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Tafluprost (ocular hypertension) Glecaprevir (anti-HCV) KAG-308 (Colitis treatment)
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Figure 1 (Color online) Biologically active molecules Wlth allylic difluoride moieties

(a) Synthetic approaches to E-allylic gem-difiuorides

Strategy A: radical addition of alkynes

3
R==R? + XCRR® —MOCU g OFR
2

R' = aryl; R? = H, aryl, akyl; X = Br, |

R-==—R? + XCFR® _M.Orfe.Co R1J\’/CF2R3
2
R' = aryl; R2 = H, COOH; X = B, | R

Strategy B: radical coupling of alkenes

hv, or Cu, Pd, Ni 2
= R/\/Cl >R

R1/\/R + XCFng
R = aryl; R, = H, COOH, Br, I; X = CO,Na, Br, B(OH),

(b) Photocatalytic £ to Z isomerizations of alkenes

2 R?
R
LR phtocatalyst, hv ’ N
Rl o R R3
= alkyl; R® = Ph, COOR, CN

(c) This work: Photo-isomerization to Z-allylic gem-difluorides

R R?
1
S -\ /-
R'g/\’@ () Ri% R=H, CO,Et
= R

Z-allylic gem-difluorides \/ 25 examples \/ easy handling \/

mild reaction conditions ‘/ large-scale preparation \/ easy handle ‘/

complete atom economy /" up to 0% yields 4/ 1h reaction time 4,/

B2 (MBI 6) UGS E %, () SR IRURTREL S MRS T %, (b) SIS A L. (o) ARSCIAE: Jofit
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Figure 2 (Color online) Synthetic methods for allylic gem-difluorides. (a) Synthetic approaches to E-allylic gem-difluorides. (b) Photocatalytic £ to Z

isomerizations of alkenes. (c) This work: Photo-isomerization to Z-allylic gem-difluorides
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F9 P2 i LA S A s P2 1 ), i
e mRAr L, =X 0719 AT Rt i g v g 06 235 1 g
5 PR P, BN SRR O XU T, — b A
BAGRUR IR SE R B Xa R TR, A LR R AR
SR LEPIR LD,

FH T [ R 250 B R R A W A AR s 2o 3 LT
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1 W M R e A (E— 2) B SSA AT R 1 S e,
K& E—ZICAE A4 iR HA 100% 1 PRI, 3T
AESRASE) TS & ECT(E2 (b)) B TAES R %
T DS pAERRmE . R RNk
B, S HETIRREE . L AL A W IR
E—ZSHAARI. SRT, & R Z-H 3L AL i A 1k
N RARE . A PO TR U S
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AL, PEREMEHR R TR — RURTI L . %4
WO TETs SRR, PRAEMEEE . APRIEA. 3R8E
S, I ELEERS T T — U IR & B
2 (FE2(c)).

1 9

L1 U SR

WG AEIR A « BRIE AN IGE R HIBrukert# 5 1L
A AR LRI (400 MHz, 8 ) F %5 F .
S IR (0K G S R R R 2 2 FLEAN O 57 4
AR GEAL TS A55, SE36 B ARG o 73 A at, ok
ZoH AR B, 20 I A BRESIR FH 23 Ar 4l 5.

1.2 S5k

(1) thBYE-1a~1qf—BA BT, 75T
50 mL W H A Cul(5 mol%), SR Hh2s I FH Ar il
H@EW). BEEMAZNE10mL). FLH 5 20 =1
(PMDETA, 7.5 mmol). sk 2% 45425 mmol) FI —
LR LTR(7.5 mmol). K S HIFEImA s P12 b,
ZIRR IR, WSS, IRA YL R 2 el

1k, 1350 74).

(i) EVE -1y — AT, RS
T, W55 (10 mmol) A F] T4 114950 mL iz v
A, SRIE TSI A2 mL 4 e (DCM), B 2%
P N —. 2 M = AL (DAST, 20 mmol). 7£40°CF
PFHRE A2 WG, BEMA10 mLRHIK. B4
2, JFHDCM(2x20 mL)$EHK)Z. RS HH,0
(2x20 mL)UEE A A HLZ, FEHTEKNa,SO, T4
IR R 48, IR A2 i A Z T o A3 2] 7= 4.

(iii) RATHFENE SR —RE PR, T8
T BN RN R 2. 186(2.0 mL) . StAfiifk
#2,4,5,6-POrRMEIE-1,3-28 i (4CzIPN, 0.0032 g,
0.002 mmol). SN IR (0.20 mmol). NaH-
CO4(0.0017 g, 0.02 mmol), K¢ W4 & 130 Witk (L n]
WIHCHRGT FHEFEL h, RS, K 0 s R 4,
ZHREENT o B AR R

2 RSN

2.1 JRBEERAEI K DA

PAZE SRS TN L AL E-1a e N BHRRE M) (= 4 A5 i
HET=53.5 kcal/mol), ¥R T 1] WA UER) — UG &
B W SR RN B LR 25 PR3 1), W12
JZ W AELA4CZIPN(ET=55.3 kcal/mol) Ay G4k,
PhCOOK M, PUEIKMEYE R, 7630 Wik 6] ot
TG T UEFT. R T, BELL68% I = AR S = —
UGN IALAYIZ-1a(R 1, 2B ). FHISLERM, JoOk
WREAETR, WA OB A (R, 2k H2). ARG
R, Z-1afl 7= R0 10%((K 1, 25 H3). AIABE, 2
NP R IE PR, 45 H4). IRAEHISCHEHE, Bl
AT UG HE A HL L b i iy o AT Dt 7
ISR A RIGEAT T k. 40 FINaHCOS/E A
Wf, Z-1ap=Ral LIiARN72%(%1, 2cHS5). HHELN.
K;PO,. KOAc. NH,HCO;. PhCOONaff Jyhiit, iz
A TR dHKHCO,. NaOAcH, W %
A —E$ETt; [ HNaOHE AR, %A 545 Hin
IR AH6~12). T, FA TR r 28 B i
IT7%5. R =LA R Mg v
(Eosin Y, ET=69.3 kcal/mol). —IkMtIE51LET (Ru
(bpy);Cl,, ET=46.5 kcal/mol). %¢J:Z (fluorescein)fE K
SEAEALRIET, R A &, MR ()-ZHE R BoRR
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Table 1 Study of reaction conditions

