, 10H), 0.93 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (75 MHz, CDCl3) δ: 153.7 (dd, J = 288.4, 287.4 Hz), 134.1 (d, J = 1.7 Hz), 128.5, 128.4 (t, J = 3.3 Hz), 127.3, 92.7 (dd, J = 18.3, 15.9 Hz), 32.0, 29.16, 29.12, 27.9 (t, J = 2.5 Hz), 27.8 (t, J = 1.2 Hz), 22.8, 14.2. 19F NMR (282 MHz, CDCl3) δ: −92.9 (s, 2F). HRMS (ESI): calcd for C15H20F2Ag (M + Ag) 345.0579, found 345.0566.



(1,1-Difluoro-6-methylhept-1-en-2-yl)benzene (3c). Yield 72 mg (64%). Colorless oil. Chromatography: hexanes. Rf 0.55 (hexanes). 1H NMR (300 MHz, CDCl3) δ: 7.46–7.28 (m, 5H), 2.48–2.39 (m, 2H), 1.64–1.48 (m, 1H), 1.48–1.36 (m, 2H), 1.30–1.20 (m, 2H), 0.89 (d, J = 6.6 Hz, 6H). 13C{1H} NMR (75 MHz, CDCl3) δ: 153.8 (dd, J = 288.8, 287.5 Hz), 134.1 (d, J = 1.9 Hz), 128.5, 128.4 (t, J = 3.2 Hz), 127.3, 92.7 (dd, J = 18.6, 15.9 Hz), 38.5, 28.1 (t, J = 1.2 Hz), 27.9, 25.7 (t, J = 2.5 Hz), 22.7. 19F NMR (282 MHz, CDCl3) δ: −92.9 (s, 2F). HRMS (ESI): calcd for C14H18F2Ag (M + Ag) 331.0422, found 331.0412.



(1,1-Difluoropent-1-en-2-yl)benzene (3d) [23]. Yield 40 mg (44%). Colorless oil. Chromatography: hexanes. Rf 0.50 (hexanes). 1H NMR (300 MHz, CDCl3) δ: 7.44–7.28 (m, 5H), 2.43 (tt, J = 7.5, 2.4 Hz, 2H), 1.44 (sept, J = 7.5 Hz, 1H), 0.95 (t, J = 7.4 Hz, 3H). 13C{1H} NMR (75 MHz, CDCl3) δ: 153.9 (dd, J = 288.9, 286.6 Hz), 134.1 (dd, J = 3.3, 1.7 Hz), 128.5, 128.5 (t, J = 3.3 Hz), 127.3, 92.4 (dd, J = 20.4, 14.3 Hz), 29.8, 21.1 (t, J = 2.6 Hz), 13.5. 19F NMR (282 MHz, CDCl3) δ: −92.8 (d, J = 45.1 Hz, 1F), −92.9 (d, J = 45.1 Hz, 1F).



(3-Cyclopentyl-1,1-difluoroprop-1-en-2-yl)benzene (3e) [5]. Yield 84 mg (76%). Colorless oil. Chromatography: hexanes. Rf 0.55 (hexanes). 1H NMR (300 MHz, CDCl3) δ: 7.45–7.27 (m, 5H), 2.47 (dt, J = 7.4, 2.5 Hz, 2H), 1.97–1.79 (m, 1H), 1.76–0.62 (m, 4H), 1.60–1.47 (m, 2H), 1.29–1.19 (m, 2H). 13C{1H} NMR (75 MHz, CDCl3) δ: 154.1 (dd, J = 289.5, 286.3 Hz), 134.3 (dd, J = 3.7, 2.3 Hz), 128.6 (t, J = 3.1 Hz), 128.5, 127.3, 92.5 (dd, J = 21.2, 13.5 Hz), 38.4 (t, J = 2.4 Hz), 33.8 (d, J = 1.2 Hz), 32.3, 25.2. 19F NMR (282 MHz, CDCl3) δ: −93.0 (d, J = 45.3 Hz, 1F), −93.3 (d, J = 45.3 Hz, 1F).



(3-Cyclohexyl-1,1-difluoroprop-1-en-2-yl)benzene (3f) [5]. Yield 88 mg (75%). Colorless oil. Chromatography: hexanes. Rf 0.55 (hexanes). 1H NMR (300 MHz, CDCl3) δ: 7.45–7.28 (m, 5H), 2.35 (dt, J = 7.2, 2.4 Hz, 2H), 1.80–1.64 (m, 5H), 1.41–1.26 (m, 1H), 1.26–1.11 (m, 3H), 1.06–0.91 (m, 2H). 13C{1H} NMR (75 MHz, CDCl3) δ: 154.2 (dd, J = 290.3, 285.9 Hz), 134.4 (dd, J = 4.5, 2.8 Hz), 128.51, 128.47 (t, J = 3.2 Hz), 127.2, 91.3 (dd, J = 21.8, 12.9 Hz), 35.9 (t, J = 2.4 Hz), 35.4 (d, J = 1.3 Hz), 33.1, 26.6, 26.2. 19F NMR (282 MHz, CDCl3) δ: −91.2 (d, J = 44.4 Hz, 1F), −92.6 (d, J = 44.4 Hz, 1F).



