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a b s t r a c t

A mild and efficient palladium-catalyzed cross-coupling between fluorinated vinyl chloride and ar-
ylboronic acids is described. The use of ligand B successfully overcomes the strong electronic with-
drawing of trifluoromethylated substrates and allows the efficient synthesis of a wide range of a and a,b-
trifluoromethyl containing olefins. By using this method, the key intermediate for synthesis of Efavirenz
can be obtained in a simple route. The efficient conversion of two freon molecules into useful a and a,b-
trifluoromethyl containing olefins is a useful route in organic chemistry.

� 2016 Published by Elsevier Ltd.
1. Introduction

Trifluoromethylation of compounds such as pharmaceuticals,
agricultural chemicals, and functional materials in most cases, sig-
nificantly improves their performances.1 a-Trifluoromethylstyrene
derivatives have attracted considerable attention because they
are industrially important compounds in the fields of medicinal,
agricultural and material sciences.2,3 Conjugated aromatic systems
with trifluoromethyl groups such as b-trifluoromethylstyrene de-
rivatives have been found wide use in Organic Light Emitting
Diodes (OLEDs) and other material chemistry.4 With regard
to the metal-catalyzed coupling for synthesis of a and b-tri-
fluoromethylstyrene derivatives, several research groups have re-
portedmethods for preparing of this kind of substrates.5,6 However,
all of those methods use either toxic reagents or expensive sub-
strates. On the other hand, less attention has been paid to the de-
velopment of efficient and general methods for tri and tetra-
substituted olefins.7 Especially for trifluoromethylation and fluori-
nated containing substrates.8,9 Therefore, it is of great interest to
263.net (J. Lu).
develop general and efficient strategies for synthesizing these
compounds.

SuzukieMiyaura reaction is a well-established and important
cross-coupling reaction in organic synthesis. It is widely used to
synthesize, poly-olefins, styrenes, and substituted biphenyls. Sev-
eral reviews have been published describing advancements and the
development of the SuzukieMiyaura reaction.10 But, there is still
a difficulty for SuzukieMiyaura reaction in fluorinated aryl halide
or halogenated hydrocarbon.

It is considered that freon molecules are involved in ozon layer
destruction, tremendous stocks of freons have been accumulated
during last century, which need to be utilized. Nowadays, how to
convert them into fine chemical products is a challenging and
urgent problem. 2-chloro-3,3,3-trifluoroprop-1-ene (HCFO-
1233xf), is a commercially available compound with a boiling
point of 27.7 �C at 760 mmHg, usually used as a refrigerant in
automotive industry. If it is considered as a raw material for var-
ious useful chemicals, then opportunities exist for its use. Very
few examples related to its chemical conversion were reported.11

However, as we know, the coupling of HCFO-1233xf with aryl
boronic acids has not been reported in any literature. As part of
our systematic studies on transition-metal-catalyzed reactions for
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the efficient synthesis of fluorinated olefins (Scheme 1),12 we re-
port an efficient cross-coupling reaction for synthesis of tri-
fluoromethylstyrenes by using trifluoromethylated vinyl chloride
and arylboronic acids via palladium-catalyzed SuzukieMiyaura
reaction.
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base (2 equiv)
1,4-dioxane: H2O (4:1, 2 mL)
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Scheme 1. Palladium-catalyzed for synthesis of a and a(b)-trifluoromethylstyrenes.
2. Results and discussion

We initially chose 4-methoxyphenylboronic acid 1a as a sub-
strate for the screening of this coupling transformation. A
solution of 4-methoxyphenylboronic acid 1a and 2-chloro-3,3,3-
trifluoroprop-1-ene 2 in 1,4-dioxane and water (4:1) was stirred
using Pd(OAc)2 (1 mol %) as a catalyst, PCy3 (2 mol %) as a ligand
and Na2CO3 as a base. Only 1-methoxy-4-(3,3,3-trifluoroprop-1-
en-2-yl)benzene 3a was formed in a low yield of 39% (Table 1,
Table 1
Optimization of palladium-catalyzed arylboronic acid coupling with 2-chloro-3,3,3-
trifluoroprop-1-enea

Entry Catalyst Ligand Base Solventb Yield (%)c

1 Pd(OAc)2 PCy3 Na2CO3 4:1 39
2 d PCy3 Na2CO3 4:1 0
3 Pd(OAc)2 d Na2CO3 4:1 0
4 PdCl2 PCy3 Na2CO3 4:1 30
5 Pd(PPh3)2Cl2 PCy3 Na2CO3 4:1 45
6 Pd(PhCN)2Cl2 PCy3 Na2CO3 4:1 29
7 Pd(PPh3)2Cl2 PPh3 Na2CO3 4:1 2
8 Pd(PPh3)2Cl2 DPPP Na2CO3 4:1 4
9 Pd(PPh3)2Cl2 BINAP Na2CO3 4:1 12
10 Pd(PPh3)2Cl2 A Na2CO3 4:1 13
11 Pd(PPh3)2Cl2 B Na2CO3 4:1 65
12 Pd(PPh3)2Cl2 B NaHCO3 4:1 97
13 Pd(PPh3)2Cl2 B Na2HPO4 4:1 63
14 Pd(PPh3)2Cl2 B NEt3 4:1 71
15 Pd(PPh3)2Cl2 B K2CO3 4:1 55
16 Pd(PPh3)2Cl2 B NaHCO3 H2O 66
17 Pd(PPh3)2Cl2 B NaHCO3 1,4-Dioxane 58
18d Pd(PPh3)2Cl2 B NaHCO3 4:1 22

