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Abstract  

Thermally unstable (3,3,3-trifluoroprop-1-en-2-yl)lithium was generated by lithiation of 2-bromo-

3,3,3-trifluoroprop-1-ene and successively underwent borylation in a flow microreactor system. Direct 

use of the 1-(trifluoromethyl)vinylborate thus formed for the Suzuki–Miyaura coupling in a batch 
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system afforded α-(trifluoromethyl)styrenes in high yields. 

 

Keywords: Flow Microreactor, 1-(Trifluoromethyl)vinyl Compounds, Lithiation, Borylation, Suzuki–
Miyaura Coupling, Palladium Catalyst 

 

1. Introduction 

Since 1-(trifluoromethyl)vinyl compounds are highly electrophilic alkenes, they serve as versatile 

synthetic intermediates, which lead to a variety of fluorine-containing bioactive agents and functional 

materials [1]. Two modes of transition metal-catalyzed coupling are used as synthetic methods for the 

direct installation of a 1-(trifluoromethyl)vinyl group. First, (i) coupling of 1-

(trifluoromethyl)vinylmetals with electrophiles was reported [2]. Second, (ii) coupling of 1-

(trifluoromethyl)vinyl halides with organometallic nucleophiles emerged to avoid the use of thermally 

unstable 1-(trifluoromethyl)vinylmetals [3]. The latter coupling (ii) is achieved using the palladium-

catalyzed reaction of volatile 2-bromo-3,3,3-trifluoroprop-1-ene (1) with arylmagnesium halides or 

arylboronic acids. However, the former coupling (i) could serve only as an alternative choice despite the 

high commercial availability of aryl halides, which is due to the difficulty in steady generation and/or 

use of 1-(trifluoromethyl)vinylmetals, including boronic acid and zinc reagents [4]. 

Tarrant adopted (3,3,3-trifluoroprop-1-en-2-yl)lithium (2), which is generated via lithiation of 1, in 

the reaction with carbonyl compounds as electrophiles [5]. However, the yields of products 3 remained 

moderate, presumably because of the formation of 1,1-difluoroallene (4) via β-fluorine elimination from 

2 [6], even though the reaction was performed by alternate addition of several aliquots of n-BuLi and 

carbonyl substrates at temperatures below −95 °C (Scheme 1). Further, Ichikawa overcame these 

difficulties using sec-BuLi instead of n-BuLi to improve the product yields, where the formation of 4 

was suppressed, although this protocol required treatment using excess 1 and sec-BuLi at an even lower 

temperature (–105 °C) [7]. 
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Scheme 1. Generation and reaction of thermally unstable 2 

 

Recently, Yoshida reported on the effective generation of 2 and its application to the reaction with 

carbonyl compounds at −78 °C in a flow microreactor system [8], which enables strict control of 

reaction temperature and time [9]. During our studies on the reactions of 2, we found that its borylation 

proceeded effectively even at −50 °C in a flow system to afford 1-(trifluoromethyl)vinylboronic acid 5 

(Scheme 2). Furthermore, the intermediary borate 6 successfully underwent the palladium-catalyzed 

coupling with aryl halides 7, through the direct introduction of 6 into a batch system from a flow system, 

to provide α-(trifluoromethyl)styrenes 8 in high yields. This protocol is amenable to their large scale 

preparation (Scheme 2). 
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Scheme 2. Generation and borylation of 2 in a flow microreactor system and its application 

 

2. Results and discussion 

2.1. Lithiation and subsequent borylation starting from 2-bromo-3,3,3-trifluoroprop-1-ene 

First, we tried the borylation of 1-(trifluoromethyl)vinyllithium 2 starting from 1-

(trifluoromethyl)vinyl bromide 1 by using a flow microreactor system equipped with three T-shaped 
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micromixers (M1: inner diameter φ = 250 µm; M2: φ = 500 µm; M3: φ = 500 µm), three microtube 

reactors (R1: inner diameter φ = 1.0 mm, length L = 3.5 cm, total flow rate = 7.5 mL min−1; R2: φ = 1.0 

mm, L = 100 cm, total flow rate = 9.0 mL min−1; R3: φ = 1.0 mm, L = 50 cm, total flow rate = 11.0 mL 

min−1), and four tube pre-cooling units (P1: inner diameter φ = 1.0 mm, length L = 50 cm; P2: φ = 1.0 

mm, L = 150 cm; P3: φ = 1.0 mm, L = 50 cm; P4: φ = 1.0 mm, L = 50 cm) at −78 °C (Scheme 3). In this 

system, lithium–halogen exchange proceeded in M1/R1 to afford 2, and subsequent borylation afforded 

borate 6 in M2/R2. Finally, boronic acid 5 was obtained by quenching with methanol followed by 

hydrolysis with aqueous HCl. The reaction using this system afforded boronic acid 5 in 70% yield. 
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Scheme 3. Preparation of 5 in a flow microreactor system equipped with three micromixers and three 

reactors 

 

