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Synthesis of Fluorinated Heterocycles
Utilizing Reactivities of Hydrofluoroolefins (HFOs)
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Heterocyclic compounds with fluoroalkyl groups, such as trifluoromethyl and
difluoromethyl groups, have become increasingly important in the pharmaceutical and
agrochemical industries owing to their unique biological activities. However, there are limited
industrial methods for producing these compounds, underscoring the need for new, safe, and
large-scale synthetic methods for fluorinated heterocyclic compounds.

In this study, we developed an efficient method to synthesize various trifluoromethyl- and
difluoromethyl-bearing heterocyclic compounds with diverse substituents. Our method
employs commercially available hydrofluoroolefins (HFOs), which are safe and
environmentally friendly building blocks. We achieved Suzuki-Miyaura coupling by
combining readily available HFO-1224yd (Z) or HFO-1233yd (Z) with arylboronic acids (acid
esters) that possess an oxygen, nitrogen, or sulfur nucleophilic moiety at the ortho position.
This resulted in f-fluoro-B-(trifluoromethyl)styrenes or f-fluoro-§-(difluoromethyl)
styrenes, respectively. Upon applying suitable bases, the produced styrene derivatives
underwent cyclization through intramolecular nucleophilic vinylic substitution (SxV)
reactions. This process resulted in various heterocyclic compounds with a trifluoromethyl or
difluoromethyl group. During these reactions, we discovered that the SxV reaction takes
precedence even when the SxV reaction and the allylic nucleophilic substitution (Sx2-type)
reaction can compete. This allowed for the simultaneous creation of heterocycles and
regioselective introduction of fluoroalkyl groups. Furthermore, we expanded this method to
achieve 5-endo-trig cyclization, normally disfavored according to Baldwin's rules, leading to
2-trifluoromethylated and 2-difluoromethylated benzofurans, indoles, and benzothiophenes.
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Fig. 1 Some examples of fluoroalkylated heterocyclic
compounds used as pharmaceuticals and agro-
chemicals.
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Scheme 1 Syntheses of a pyrazolecarboxylic acid bearing
difluoromethyl group from building blocks.
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Scheme 2 Syntheses of fluorine-containing heterocycles
via nucleophilic endo cyclizations.
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Table 1 Preparation of B-Fluoro-g-(trifluoromethyl)-
styrenes 5a-5i Bearing O- or S-Substituent.?

cF, B(OH), Pdy(dba); (2.5 mol%) CF,
Cl
Y (
Nu Nu

XPhos (7 5 mol%)

KZCO3 (2.0 eq)
1 EIZ=1/99 THF-H,0 (9/1) .
2.0 equi 60°C,12h
(2.0equiv) Ny = OH, COZH SMe
dba = dlbenzylldeneacetone
XPhos = ino-2',4' 6'-triisopropy
Entry 7 Product yield [%]?
B(OH CF.
) (OH), 3 86 (95)
F ElZ = <1/99
OH OH
7a 5a
t-Bu B(OH), t-Bu CF3
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OH OH
7b 5b
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OH OH
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cl B(OH cl CF
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F EIZ=1/99
OH OH
7d 5d
B(OH CF.
(OH), 3 44 (56)
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cl OH cl OH
7e 5e
B(OH CF
(OH), 3 53
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Cl 7¢ Cl 5
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7 £ EIZ=1/99
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OH OH
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“Isolated yield. Yield determined by '°F NMR measurement
using PhCFj as an internal standard is shown in parentheses.
b48 h. 24 h.
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1E/Z=1/99
(2.0equiv)  7j(R=H, B=B(OH),)
7k (R = Me, B = Bpin)
71 (R =Cl, B=Bpin) pin = pinacolato
TsCI (1.2-2.0 eq)
Pyridine (3.0eq) R CF3
_ g
CH,Cl, F
5 NHTs
0°Ctort, 18-19h 5 Ts = p-toluenesulfonyl

5] (R = H): 66% (2 steps),® £/Z = <1/99
5Kk (R = Me): 84% (2 steps),? £/Z = <1/99

51 (R = Cl): 78% (2 steps),? E/Z=<1/99  ?lsolated yield.

Scheme 3 Preparation of B-fluoro- B -(trifluoromethyl)-
styrenes 5j-51 bearing N-substituent.
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T2l ZAh, BWITH52-(F) 7 Fa AF)L) X
Y773 e NIz 00, REIZE EE 5
7z (entries 1, 2)o —J7. HFEEAKFELF M) F
XD YERA ) T ACEET B L 3bOIEENKIE
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Table 2 Screening of Conditions for 5-endo-trig Cyclization
of 5b with O-Substituent.