Bold entry signifies the best reaction condition.
a Reaction conditions: 1a (1 mmol), 2 (18 mmol), catalyst (1 mol %), ligand (2 mol

%), base (2 mmol), solvent (2.5 mL), 100 �C, 5 h.
b 1,4-Dioxane: H2O.
c NMR yields were calculated by 19F NMR integration of products relative to the

internal standard of ethyl p-fluoroacetophenone.
d 2 (5 mmol) was added.

Structures of ligands:

A: B: 
entry 1). Control experiments revealed that the metal and ligand
were both indispensable for the reaction (Table 1, entries 2 and 3).
Next, the influence of palladium source was examined. It could be
seen that Pd(PPh3)2Cl2 was the best pre-catalyst for the reaction
(Table 1, entries 4e6). When the ligand was switched from PCy3 to
B, a better yield was obtained (Table 1, entries 7e11). Thirdly,
the influence of base was examined, and it was observed that
NaHCO3 was the best base for the reaction (Table 1, entries 12e15).
Moreover, when the reaction solvent was changed to water,
the target product 3a was achieved in an acceptable yield of
66% (Table 1, entry 16). Suggesting that this strategy provided
a useful route for synthesis of trifluoromethylation substituted
olefins. However, when 1,4-dioxane used as solvent alone, the
product 3a can be obtained in yield of 58% (Table 1, entry 17).
Finally, when the amount of 2 was decreased to 2 equiv, a poor
yield of 3a (22%) was obtained (Table 1, entry 18). In summary, the
best reaction conditions for this coupling process were obtained
using Pd(PPh3)2Cl2 (1 mol %), B (2 mol %), NaHCO3 (2 equiv) 1,4-
dioxane and water (4:1, 2.5 mL) as the mixture solvent, at
100 �C for 5 h.

To explore the scope of the coupling reaction, various arylbor-
onic acids were then examined for coupling with 2-chloro-3,3,3-
trifluoroprop-1-ene 2 by using Pd(PPh3)2Cl2/B as a catalyst and
NaHCO3 as a base. The results are summarized in Table 2. Para-
substituted phenylboronic acids reacted smoothly with 2-chloro-
3,3,3-trifluoroprop-1-ene 2 to afford excellent Yields (Table 2,
3ae3g). In general, electron-rich substituted boronic acid demon-
strated a higher reactivity than it is electron-withdrawing ana-
logues. For instance, the yield of 3a was significantly higher than
that of 3e. Substrates havingm- or o-substituents also reacted with
acceptable yields (Table 2, 3he3n). Disubstituted arylboronic acids
were also tested, and good yields were obtained (Table 2, 3oe3q).
Furthermore, a carbazole-derived boronic acid could also be con-
verted into the corresponding product in moderate yield (Table 2,
3r).

Tri-substituted olefins are difficult to synthesize, in general, they
were synthesized by two steps,13 especially for trifluoromethyl
substituents.14 By using this method, we could obtain a,b-trifluoro
substituted styrenes in one step directly when using (Z)-2-chloro-
1,1,1,4,4,4-hexafluorobut-2-ene 3 as a coupling reagent.

A range of functional groups were tolerated in this trans-
formation (Table 3). Comparing electron-rich and electron-
withdrawing substituted phenylboronic acids, it was found that
electron-rich substituted arylboronic acids were well suited for
this process (Table 3, 4ae4c). Moreover, di-substituted arylbor-
onic acids could react smoothly with 3 catalyzed by palladium,
and gave acceptable yields (Table 3, 4de4e).

Efavirenz is a potent non-nucleoside HIV reverse transcriptase
inhibitor approved by the FDA for the treatment of AIDS.15 The
trifluoroketone 6 is a key intermediate for the preparation of Efa-
virenz.16 Several research groups have reported synthesis methods
for the trifluoroketone 5a.17 However, all of those methods use ei-
ther expensive materials or suffer from strict reaction conditions.
By using this method, we could prepare the trifluorostyrene 5a
easily, and the styrene could convert into trifluoroketone 6 by using
NaIO4 and OsO4, followed by hydrogenation (Scheme 2).18

A plausible mechanism of this SuzukieMiyaura reaction is de-
scribed in the perspective of the palladium catalyst (Scheme 3). The
first step is the oxidative addition of palladium (A) to the halide (2)
to form the organopalladium species (B). Reaction with base gives
intermediate (C), which via transmetalation19 with the boron-ate
complex (produced by reaction of the boronic acid with base)
forms the organopalladium species (D). Reductive elimination of
the desired product restores the original palladium catalyst20

which completes the catalytic cycle. The use of ligand B possibly
promotes the step of oxidative addition.