(1,1-Difluoro-4-methylpent-1-en-2-yl)benzene (3g). [24] Yield 66 mg (67%). Colorless oil. Chromatography: hexanes. Rf 0.55 (hexanes). 1H NMR (300 MHz, CDCl3) δ: 7.45–7.27 (m, 5H), 2.38–2.29 (m, 2H), 1.73–1.56 (m, 1H), 0.95 (d, J = 6.7 Hz, 6H). 13C{1H} NMR (75 MHz, CDCl3) δ: 154.3 (dd, J = 289.8, 286.2 Hz), 134.3 (dd, J = 4.2, 2.7 Hz), 128.5, 128.5 (t, J = 3.1 Hz), 127.3, 91.9 (dd, J = 21.6, 13.2 Hz), 36.8 (d, J = 1.2 Hz), 26.6 (t, J = 2.5 Hz), 22.2. 19F NMR (282 MHz, CDCl3) δ: −92.5 (d, J = 44.2 Hz, 1F), −92.9 (d, J = 44.2 Hz, 1F).



1-Bromo-4-(1,1-difluoro-5-phenylpent-1-en-2-yl)benzene (3h). Yield 106 mg (63%). Colorless oil. Chromatography: from hexanes to hexanes/EtOAc 50/1. Rf 0.50 (hexanes/EtOAc, 50/1). 1H NMR (300 MHz, CDCl3) δ: 7.53 (d, J = 8.5 Hz, 2H), 7.37–7.15 (m, 7H), 2.67 (t, J = 7.7, 2H), 2.34 (tt, J = 7.7, 2.3, 2H), 1.81–1.69 (m, 2H). 13C{1H} NMR (75 MHz, CDCl3) δ: 153.6 (tt, J = 290.7, 288.3 Hz), 141.7, 132.7 (dd, J = 3.4, 1.9 Hz), 131.8, 130.0 (t, J = 3.3 Hz), 128.48, 128.46, 126.0, 121.4, 91.7 (dd, J = 21.0, 14.1 Hz), 35.3, 29.4 (t, J = 2.4 Hz), 27.2 (t, J = 1.1 Hz). 19F NMR (282 MHz, CDCl3) δ: −91.2 (d, J = 42.1 Hz, 1F), −91.4 (d, J = 42.1 Hz, 1F). HRMS (ESI): calcd for C17H15BrF2Ag (M + Ag) 442.9371, found 442.9363.



2-(1,1-Difluoropent-1-en-2-yl)naphthalene (3i). Yield 64 mg (55%). Colorless oil. Chromatography: hexanes. Rf 0.34 (hexanes). 1H NMR (300 MHz, CDCl3) δ: 7.90–7.80 (m, 4H), 7.55–7.45 (m, 3H), 2.53 (tt, J = 7.4, 2.3 Hz, 2H), 1.48 (sept, J = 7.4 Hz, 2H), 0.97 (t, J = 7.4 Hz). 13C{1H} NMR (75 MHz, CDCl3) δ: 154.1 (dd, J = 289.4, 287.7 Hz), 133.5 (dd, J = 3.4, 1.7 Hz), 132.6, 131.5 (dd, J = 2.9, 1.4 Hz), 128.12, 128.05, 127.7, 127.5 (t, J = 3.4 Hz), 126.4, 126.4 (t, J = 3.2 Hz), 126.2, 92.5 (dd, J = 20.2, 14.3 Hz), 29.9, 21.1 (t, J = 2.5 Hz), 13.6. 19F NMR (282 MHz, CDCl3) δ: −92.2 (d, J = 44.1 Hz, 1F), −92.4 (d, J = 44.1 Hz, 1F). HRMS (ESI): calcd for C15H14F2Ag (M + Ag) 339.0109, found 339.0105.