B kil :
OHF solvent o

100 °C, 24 h
5b 3b
Entry Base Solvent 3b / yield %?
1 DBU DMA 4
2 K,CO4 DMA 29
3 NaH DMA 85
4 KsPO,4 DMA 84
5 [ S=To ) PhCI 0
6 K3POy4 1,4-Dioxane 2
7 K3PO, DMSO 97
8b K3PO, DMSO 5

?Yield was determined by '°F NMR spectroscopy
using 2,2-bis(4-methylphenyl)hexafluoropropane as an
internal standard. 60 °C, 12 h.

2.2.2. 5-endo-tigiRILICE BN T TS5 ERK
PDibo X912 L7cilig 2 T, e Fae¥
VATV VSO R AT L7z (Table 8), &
FaF 3 2F L 5allxf L CDMSOHTY YA 1)
7 LBV &85 &\ 5-endo-trig L ASHU I H#EAT L,
2(FYZNABRAF V)XYV 7T (3a) 2390%D
IERTHE L7z (entry 1)o tert-7FNVIZEHT 5
(R ZNFBERAF V)R T 23bld. 79%D H
IEETHLNT: (entry 2)o HEIR LD T v FKiEHIL
RSB 2 Z SV L Mb 50, e Ry
KON FHAZT v REWIEEZ AT 55cDBRILITB W

Table 3 Synthesis of 2-(Trifluoromethyl) benzofurans 3a-3f.2

_ KsPOs(20e0) N

g’ oFs
DMSO 100 °C o
3

@

Entry 5 t[h] Product yield [%]?
1 @ H—cFy 68 (90)
(o)
3a
t-Bu
% \GE\/ 24 p CFy 79
(o)
3b
F N\
3 \@\( 20 CFs  31(00)
OH o
5c 3c
cl CF; cl N
4 m 24 mcﬁ 75 (93)
OH o
5d 3d
CF,
5 m 96 I g 6)
cl o
6 Qf\/ 120 QE}*CH 78 (84)

cr o 3f

9solated yield. Yield determined by !°F NMR
measurement using PhCFj as an internal standard is shown
in parentheses.
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CF3 CF3 CF,
Sn2'-type S, =F
@Y- @Y @Y

8 9
Y =NTs, O, S, C(EWG),

Scheme 4 Synthesis of five-membered heterocycles 9
bearing exo-difluoromethylene group.
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Scheme 5 6-endo-trig vs. 5-exo-trig cyclizations of 5g and
5h.
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CF K3PO4 CF
©©/ 3 (2.0 eq) ©C|/CF3 2
E
OH DMSO o [o)
100 °C, 12 h
5g 3g 72%° (85%)° 0%b
CF. NEt; F,
) N CFs CF;
F o
OH DMSO o
4 60°C,12h
o
5h 3h 75%% (97%)" o]

0%®
2|solated yield. ® '°F NMR yield (PhCF3).

Scheme 6 Synthesis of 3-(trifluoromethyl)isochromene
(3g) and 3- (trifluoromethyl) isocoumarin (3h).
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(FYVT I F)RAF L V5jD5-endo-trigheibid,
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g% A4 ¥ R—=NV3kB & U31% N ZFN83%B L O
5% DIETHET 5 Z LATE,

CF3
\3 N

NHTs N
5j-51 3
3j (R = H): 73%7 (85%)°, 72 h
3k (R = Me): 77%2 (83%)?, 144 h
31 (R = Cl): 66%° (85%)?, 72 h

2 |solated yield. ® "°F NMR yield (PhCF3).

K3POy4 (2.0 eq)
DMA, 140 °C, 72 h

Scheme 7 Synthesis of 2- (trifluoromethyl) indoles 3j-3I.
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CF; CF3
mCPBA (1.1 eq)
F SR 2 s F

SMe CH,Cl, ﬁMe
5§ 0°Ctort,1h o)
mEFBA 100 82%°
= m-chloroperbenzoic acid /7 _ <4/99
(CF3C0),0
(3.0 eq)
Et;N CF3
(3.0 eq) i K2CO3 (6.0 eq) N
100 —— s _— CF3
DMA s
CH,Cl, L . =
0°C,05h OCOCFs | 07°C10100°C 5 7792 (gase>

i
a|solated yield. © '°F NMR yield (PhCF3).