Table 2
Conversion of arylboronic acids to a-(trifluoromethyl)styrenes via Pd-catalyzed
SuzukieMiyaura reactiona

Entry Boronic acid Product Yield (%)b

1 95

2 81

3 91

4 83

5 79

6 82

7 71

8 85

9 76

10 84

11 73

12 73

13 77

14 65

15 88

Table 2 (continued )

Entry Boronic acid Product Yield (%)b

16 89

17 75

18 72

a Reaction conditions: 1 (1mmol), 2 (18mmol), Pd(PPh3)2Cl2 (1mol %), B (2mol %),
NaHCO3 (2 mmol), 1,4-dioxane: H2O (4; 1, 2.5 mL), 100 �C, 5 h.

b Isolated yield.

Table 3
Conversion of arylboronic acids to (E)-a,b-(trifluoromethyl)styrenes via Pd-
catalyzed SuzukieMiyaura reactiona

Entry Boronic acid Product Yield (%)b

1 72

2 76

3 53

20 (total 73)

4 69

5 66

a Reaction conditions: 1 (1 mmol), 3 (18 mmol), Pd(PPh3)2Cl2 (5 mol %), B (10 mol
%), NaHCO3 (2 mmol), 1,4-dioxane: H2O (4; 1, 2.5 mL), 100 �C, 12 h.

b Isolated yield.
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3. Conclusion

In summary, we developed a new strategy for a facile synthesis
of a,b-(trifluoromethyl)styrene derivatives via the palladium-



Scheme 2. A new strategy for synthesis of key intermediate for Efavirenzs.

Scheme 3. A Plausible mechanism for this SuzukieMiyaura reaction.
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catalyzed SuzukieMiyaura reaction with commercially available 2-
chloro-3,3,3-trifluoroprop-1-ene and (Z)-2-chloro-1,1,1,4,4,4-
hexafluorobut-2-ene as fluorine sources. The wide scope, and the
remarkable tolerance in particularly to a large number of important
arylboronic acids, makes this strategy remarkably practical for the
efficient synthesis of functional styrenes.
4. Experimental section

The coupling reaction was conducted under an atmosphere of
argon. Flash column chromatography was performed over silica gel
300e400 mesh. 1H NMR, 13C NMR and 19F NMR spectra were
recorded on Bruker (800 MHz, 500 MHz, respectively) instruments
internally referenced to tetramethylsilane (TMS). High-resolution
mass spectra were recorded on micr OTOF-Q III (Bruker Daltonics
Inc.). The structures of known compounds were further corrobo-
rated by comparing their NMR data and MS data with those re-
ported in the literature. Reagents were used as received without
any further purification.
4.1. General procedure: (3a, 5a)

The reaction was carried out in an autoclave containing a 10 mL
Teflon reaction tube. Pd(PPh3)2Cl2 (1 mol %), B (2 mol %) and
a magnetic stir bar were placed in the tube, followed by addition of
arylboronic acid (1 mmol), NaHCO3 (2 mmol), 1,4-dioxane (2 mL)
and water (0.5 mL). the tube was capped with a stopper. The auto-
clave was cooled down to �100 �C by liquid nitrogen, and 2-chloro-
3,3,3-trifluoroprop-1-ene (2, 18 mmol) was added to the reaction.
Finally the autoclavewas heated in an oil bath at 100 �C for 5 h. After
the reaction, the autoclave was then cooled to room temperature
and vented to discharge the excessive 2,3,3,3-tetrafluoropropylene
carefully. Water (60 mL) was added, and the product was extrac-
ted with dichloromethane (3*15 mL). The organic layers were
washed with brine (30 mL), dried over Na2SO4, and the organic
solvent was evaporated by a rotary evaporator under atmospheric
pressure. The crude product was purified by column chromatogra-
phy (silica gel, petroleum ether/ethyl acetate as eluents).
4.2. General procedure: (4a)

The reaction was carried out in an autoclave containing a 10 mL
Teflon reaction tube. Pd(PPh3)2Cl2 (5 mol %), B (10 mol %) and
a magnetic stir bar were placed in the tube, followed by addition of
arylboronic acid (1 mmol), NaHCO3 (2 mmol), 1,4-dioxane (2 mL)
andwater (0.5 mL) to the tube. The tubewas cappedwith a stopper.
The autoclave was cooled down to �100 �C by liquid nitrogen, and
(Z)-2-chloro-1,1,1,4,4,4-hexafluorobut-2-ene (3, 18 mmol) was
added. Finally the autoclave was heated in an oil bath at 100 �C for
12 h. After the reaction, the autoclave was then cooled to room
temperature and vented to discharge the excessive (Z)-2-chloro-
1,1,1,4,4,4-hexafluorobut-2-ene carefully. Water (60mL) was added,
and the product was extracted with dichloromethane (3*15 mL).
The organic layers were washed with brine (30 mL), dried over
Na2SO4, and the organic solvent was evaporated by a rotary evap-
orator under atmospheric pressure. The crude product was purified
by column chromatography (silica gel, petroleum ether/ethyl ace-
tate as eluents).