Next, we sought suitable conditions for borylation by using a premixed ether solution of 1-

(trifluoromethyl)vinyl bromide 1 and B(OMe)3 for the purpose of rapid mixing of 1-

(trifluoromethyl)vinyllithium 2 with B(OMe)3, using two micromixers (M1: φ = 250 µm; M2: φ = 500 

µm), two reactors (R1: φ = 1.0 mm, L = LR1 cm, total flow rate = 7.5 mL min–1; R2: φ = 1.0 mm, L = 50 

cm, total flow rate = 9.5 mL min–1), and three pre-cooling units (P1: inner diameter φ = 1.0 mm, length 

L = 50 cm; P2: φ = 1.0 mm, L = 150 cm; P3: φ = 1.0 mm, L = 50 cm). The residence time for a lithium–

bromine exchange process in R1 was first optimized in the presence of 1.0 equiv. of B(OMe)3 at −78 °C 
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(Scheme 4, Figure 1). When the residence time was reduced to 0.22 s by using 3.5 cm reactor R1, the 

yield of boronic acid 5 increased to 55% (Table 1, entry 3). The use of 2.0 equiv. of B(OMe)3 improved 

the yield of 5 to 79% (entry 4). Finally, raising the temperature to −50 °C afforded 5 in 81% yield (entry 

5). 
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Scheme 4. Preparation of 5 in a flow microreactor system equipped with two micromixers and two 

reactors 

 

 

Figure 1. Flow microreactor system equipped with two micromixers and two reactors 

 

Table 1. Screening of conditions for preparation of 5 

entry t / LR1 x (equiv) T (°C) 5 (%) a 
1 6.3 s / 100 cm 1.0 −78 32 
2 3.1 s / 50 cm 1.0 −78 42 
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3 0.22 s / 3.5 cm 1.0 −78 55 
4 0.22 s / 3.5 cm 2.0 −78 79 
5 0.22 s / 3.5 cm 2.0 −50 81 
6 0.22 s / 3.5 cm 2.0 −41 71 

a Yield was determined by 19F NMR measurement using PhCF3 as an internal standard. 

 

2.2. Direct Suzuki–Miyaura coupling using 1-(trifluoromethyl)vinylborate: Synthesis of α-

(Trifluoromethyl)styrenes 

With the optimized conditions for borylation of 1 in hand, borate 6 was directly used in the Suzuki–

Miyaura coupling by transfer from a flow system to a batch system (Scheme 5). In the presence of 5 

mol% of Pd(PPh3)4, treatment of aryl halides 7 with 1.2 equiv. of borate 6 successfully afforded the 

corresponding α-(trifluoromethyl)styrenes 8 (Table 2). This cross-coupling reaction proceeded without 

further addition of base, which is usually required for activating boronic acids or boronates in a typical 

Suzuki–Miyaura coupling, because borate 6 was already in an activated form. Aryl iodides 7a–7c 

bearing a methoxy group effectively underwent coupling with 6 at 70 °C, regardless of the position of 

the substituent, to afford the corresponding styrenes 8a–8c in 80%, 80%, and 82% yields, respectively 

(entries 1–3). Reactions of iodoarenes 7d–7f bearing electron-withdrawing 4-acetyl, 4-nitro, and 3-

fluoro substituents proceeded faster (entries 4–6). Both 1- and 2-iodonaphthalenes 7g and 7h 

participated in the reaction to afford the corresponding [1-(trifluoromethyl)vinyl]naphthalenes 8g and 

8h in 85% and 82% yields, respectively (entries 7 and 8). In the case of 1-bromo-3-chlorobenzene (7i), 

the bromine substituent reacted exclusively to afford α-(trifluoromethyl)styrene 8i bearing a chlorine 

substituent at the meta position in 78% yield (entry 9). 
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Scheme 5. Direct use of 6 for Pd-catalyzed coupling with 7 

 

Table 2. Synthesis of α-(trifluoromethyl)styrenes 8 via Pd-catalyzed coupling of 6 with 7 

entry 7 time (h) 8 (yield %) a 

1 MeO I
 7a 12 8a (80) 

2 I

MeO  
7b 14 8b (80) 

3 I

OMe  
7c 12 8c (82) 

4 I
O

 
7d 7 8d (88) 

5 O2N I
 7e 6 8e (69) 

6 I

F  
7f 6 8f (69) 

7 
I
 

7g 11 8g (85) 

8 I
 

7h 6 8h (82) 

9 Br

Cl  
7i 7 8i (78) 
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a Isolated yield. 