Scheme 8 Synthesis of 2-(trifluoromethyl) benzothiophene
(3i).
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THEVT 4 v Tay 7 L THFO-1233yd(2) (2)
115 s Rl i QY I SR 1 = 2] DA i) 2 =
FNVEEHTEL Y F—VBILUOXRY)FF 720D
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L2737 7= VvERuyg (7)) O#BAKR-=ils v
T Y T ERFo7H FUMLIZEY p-(Y T vt
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MHEATT % & 9 1Tk 2 /R R OKFELF ) T A

Pdy(dba);
(2.5 mol %)
XPhos (7.5 mol %)
K,COj3 (2.0 eq)

B(OH),
CHF
Y X

F NH,

CHF,
@ A
NH,

THF-H,0 (9/1)

60°C,12h
2 E/IZ=1/99 7j
(2.0 eq)
TsCl (1.2 eq)
Pyridine (3.0 eq) CH,Cly
0°Ctort,15h

CHF,

NaH (1.2
NHTs Pl T
140°C,24 h
6j 85% (2 steps)? MW 4§ 71%? (84%)°

E/Z =<1/99
2 |solated yield. ® "°F NMR yield (PhCF3).

Scheme 9 Synthesis of 2-(difluoromethyl)-N-tosylindole
(4).
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(2.5 mol %)
XPhos (7.5 mol %)
K2CO3 (2.0 eq)
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Y

B(OH),
CHF.
" OY

F SMe

e T g
THF-H,0 (9/1)

SMe
2 Eiz=1/99 7 607G 12h 12i 75%¢
(2.0 eq) EIZ = 4/96
1) (CF3C0),0
(3.0 eq)
Et3N (3.0 eq)
mCPBA CHF;  CH,Cl,
1.1e °
(11 eq) @:\; 0°C,0.5h mCHFz
CH,Cl, SMe 2) K,CO; (6.0 eq) S
0°Ctort, 1h o) DMA

4i 52%7 (79%)°
13i 82%° 0°C to 100 °C ol
EiZ = 4/96 1h

a|solated yield. ® '°F NMR yield (PhCF3).

Scheme 10 Synthesis of 2-(difluoromethyl)benzothio-
phene (4i).
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F720 (M) INVF T RFN)RY ) FFT = V3HDE
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HHRTEDLHT, BNFRES 2 5. FRARKE
(3. BaldwinHI TAF] & & b5-endo-trigBibic b
JATE, 223 ) 70+ X FNEBIO2-V 7 V40
AFNIEZGT BEFER Y TATFO— VO EE
LTCOEHATH L, 5HOEELELT, S5
DREFIZ LD EHE R B RO Gi~IE H 3]
frshals,

(CHF;)
CF3

(CHF ) ArB(OR)z
c
CI
Suzuk: Nu endo Y

—Miyaura Cyclization
HFO-1224yd(Z)

Coupling
(HFO-1233yd(2)) Nu = OH, SMe, NHTs

(CH Fz)

Y=0,S,NH (NTs)

n=0,1

Scheme 11 Synthesis of heterocycles with trifluoromethyl
or difluoromethyl group using commercially
available HFOs.

4. BRI

(2)-2-(2,3,3,3-F b5 70407 0/85-1-Z/-1-1JV)
71/-J (5a)

CF3
m
OH

5a

@2-ebFupFr7z=))Fa i (7a, 055 g 4.0
mmol). Pdy (dba)s (0.090 g, 0.098 mmol). XPhos
(0.15 g, 0. 30 mmol). x#AH Y24 (1.1 g, 8.0
mmol), 7+t Ku7F ¥ (THF, 30 mL). &
UK (4.0 mL) oREWIZ, HFO-1224yd(Z) (1. 1.34
MOTHF# . 6.0 mL. 80 mmol) ZMz. 60 CT
120 R L7z €D 1%, faflili b7 v =7 4K
W (40 mL) ZMA TR EEIEL. AmE Y
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IFNVIT—7)V (40 mL) CT2uimt L. Sbe-f
A2 Sl ik (40 mL) CPRE L. BEfE- LU
L THESRE U 20 IR T T2 Bk L 7otk fifkE &
VHTNHTGAIARNTTT 4 — (NFH /T
oo Xy =70/30~50/50) THE L., 5a (0.71 g.
IN86%) ZFEEOMIRY & L TH 72,

2-(MUZNFOXFIN)XRT 75 (3a)

o]

3a

1E&¥5a (021 g, 1.0 mmol) ®DMSO (30 mL) ¥
) YA ) 7 A (043 g, 20 mmol) ZNZ. 100
CCI0MFHEHIE L 720 2D, 5%EHEAK (30 mL) &
mzx s ztFEk Lz AW E Y= F vz —7
(30 mL) T3MHHH L. &b 7-AMtH%K (30 mL)
B X OfAIAEAK (30 mL) THEL. S ~Y
A THESR U720 WE N CHBIEE BRE L2t Mk E S
VATNATAIAR NTTT 4 — (R 5 V) T
BT, 3a (013 g. 68%) ZMELOMPRY L L T13720
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