4.2.1. 1-Methoxy-4-(1,1,1-trifluoroprop-2-en-2-yl)benzene
(3a). Colorless oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 7.39 (d, 2H, J¼8.5 Hz), 6.90 (d, 2H, J¼9.0 Hz), 5.86 (d, 1H,
J¼1.5 Hz), 5.69 (q, 1H, J¼1.5 Hz), 3.82 (s, 3H). 13C NMR (125 MHz,
CDCl3) d 160.2, 138.4 (q, J¼29.6 Hz), 128.6, 126.0, 123.5 (q,
J¼272.4 Hz), 118.8 (q, J¼5.9 Hz), 114.0, 55.3. 19F NMR (470.0 MHz)
d �64.8 (s, 3F).

IR (KBr): 1687,1607,1406,1358,1259,1195,1178,1085, 962 cm�1.
HRMS (ESI): calcd for [M]þ 202.0605; found: 202.0601.

4.2.2. 1-Isopropyl-4-(1,1,1-trifluoroprop-2-en-2-yl)benzene
(3b). Colorless oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 7.39 (d, 2H, J¼8.0 Hz), 7.24 (d, 2H, J¼8.5 Hz), 5.90 (d, 1H,
J¼1.5 Hz), 5.73 (q, 1H, J¼1.5 Hz), 2.92 (m, 3H), 1.26 (s, 3H), 1.25 (s,
3H). 13C NMR (125 MHz, CDCl3) d 149.8, 138.9 (q, J¼29.6 Hz), 131.1,
127.3, 126.9, 123.5 (q, J¼231.0 Hz), 119.6 (q, J¼5.8 Hz), 33.9, 23.7. 19F
NMR (470.0 MHz) d �64.7 (s, 3F).

IR (KBr): 1689, 1607, 1407, 1360, 1268, 1193, 1171, 1124, 1088, 957,
846 cm�1.

HRMS (ESI): calcd for [M]þ 214.0969; found: 214.0966.

4.2.3. 1-(Benzyloxy)-4-(1,1,1-trifluoroprop-2-en-2-yl)benzene
(3c). White solid. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 7.43 (d, 2H, J¼7.0 Hz), 7.40e7.37 (m, 4H), 7.34 (d, 1H,
J¼6.0 Hz), 5.86 (d, 1H, J¼1.0 Hz), 5.69 (q, 1H, J¼2.0 Hz), 5.08 (s, 2H).
13C NMR (125MHz, CDCl3) d 159.3,138.3 (q, J¼29.6 Hz),136.7, 128.5,
127.5, 126.3, 124.5, 122.4, 118.9 (q, J¼5.9 Hz), 114.9, 70.1. 19F NMR
(470.0 MHz) d �65.0 (s, 3F).

IR (KBr): 1612, 1521, 1456, 1362, 1294, 1256, 1171, 1153, 1109,
1015 cm�1.

HRMS (ESI): calcd for [M]þ 278.0918; found: 278.0910.
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4.2.4. 4-(1,1,1-Trifluoroprop-2-en-2-yl) biphenyl (3d). White solid.
Rf¼0.7 (petroleum ether); 1H NMR (500 MHz, CDCl3) d 7.61 (t, 4H,
J¼5.0 Hz), 7.54 (d, 2H, J¼10.0 Hz), 7.45 (t, 2H, J¼10.0 Hz), 7.37 (t, 1H,
J¼10.0 Hz), 5.98 (d, 1H, J¼5.0 Hz), 5.83 (d, 1H, J¼5.0 Hz). 13C NMR
(125MHz, CDCl3) d 141.8, 140.3, 138.7 (q, J¼35.9 Hz), 132.5, 138.8 (q,
J¼35.9 Hz), 131.3 (d, J¼7.4 Hz), 122.3 (d, J¼7.4 Hz), 119.1 (qd,
J¼272.6 Hz, J¼41.6 Hz), 114.3, 111.0, 55.3. 19F NMR (470.0 MHz)
d �64.6 (s, 3F).

IR (KBr): 1610, 1521, 1366, 1255, 1184, 1152, 1088, 966, 857 cm�1.
HRMS (ESI): calcd for [M]þ 248.0813; found: 248.0810.

4.2.5. 4-(1,1,1-Trifluoroprop-2-en-2-yl)benzonitrile (3e). Colorless
oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz, CDCl3) d 7.70 (d,
2H, J¼5.0 Hz), 7.58 (d, 2H, J¼5.0 Hz), 6.11 (d, 1H, J¼1.5 Hz), 5.88 (q,
1H, J¼1.5 Hz). 13C NMR (125 MHz, CDCl3) d 137.9, 137.7 (q,
J¼30.6 Hz), 132.4, 128.1, 122.8 (q, J¼272.3 Hz), 122.8 (q, J¼5.6 Hz),
118.2, 112.9. 19F NMR (470.0 MHz) d �65.0 (s, 3F).

IR (KBr): 1610, 1513, 1404, 1352, 1263, 1196, 1177, 1127, 1077,
1021 cm�1.

HRMS (ESI): calcd for [M]þ 197.0452; found: 197.0450.