(1,1-Difluoro-4,4-dimethylpent-1-en-2-yl)benzene (3j) [25]. Yield 61 mg (58%). Colorless oil. Chromatography: hexanes. Rf 0.44 (hexanes). 1H NMR (300 MHz, CDCl3) δ: 7.42–7.25 (m, 5H), 2.40 (dd, J = 3.0, 2.1 Hz, 2H), 0.86 (s, 9H). 13C{1H} NMR (75 MHz, CDCl3) δ: 154.6 (dd, J = 290.5, 287.5 Hz), 135.8 (dd, J = 4.8, 2.8 Hz), 128.7 (t, J = 2.8 Hz), 128.4, 127.1, 91.3 (t, J = 21.6, 13.1 Hz), 41.4 (d, J = 1.1 Hz), 32.9 (dd, J = 3.1, 2.2 Hz), 29,9. 19F NMR (282 MHz, CDCl3) δ: −90.7 (d, J = 41.1 Hz, 1F), −93.3 (d, J = 41.1 Hz, 1F).





4. Conclusions


In summary, we established that potassium xanthogenates can be used for alkylation of α-(trifluoromethyl)styrenes leading to gem-difluorinated styrenes under photoredox conditions. Since xanthogenates can be made in one step from alcohols and inexpensive reagents, this reaction provides a convenient method for the generation of alkyl radicals starting from alcohols.
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Scheme 1. Generation of radicals from sulfur derivatives. 
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Scheme 2. Synthesis of compounds 3. Isolated yields are shown. 1 Yield determined by 19F NMR using 4-fluorotoluene as internal standard; 2 5 equiv of P(OEt)3 were used. 
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Scheme 3. Proposed mechanism. 
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Table 1. Optimization studies.
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#

	
PY3

	
PC (mol%)

	
Time, h

	
Solv.

	
2a (%) 1

	
3a (%) 1




	
1

	
PPh3

	
[Ir(dtbbpy)(ppy)2][PF6] (0.15)

	
1.5

	
DMF

	
91

	
1




	
2

	
PPh3

	
[Ir(dtbbpy)(ppy)2][PF6] (0.15)

	
1.5

	
MeCN

	
67

	
24




	
3

	
PPh3

	
[Ir(dtbbpy)(ppy)2][PF6] (0.15)

	
1.5

	
CH2Cl2

	
7

	
66




	
4

	
PPh3

	
[Ir(dtbbpy)(ppy)2][PF6] (0.15)

	
1.5

	
acetone

	
91

	
7




	
5

	
PPh3

	
[Ir(dtbbpy)(ppy)2][PF6] (0.15)

	
18

	
MeCN

	
2

	
60




	
6

	
PPh3

	
[Ir(dtbbpy)(ppy)2][PF6] (0.15)

	
18

	
acetone

	
34

	
27




	
7

	
PPh3

	
[Ru(bpy)3][PF6]2 (0.2)

	
1.5

	
CH2Cl2

	
83

	
15




	
8

	
PPh3

	
4CzIPN (0.5)

	
1.5

	
CH2Cl2

	
99

	
<1




	
9

	
PPh3

	
Eosin Y (0.6)

	
1.5

	
CH2Cl2

	
100

	
-




	
10

	
PPh3

	
3DPAFIPN (0.6)

	
1.5

	
CH2Cl2

	
11

	
58




	
11

	
PPh3

	
3DPAFIPN (0.6)

	
16

	
MeCN

	
5

	
61




	
12

	
PPh3

	
3DPAFIPN (0.6)

	
2.5

	
acetone

	
74

	
16




	
13

	
PPh3

	
3DPAFIPN (0.6)

	
2.5

	
MeCN

	
52

	
33




	
14

	
PBu3

	
3DPAFIPN (0.6)

	
16

	
MeCN

	
20

	
13




	
15

	
P(OEt)3

	
3DPAFIPN (0.6)

	
16

	
MeCN

	
-

	
60




	
16

	
P(OEt)3

	
3DPAFIPN (0.6)

	
3

	
CH2Cl2

	
-

	
71 (68 2)




	
17 3

	
P(OEt)3

	
3DPAFIPN (0.6)

	
6.5

	
MeCN

	
-

	
61




	
18

	
P(OEt)3

	
3DPAFIPN (0.6)

	
17

	
EtOAc

	
-

	
58




	
19

	
P(OEt)3

	
3DPAFIPN (0.6)

	
17

	
MTBE

	
35

	
45




	
20

	
P(OEt)3

	
3DPAFIPN (0.6)

	
3

	
dioxane

	
30

	
24




	
21

	
P(OEt)3

	
3DPAFIPN (0.6)

	
17

	
hexanes

	
45

	
26




	
22 4

	
P(OEt)3

	
3DPAFIPN (0.6)

	
17

	
MeCN

	
-

	
61




	
23 4

	
P(OEt)3

	
3DPAFIPN (0.6)

	
17

	
acetone

	
-

	
63




	
24

	
P(NMe2)3

	
3DPAFIPN (0.6)

	
2.5

	
CH2Cl2

	
-

	
56








1 Determined by GC analysis; 2 isolated yield; 3 2.5 equiv of P(OEt)3; 4 6.0 equiv of P(OEt)3.
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