 

In addition, this protocol enabled bis(trifluoromethyl)vinylation by using a diiodinated compound 

(Scheme 6). In the presence of a palladium catalyst, treatment of 4,4'-diiodobiphenyl (7j) with 3.0 equiv. 

of borate 6, generated by a flow microreactor system, afforded 8j in 78% yield as a sole coupling 

product. 
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Scheme 6. Bis(trifluoromethyl)vinylation of 7j with 6 

 

3. Conclusion 

We demonstrated an efficient method for borylation of 2-bromo-3,3,3-trifluoroprop-1-ene via 

lithiation and subsequent transmetalation in a flow microreactor system equipped with two micromixers 

and two reactors at –50 °C. Furthermore, we also succeeded in the Suzuki–Miyaura coupling with a 

broad substrate scope by using the resulting borate without further addition of base. This protocol would 

enable the mass production of α-(trifluoromethyl)styrenes, which serve as key intermediates for 

pharmaceuticals, agrochemicals, and functional polymers. 

 

4. Experimental 

4.1. General 

1H NMR, 13C NMR, and 19F NMR were recorded on a Bruker Avance 500 or a JEOL ECS-400 

spectrometer. Chemical shift values are given in ppm relative to internal Me4Si (for 1H NMR: δ = 0.00 

ppm), CDCl3 (for 13C NMR: δ = 77.0 ppm), and C6F6 (for 19F NMR: δ = 0.0 ppm). IR spectra were 
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recorded on a Horiba FT-300S spectrometer by the attenuated total reflectance (ATR) method. Mass 

spectra were measured on a JEOL JMS-T100GCV spectrometer.  

Column chromatography and preparative thin-layer chromatography were conducted on silica gel 

(Silica Gel 60 N, Kanto Chemical Co., Inc. for column chromatography and Wakogel B-5F, Wako Pure 

Chemical Industries, Ltd. for PTLC). Diethyl ether, hexane, and toluene were purified by a solvent-

purification system (GlassContour) equipped with columns of activated alumina and supported-copper 

catalyst (Q-5) before use. Methanol was distilled from Mg and I2 and stored over activated molecular 

sieves 3A. Unless otherwise noted, materials were obtained from commercial sources and used directly 

without further purifications.  

Stainless steel (SUS304) T-shaped micromixers with inner diameter of 250 or 500 µm were 

manufactured by Sanko Seiki Co., Inc. Stainless steel (SUS316) microtube reactors with inner diameter 

of 1000 µm purchased from GL Sciences were used. The micromixers and microtube reactors were 

connected with stainless steel fittings (GL Sciences Inc., 1/16 OUW). The flow microreactor system 

was dipped in a cooling bath to control the temperature. Solutions were introduced to the flow 

microreactor system using syringe pumps, YMC-301, equipped with gastight syringes purchased from 

SGE Analytical Science Pty. Ltd.  

 

4.2. Preparation of 1-(trifluoromethyl)vinylboronic acid 5 

4.2.1. Experimental procedure for preparation of 1-(trifluoromethyl)vinylboronic acid 5 

A flow microreactor system consisting of two T-shaped micromixers (M1: φ = 250 µm; M2: φ = 

500 µm), two microtube reactors (R1: φ = 1.0 mm, L = 3.5 cm; R2: φ = 1.0 mm, L = 50 cm), and three 

tube pre-cooling units (P1: inner diameter φ = 1.0 mm, length L = 50 cm; P2: φ = 1.0 mm, L = 150 cm; 

P3: φ = 1.0 mm, L = 50 cm) was used. A Et2O solution of 2-bromo-3,3,3-trifluoroprop-1-ene (1) and 

trimethoxyborane (0.10 M and 0.20 M, respectively, flow rate: 6.0 mL min–1) and a hexane/cyclohexane 

(45:55) solution of sec-BuLi (0.48 M, flow rate: 1.5 mL min–1) were introduced to M1 by syringe pumps. 
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The resulting solution was passed through R1 (t = 0.22 s) and was mixed with methanol (flow rate: 2.0 

mL min–1) in M2. The resulting solution was passed through R2 (t = 2.6 s). After a steady state was 

reached, the product solution was directly poured into aqueous HCl solution (2 M, 1 mL) for 30 s. The 

reaction mixture was analyzed by 19F NMR spectroscopy using PhCF3 as an internal standard (81%). 