4.2.6. 4-(1,1,1-Trifluoroprop-2-en-2-yl)benzaldehyde (3f). Colorless
oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz, CDCl3) d 10.04 (s,
1H), 7.91 (d, 2H, J¼8.5 Hz), 7.63 (d, 2H, J¼8.5 Hz), 6.09 (d, 1H,
J¼1.0 Hz), 5.90 (q, 1H, J¼1.0 Hz). 13C NMR (125 MHz, CDCl3) d 191.6,
139.3, 138.2 (q, J¼30.5 Hz), 136.5, 129.9, 128.0, 123.0 (q, J¼272.3 Hz),
122.4 (q, J¼5.6 Hz). 19F NMR (470.0 MHz) d �64.6 (s, 3F).

IR (KBr): 1707, 1610, 1571, 1413, 1354, 1193, 1179, 1129, 1080,
1018 cm�1.

HRMS (ESI): calcd for [M]þ 200.0449; found: 200.0440.

4 .2 .7 . 1-Ni t ro-4-(1,1,1- t r ifluoroprop-2-en-2-yl )benzene
(3g). Colorless oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 8.25 (d, 2H, J¼9.5 Hz), 7.62 (d, 2H, J¼9.0 Hz), 6.15 (d, 1H,
J¼1.0 Hz), 5.95 (q, 1H, J¼1.5 Hz). 13C NMR (125 MHz, CDCl3) d 148.1,
139.7, 137.4 (q, J¼24.0 Hz), 124.8, 123.8, 122.8 (q, J¼272.3 Hz), 123.3
(q, J¼5.5 Hz). 19F NMR (470.0 MHz) d �64.8 (s, 3F).

IR (KBr): 1603, 1524, 1347, 1185, 1130, 1079, 956, 862, 841 cm�1.
HRMS (ESI): calcd for [M]þ 217.0351; found: 217.0350.

4.2.8. 1-Methoxy-3-(1,1,1-trifluoroprop-2-en-2-yl)benzene
(3h). Colorless oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 7.28 (t, 1H, J¼8.0 Hz), 7.03 (d, 2H, J¼7.5 Hz), 6.98 (s, 1H),
6.92 (dd, 1H, J¼8.5 Hz, 2.5 Hz), 5.94 (d, 1H, J¼1.0 Hz), 5.75 (q, 1H,
J¼2.0 Hz), 3.81 (s, 3H). 13C NMR (125 MHz, CDCl3) d 159.4, 138.9 (q,
J¼30.0 Hz), 135.0, 129.6, 123.3 (q, J¼272.4 Hz), 120.6 (q, J¼5.8 Hz),
119.9, 114.3, 113.4, 55.2. 19F NMR (470.0 MHz) d �64.9 (s, 3F).

IR (KBr): 1583, 1492, 1356, 1291, 1250, 1174, 1127, 1047, 950,
788 cm�1.

HRMS (ESI): calcd for [M]þ 202.0605; found: 202.0601.

4.2 .9. 1-Methyl-3-(1,1,1-tr ifluoroprop-2-en-2-yl)benzene
(3i). Colorless oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 7.28e7.18 (m, 4H), 5.92 (d, 1H, J¼1.5 Hz), 5.73 (q, 1H,
J¼1.5 Hz), 2.36 (m, 3H). 13C NMR (125 MHz, CDCl3) d 139.2 (q,
J¼29.8 Hz), 138.3, 133.7, 129.7, 128.5, 128.1, 124.5, 122.3, 120.2 (q,
J¼5.8 Hz), 21.4. 19F NMR (470.0 MHz) d �64.8 (s, 3F).

IR (KBr): 1598, 1486, 1355, 1198, 1180, 1088, 956, 766 cm�1.
HRMS (ESI): calcd for [M]þ 186.0656; found: 186.0656.

4.2.10. Methyl 3-(1,1,1-trifluoroprop-2-en-2-yl)benzoate (3j). Colorless
oil. Rf¼0.7 (petroleum ether); 1HNMR (500MHz, CDCl3) d 8.13 (s,1H),
8.06 (d,1H, J¼3.0Hz), 7.64 (d,1H, J¼8.0 Hz), 7.74 (t,1H, J¼8.0 Hz), 6.02
(d, 1H, J¼1.0 Hz), 5.83 (q, 1H, J¼1.5 Hz). 13C NMR (125 MHz, CDCl3)
d 166.4, 138.2 (q, J¼30.2 Hz), 133.9, 131.6, 130.7, 130.0, 128.72, 128.70,
123.1 (q, J¼272.2 Hz), 121.4 (q, J¼5.8 Hz), 52.1. 19F NMR (470.0 MHz)
d �64.8 (s, 3F).

IR (KBr): 1730, 1442, 1353, 1280, 1171, 1132, 1098, 953, 768 cm�1.
HRMS (ESI): calcd for [M]þ 230.0555; found: 230.0550.

4.2.11. 3-(1,1,1-Trifluoroprop-2-en-2-yl)benzonitrile (3k). Colorless
oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz, CDCl3) d 7.74 (s,
1H), 7.70e7.57 (m, 2H), 7.53 (t, 1H, J¼7.5 Hz), 6.09 (d, 1H, J¼1.5 Hz),
5.85 (q, 1H, J¼1.5 Hz). 13C NMR (125 MHz, CDCl3) d 137.3 (q,
J¼30.9 Hz), 134.8, 132.4, 131.7, 131.0, 123.9, 122.8 (q, J¼272.3 Hz),
122.5 (q, J¼6.0 Hz), 118.2,113.1. 19F NMR (470.0 MHz) d�65.0 (s, 3F).

IR (KBr): 1612, 1575, 1464,1353, 1224, 1168, 1130, 956 cm�1.
HRMS (ESI): calcd for [M]þ 197.0452; found: 197.0450.

4.2 .12 . 1-Nitro-4-(1,1,1-tr ifluoroprop-2-en-2-yl)benzene
(3l). Colorless oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 7.39 (d, 2H, J¼8.0 Hz), 7.24 (d, 2H,J¼8.5 Hz), 5.90 (d, 1H,
J¼1.5 Hz), 5.73 (q, 1H, J¼1.5 Hz), 2.92 (m, 3H), 1.26 (s, 3H), 1.25 (s,
3H). 13C NMR (125 MHz, CDCl3) d 149.8, 138.9 (q, J¼29.6 Hz), 131.1,
127.3, 126.9, 123.5 (q, J¼231.0 Hz), 119.6 (q, J¼5.8 Hz), 33.9, 23.7. 19F
NMR (470.0 MHz) d �64.7 (s, 3F).

IR (KBr): 1645, 1536, 1415, 1353, 1194, 1174, 1127, 952, 906 cm�1.
HRMS (ESI): calcd for [M]þ 217.0351; found: 217.0350.

4.2.13. 1-Methoxy-2-(1,1,1-trifluoroprop-2-en-2-yl)benzene
(3m). Colorless oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 7.36e7.32 (m, 1H), 7.21 (d, 1H, J¼6.5 Hz), 6.94 (q, 1H,
J¼6.5 Hz), 6.07 (d, 1H, J¼1.5 Hz), 5.83 (q, 1H, J¼1.5 Hz), 3.79 (s, 3H).
13C NMR (125 MHz, CDCl3) d 157.1, 136.1 (q, J¼31.4 Hz), 130.7, 130.2,
129.5,123.3 (q, J¼5.3 Hz),123.1 (q, J¼271.8 Hz), 120.3, 111.3, 55.9. 19F
NMR (470.0 MHz) d �65.8 (s, 3F).

IR (KBr): 1600, 1580, 1495, 1465, 1439, 1350, 1253, 1171, 1127,
1077 cm�1.

HRMS (ESI): calcd for [M]þ 202.0605; found: 202.0601.

4.2.14. 1-Benzene-2-(1,1,1-trifluoroprop-2-en-2-yl)benzene
(3n). Colorless oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 7.42 (t, 2H, J¼7.5 Hz), 7.37e7.29 (m, 4H), 7.28e7.22 (m, 3H),
5.90 (s, 1H), 5.25 (s, 1H). 13C NMR (125 MHz, CDCl3) d 141.8, 140.3,
138.7 (q, J¼35.9 Hz), 132.5, 128.8, 127.8, 127.7, 127.3, 127.1, 125.8, (q,
J¼272.5 Hz), 120.2 (q, J¼5.8 Hz). 19F NMR (470.0 MHz) d �64.8 (s,
3F).

IR (KBr): 1482, 1364, 1174, 1127, 1077, 952, 747, 702, 630 cm�1.
HRMS (ESI): calcd for [M]þ 248.0813; found: 248.0811.

4.2.15. 1,2-Dimethoxy-4-(1,1,1-trifluoroprop-2-en-2-yl)benzene
(3o). Colorless oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 7.03 (d, 1H, J¼8.5 Hz), 6.96 (s, 1H), 6.86 (d, 1H, J¼8.5 Hz),
5.88 (d, 1H, J¼1.5 Hz), 5.71 (q, 1H, J¼2.0 Hz). 13C NMR (125 MHz,
CDCl3) d 149.6, 148.8, 138.5 (q, J¼29.6 Hz), 126.3, 123.4 (q,
J¼272.3 Hz), 120.3, 119.2 (q, J¼5.8 Hz), 111.0, 110.5, 55.9, 55.8. 19F
NMR (470.0 MHz) d �64.8 (s, 3F).

IR (KBr): 1606, 1583, 1524, 1468, 1365, 1347, 1259, 1159, 1124,
1026 cm�1.

HRMS (ESI): calcd for [M]þ 232.0711; found: 232.0710.

4.2.16. 5-(1,1,1-Trifluoroprop-2-en-2-yl)benzo[d][1,3]dioxole
(3p). Colorless oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 6.94 (d, 2H, J¼8.0 Hz), 6.81 (d, 1H, J¼8.0 Hz), 5.98 (s, 2H),
5.87 (d, 1H, J¼1.0 Hz), 5.67 (q, 1H, J¼1.5 Hz). 13C NMR (125 MHz,
CDCl3) d 148.3, 147.9, 138.5 (q, J¼29.9 Hz), 127.5, 123.3 (q,
J¼272.2 Hz), 121.5, 119.6 (q, J¼11.4 Hz), 108.3, 107.9, 101.3. 19F NMR
(470.0 MHz) d �64.8 (s, 3F).