 

4.2.2. Spectral data of (3,3,3-trifluoroprop-1-en-2-yl)boronic acid (5) 

19F NMR (470 MHz, C6D6) δ 98.4 (s). The NMR spectral data described above showed good agreement 

with the literature data [2b]. 

 

4.3. Synthesis of α-(trifluoromethyl)styrenes 8 via the Suzuki–Miyaura coupling of borate 6 with aryl 

halides 7 

4.3.1. Typical procedure for the synthesis of α-(trifluoromethyl)styrenes 8 

A flow microreactor system consisting of two T-shaped micromixers (M1: φ = 250 µm; M2: φ = 

500 µm), two microtube reactors (R1: φ = 1.0 mm, L = 3.5 cm; R2: φ = 1.0 mm, L = 50 cm), and three 

tube pre-cooling units (P1: inner diameter φ = 1.0 mm, length L = 50 cm; P2: φ = 1.0 mm, L = 150 cm; 

P3: φ = 1.0 mm, L = 50 cm) was used. A Et2O solution of 2-bromo-3,3,3-trifluoroprop-1-ene (1) and 

trimethoxyborane (0.10 M and 0.20 M, respectively, flow rate: 6.0 mL min–1) and a hexane/cyclohexane 

(45:55) solution of sec-BuLi (0.48 M, flow rate: 1.5 mL min–1) were introduced to M1 by syringe pumps. 

The resulting solution was passed through R1 (t = 0.22 s) and was mixed with methanol (flow rate: 2.0 

mL min–1) in M2. The resulting solution was passed through R2 (t = 2.6 s). After a steady state was 

reached, the product solution of borate 6 was directly poured into aqueous HCl solution (2 M). The 

concentration of the solution of 6 was determined by analyzing the resulting solution of boronic acid 5 

using 19F NMR spectroscopy. 

Another aliquot of solution of 6 (0.18 mmol) was collected into a 2-necked flask. The solvent was 

removed under reduced pressure (30 mmHg). To the residue were added Pd(PPh3)4 (8.7 mg, 7.5 
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µmol), 2-iodonaphthalene 7h (38 mg, 0.15 mmol), toluene (5.0 mL), and H2O (0.5 mL). After stirring at 

70 °C for 6 h, the reaction was quenched with saturated aqueous NH4Cl (3 mL). The organic materials 

were extracted with diethyl ether for three times. The combined organic extracts were washed with brine 

and dried over Na2SO4. After the solvent was removed under reduced pressure, residue was purified by 

silica gel column chromatography (hexane/EtOAc = 10:1) to give 2-(3,3,3-trifluoroprop-1-en-2-

yl)naphthalene (8h, 27 mg, 82%) as a colorless liquid. 

 

4.3.2. Spectral data of α-(trifluoromethyl)styrenes 8 

4.3.2.1. 1-Methoxy-4-(3,3,3-trifluoroprop-1-en-2-yl)benzene (8a) 

80% yield, a colorless liquid; 1H NMR (400 MHz, CDCl3): δ 3.83 (s, 3H), 5.70 (s, 1H), 5.86 (s, 1H), 

6.91 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H). 19F NMR (376 MHz, CDCl3): δ 98.1 (s, 3F). The 

NMR spectral data described above showed good agreement with the literature data [3b]. 

 

4.3.2.2. 1-Methoxy-3-(3,3,3-trifluoroprop-1-en-2-yl)benzene (8b) 

80% yield, a colorless liquid; 1H NMR (400 MHz, CDCl3): δ 3.82 (s, 3H), 5.77 (s, 1H), 5.95 (s, 1H), 

6.92 (d, J = 8.0 Hz, 1H), 6.98 (s, 1H), 7.04 (d, J = 8.0 Hz, 1H), 7.33 (dd, J = 8.0, 8.0 Hz, 1H). 9F NMR 

(470 MHz, CDCl3): δ 98.3(s, 3F). The NMR spectral data described above showed good agreement with 

the literature data [3b]. 