IR (KBr): 1509, 1449, 1366, 1233, 1120, 1044, 955, 865 cm�1.
HRMS (ESI): calcd for [M]þ 216.0398; found: 216.0391.
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4.2.17. 1,3-Dimethyl-5-(1,1,1-trifluoroprop-2-en-2-yl)benzene
(3q). Colorless oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 7.06 (s, 2H), 7.01 (s, 1H), 5.90 (s, 1H), 5.70 (d, 1H, J¼1.5 Hz),
2.32 (s, 6H). 13C NMR (125MHz, CDCl3) d 139.3 (q, J¼29.6 Hz), 138.0,
133.5, 130.6, 124.6, 123.5 (q, J¼272.4 Hz), 120.0 (q, J¼5.8 Hz), 21.3.
19F NMR (470.0 MHz) d �64.6 (s, 3F).

IR (KBr): 1603, 1362, 1274, 1168, 1127, 1106, 944, 859, 709 cm�1.
HRMS (ESI): calcd for [M]þ 200.0813; found: 200.0811.

4.2.18. 9-(4-(1,1,1-Trifluoroprop-2-en-2-yl)phenyl)-9H-carbazole
(3r). White solid. Rf¼0.6 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 8.15 (d, 2H, J¼8.0 Hz), 7.70 (d, 2H, J¼8.5 Hz), 7.61 (d, 2H,
J¼9.0 Hz), 7.46e7.40 (m, 4H), 7.30 (t, 2H, J¼7.5 Hz), 6.06 (d, 1H,
J¼1.5 Hz), 5.91 (q, 1H, J¼2.0 Hz). 13C NMR (125 MHz, CDCl3) d 140.6,
138.4, 138.2 (q, J¼32.0 Hz), 132.5, 129.0, 127.0, 126.1, 123.6, 123.3 (q,
J¼272.4 Hz), 120.9 (q, J¼5.6 Hz), 120.4, 120.2, 109.8. 19F NMR
(470.0 MHz) d �64.8 (s, 3F).

IR (KBr): 1609,1521,1450,1359,1233,1171,1130,1079, 945 cm�1.
HRMS (ESI): calcd for [M]þ 337.1078; found: 337.1074.

4 .2 .19 . ( E ) -1 - (1,1,1, 4 , 4 , 4 -Hexafluorobu t -2 -en-2-y l ) -4 -
methoxybenzene (4a). Colorless oil. Rf¼0.6 (petroleum ether); 1H
NMR (500 MHz, CDCl3) d 7.24 (d, 2H, J¼8.5 Hz), 6.93 (d, 2H,
J¼8.5 Hz), 6.45 (qd, 1H, J¼7.5 Hz, J¼1.5 Hz), 3.82 (s, 3H). 13C NMR
(125 MHz, CDCl3) d 160.5, 143.6 (qq, J¼259.5 Hz, J¼37.0 Hz), 130.1,
122.5 (qq, J¼35.3 Hz, J¼11.1 Hz), 122.0 (qd, J¼276.3 Hz, J¼44.3 Hz),
120.9, 114.1, 113.9, 55.2. 19F NMR (470.0 MHz) d �68.4 (s, CF3),
�58.0 (d, J¼5.6 Hz, CF3).

IR (KBr): 1618, 1518, 1277, 1177, 1147, 1032, 835 cm�1.
HRMS (ESI): calcd for [M]þ 270.0479; found: 270.0476.

4.2.20. (E)-1-(Benzyloxy)-4-(1,1,1,4,4,4-hexafluorobut-2-en-2-yl)
benzene (4b). White solid. Rf¼0.6 (petroleum ether); 1H NMR
(500 MHz, CDCl3) d 7.44e7.39 (m, 4H), 7.34 (t, 1H, J¼8.5 Hz), 7.23
(d, 2H, J¼8.5 Hz), 7.01 (d, 2H, J¼8.5 Hz), 6.44 (qd, 1H, J¼7.5 Hz,
J¼1.5 Hz), 5.08 (s, 2H). 13C NMR (125 MHz, CDCl3) d 159.9, 141.1
(qq, J¼19.5 Hz, J¼3.1 Hz), 136.4, 130.2, 128.7, 128.1, 127.6, 122.5
(qq, J¼35.2 Hz, J¼5.6 Hz), 122.1(qd, J¼287.8 Hz, J¼75.0 Hz), 121.2,
114.7, 70.1. 19F NMR (470.0 MHz) d �70.7 (s, CF3), �60.5 (d,
J¼5.6 Hz, CF3).

IR (KBr): 1606,1521,1450,1359,1233,1171,1130,1085, 950 cm�1.
HRMS (ESI): calcd for [M]þ 346.0792; found: 346.0790.