 

4.3.2.3. 1-Methoxy-2-(3,3,3-trifluoroprop-1-en-2-yl)benzene (8c) 

82% yield, a colorless liquid; 1H NMR (400 MHz, CDCl3): δ 3.82 (s, 3H), 5.64 (s, 1H), 6.08 (s, 1H), 

6.93–6.98 (m, 2H), 7.22 (d, J = 7.6 Hz, 1H), 7.33 (d, J = 7.6 Hz, 1H). 19F NMR (376 MHz, CDCl3): δ 

97.3 (s, 3F). The NMR spectral data described above showed good agreement with the literature data 

[3b]. 
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4.3.2.4. 1-[4-(3,3,3-Trifluoroprop-1-en-2-yl)phenyl]ethan-1-one (8d) 

88% yield, a pale yellow liquid; 1H NMR (400 MHz, CDCl3): δ 2.63 (s, 3H), 5.88 (s, 1H), 6.06 (s, 1H), 

7.56 (d, J = 8.0 Hz, 2H), 7.98 (d, J = 8.0 Hz, 2H). 19F NMR (376 MHz, CDCl3): δ 98.5 (s, 3F). The 

NMR spectral data described above showed good agreement with the literature data [2a]. 

 

4.3.2.5. 1-Nitro-4-(3,3,3-trifluoroprop-1-en-2-yl)benzene (8e) 

69% yield, a pale yellow liquid; 1H NMR (400 MHz, CDCl3): δ 5.93 (s, 1H), 6.15 (s, 1H), 7.64 (d, J = 

8.8 Hz, 2H), 8.26 (d, J = 8.8 Hz, 2H). 19F NMR (376 MHz, CDCl3): δ 98.4 (s, 3F). The NMR spectral 

data described above showed good agreement with the literature data [2a]. 

 

4.3.2.6. 1-Fluoro-3-(3,3,3-trifluoroprop-1-en-2-yl)benzene (8f) 

69% yield, a colorless liquid; 1H NMR (400 MHz, CDCl3): δ 5.80 (s, 1H), 5.99 (s, 1H), 7.07–7.11 (m, 

1H), 7.17 (d, J = 8.4 Hz, 1H), 7.22 (s, 1H), 7.32–7.38 (m, 1H). The NMR spectral data described above 

showed good agreement with the literature data [10]. 

 

4.3.2.7. 1-(3,3,3-Trifluoroprop-1-en-2-yl)naphthalene (8g) 

85% yield, a colorless liquid; 1H NMR (400 MHz, CDCl3): δ 5.66 (s, 1H), 6.33 (s, 1H), 7.42–7.52 (m, 

4H), 7.86–7.94 (m, 3H). 19F NMR (470 MHz, CDCl3): δ 96.2 (s, 3F). The NMR spectral data described 

above showed good agreement with the literature data [2a,3a]. 

 

4.3.2.8. 2-(3,3,3-Trifluoroprop-1-en-2-yl)naphthalene (8h) 

82% yield, a colorless liquid; 1H NMR (400 MHz, CDCl3): δ 5.90 (s, 1H), 6.04 (s, 1H), 7.50–7.52 (m, 

2H), 7.56 (d, J = 8.8 Hz, 1H), 7.86 (d, J = 8.8 Hz, 3H), 7.94 (s, 1H). 19F NMR (470 MHz, CDCl3): δ 
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98.4 (s, 3F). The NMR spectral data described above showed good agreement with the literature data 

[2a]. 

 

4.3.2.9. 1-Chloro-4-(3,3,3-trifluoroprop-1-en-2-yl)benzene (8i) 

78% yield, a colorless liquid; 1H NMR (400 MHz, CDCl3): δ 5.79 (s, 1H), 6.00 (s, 1H), 7.29–7.32 (m, 

1H), 7.35–7.40 (m, 2H), 7.44 (s, 1H). 19F NMR (470 MHz, CDCl3): δ 98.1 (s, 3F). The NMR spectral 

data described above showed good agreement with the literature data [3a,10]. 

 

4.3.2.10. 1,4-Bis(3,3,3-trifluoroprop-1-en-2-yl)benzene (8j) 

78% yield, a white solid; 1H NMR (400 MHz, CDCl3): δ 5.83 (d, J = 1.6 Hz, 2H), 5.99 (d, J = 1.6 Hz, 

2H), 7.55 (d, J = 8.4 Hz, 4H), 7.62 (d, J = 8.4 Hz, 4H). 13C NMR (100 MHz, CDCl3): δ 120.4 (q, JCF = 6 

Hz), 123.3 (q, JCF = 273 Hz), 127.2, 127.9, 132.9, 138.5 (q, JCF = 30 Hz), 140.8. 19F NMR (376 MHz, 

CDCl3): δ 98.3 (s). IR (neat): 1354, 1194, 1167, 1120, 1082, 953, 827, 766 cm–1. HRMS (EI+): m/z 

Calcd for C18H12F6 [M]+: 342.0843; Found: 342.0845. 
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