4.2.21. (E)-1-(Benzene)-4-(1,1,1,4,4,4-hexafluorobut-2-en-2-yl)ben-
zene (4c). White solid. Rf¼0.6 (petroleum ether); 1H NMR
(500 MHz, CDCl3) d 7.65e7.59 (m, 4H), 7.46 (t, 2H, J¼8.0 Hz),
7.40e7.36 (m, 2H), 6.52 (qd, 1H, J¼7.5 Hz, J¼1.5 Hz). 13C NMR
(800 MHz NMR, 200 MHz, CDCl3) d 142.7, 141.1 (qq, J¼31.4 Hz,
J¼5.2 Hz), 139.9, 129.2, 128.9, 128.8, 127.9, 127.7, 127.2, 127.1,
122.9(qq, J¼35.4 Hz, J¼5.6 Hz), 121.5(qd, J¼270.4 Hz, J¼80.2 Hz). 19F
NMR (470.0 MHz) d �68.1 (s, CF3), -57.9 (d, J¼5.6 Hz, CF3).

IR (KBr): 1695, 1612, 1568, 1409, 1362, 1274, 1197, 1171, 1124,
1085 cm�1.

HRMS (ESI): calcd for [M]þ 316.0687; found: 316.0681.

4.2.22. (Z)-1-(1,1,1,4,4,4-Hexafluorobut-2-en-2-yl)-4-biphenyl
(4c0). White solid. Rf¼0.6 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 7.64 (d, 2H, J¼8.5 Hz), 7.59 (d, 2H, J¼7.5 Hz), 7.46 (t, 4H,
J¼7.5 Hz), 7.39 (t, 2H, J¼7.0 Hz), 6.52 (q, 1H, J¼8.5 Hz). 13C NMR
(800 MHz NMR, 200 MHz, CDCl3) d 143.1, 141.3 (qq, J¼34.0 Hz,
J¼5.6 Hz), 131.9, 128.9, 129.2, 128.3, 128.1, 127.5, 127.1, 125.6 (qq,
J¼38.6 Hz, J¼2.8 Hz), 121.5 (qd, J¼270.2 Hz, J¼103.2 Hz). 19F NMR
(470.0 MHz) d �68.1 (s, CF3), �57.9 (d, J¼5.6 Hz, CF3).

IR (KBr): 1699, 1622, 1565, 1449, 1322, 1278, 1107, 1161,
1024 cm�1.

HRMS (ESI): calcd for [M]þ 316.0687; found: 316.0681.
4.2 .23 . (E)-4-(1,1,1,4 ,4 ,4-Hexafluorobut-2-en-2-yl)-1,2-
dimethoxybenzene (4d). Colorless oil. Rf¼0.7 (petroleum ether); 1H
NMR (500 MHz, CDCl3) d 6.91e6.89 (m, 2H), 6.79 (s, 1H), 6.45 (qd,
1H, J¼7.0 Hz, J¼1.0 Hz),3.91 (s, 3H), 3.89 (s, 3H). 13C NMR (125 MHz,
CDCl3) d 150.2, 148.7, 141.0 (qq, J¼31.3 Hz, J¼5.0 Hz), 122.5 (qq,
J¼35.3 Hz, J¼5.5 Hz), 121.8, 121.1, 119.1(qd, J¼257.1 Hz, J¼46.9 Hz),
110.7, 110.6, 55.9, 55.8. 19F NMR (470.0 MHz) d �68.1 (s, CF3), �57.9
(d, J¼6.1 Hz, CF3).

IR (KBr): 1521, 1462, 1418, 1330, 1271, 1247, 1141, 1024, 856 cm�1.
HRMS (ESI): calcd for [M]þ 300.0585; found: 300.0584.

4.2.24. (E)-5-(1,1,1,4,4,4-hexafluorobut-2-en-2-l)benzo[d][1,3]dioxole
(4e). Colorless oil. Rf¼0.7 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 6.84 (d, 1H, J¼8.5 Hz), 6.77 (d, 2H, J¼7.0 Hz), 6.45 (qd, 1H,
J¼7.5 Hz, J¼1.5 Hz), 6.02 (s, 2H). 13C NMR (125 MHz, CDCl3) d 149.1,
147.7, 140.8 (qq, J¼31.5 Hz, J¼5.3 Hz), 122.9 (qq, J¼29.0 Hz,
J¼5.6 Hz), 121.9 (qd, J¼285.2 Hz, J¼41.1 Hz), 109.1, 108.3, 101.6. 19F
NMR (470.0 MHz) d �68.5 (s, CF3), �58.0 (d, J¼6.1 Hz, CF3).

IR (KBr): 1507, 1446, 1365, 1243, 1171, 1129, 1043, 944, 816,
641 cm�1.

HRMS (ESI): calcd for [M]þ 284.0272; found: 284.0271.

4.2.25. 4-Chloro-1-nitro-2-(3,3,3-trifluoroprop-1-en-2-yl)benzene
(5a). Colorless oil. Rf¼0.5 (petroleum ether); 1H NMR (500 MHz,
CDCl3) d 7.44 (d, 1H, J¼2.0 Hz), 7.37 (d, 1H, J¼6.5 Hz), 7.33 (s, 1H),
6.00 (q, 1H, J¼1.5 Hz), 5.79 (q, 1H, J¼1.5 Hz). 19F NMR (470.0 MHz)
d �65.1 (s, CF3).
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