©\/ACFZCOOE’(

JCHGH, A, A

NS
CF,COOEt

BT, =W, N,
E-1a Z-1a
%8 AL % kil e (%)”
1 4CzIPN PhCOOK THF 68
29 4CzIPN PhCOOK THF N.D.
3 PhCOOK THF 10
4 4CZIPN THF 55
5 4CzIPN NaHCO; THF 72
6 4CzIPN Et;N THF 50
7 4CzIPN K;PO, THF 25
8 4CZIPN KOAc THF 47
9 4CzIPN NH,HCO,4 THF 52
10 4CzIPN PhCOONa THF 63
11 4CZIPN KHCO,4 THF 69
12 4CzIPN NaOH THF N.D.
13 Eosin Y NaHCO;, THF N.D.
14 Ru(bpy);Cl, NaHCO; THF N.D.
15 KNE NaHCO, THF N.D.
16 (-)-EHE NaHCO; THF 11
17 15 HH NaHCO; THF 24
18 o7 ] NaHCO; THF 18
19 Jac-Ir(ppy); NaHCO; THF 70
20 4CzIPN NaHCO, EtOAc 83
21 4CZIPN NaHCO, MeCN 76
22 4CzIPN NaHCO;, 1,4- 5N 76
23 4CzIPN NaHCO, FR 78
24 4CzIPN NaHCO, DMF 62
25 4CZIPN NaHCO, MeOH N.D.
267 4CzIPN NaHCO, EtOAc 83
279 4CzIPN NaHCO, EtOAc 82

a) I &5PF: E-1a(0.20 mmol). J¢fi#4K51(0.004 mmol). 58(0.40 mmol)FIIAF(2 mL), 1R SARS BN o, i FH30 W (4 LEDAT iR
TR, b) 8 FHEIMGRE R AR B TR0 'H NMR WG %, ¢) 3. d) 0.02 mmol NaHCOs. e) 0.002 mmol 4CzIPN. N.D. = &4 Wil 5|

WCRAS BRI =) (1, 4cH13~18). XAJRESEH K
SR 1 = A e 5 07 B TN B RUAe 1 =
LSHERANZERR, Ao R RS SE™. L
Ffac-Tr(ppy);-54CZIPNAE 241 5 b H EA AR [R] Aotk
EHEERL &H19). i), RATELE T ARSI 7
XSO SR R 45 M EtOACH, Z-1ay” 3R] L)
IRFN83%(F1, 55 H20). i fHIMeCN. 1,4- 4% 53, H
BB R 7 R TF4%~6%. B I DME AR fig

4766

PE— BRI BCR, T FHMeOHIFGIN, Sz i 34T
KR, 2 H21~25). B, XFas s FDeAEA R p
AT TR, YU A9 TR I £10.02 mmolit, 473
SRATLLLA83% ™ 545 31 H b=, i A7) fé) FH 2y ek
Do REUT RS BRCGR L, A H26, 27).
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JEYIAE FVEREAT T %58, e s T R s
SO BRI A YRS FPE(EI3). 2R3 A it
HLFHUR LIS, Rl HEHFRE T s, IR da =
R TR BURIE R SL(E-1b) . HUT FE(E-10) I
AE(E1)HF, AREEISE]T0% 63%F165% =R
(Z-1a~1d). FAHR. F. R RBURIENT K A5
WA K, HRRE LB R AT B Uk 7R 3 H bR =)
(Z-1e~1i). %SV BEAR b 3thid 1 LA 22 Foilt e 4
BIRY), IRRAL. MR, ANk, BEIE. A=
FH B (Z-1j~10). R0 & A BUR LM IR AL 2 i B
HRAE T, HRON =R A R (Z-1p). & 243
X — SR RIS, Y i R RE IR i A7 I F A5 31 H
Frren(Z-1q). B, T TR ARG
AW M. ORI RO R ORI X
FH 43 — UK TR R R LA o AR e A A A g 4 2 —
BRI (Z-1e~1¢). S350, ZIIRIR 32 5 B R0
(RISEIR, 22 R0 & A7 Wi T B SE I I R Re A 2 A=
MRV (Z-1v~1y). {EA—$E0E, 2R IR R P
AN A, PRI, SO S a4 A R E-1 (s X —

4CzIPN (2 mol%), NaHCO3

AL S P [l F-UCGE i % N A T A Z-1
OB R NI ). (B ST 4 3k(2)-2,2- 3R
+ -3 IR T MR AR A AL BN, $R R YIS
PR A IFAIEHI T RR W 4 .

J35h, BRI RS YIAL, R
B R BEE T R AOR LRI B MM E— 25441k
(El4). RARH . SRR SRR Y R
BT OO SRR, LA R AU Al S A
A1), /18 SR SRR 28 ELAT T R AR 2 H 9 L

2.3 R HIRESE

R, N T 50 UE 2 i N A il R Z- R
WAL S P S, TFRE T e RV (E15(a)).
M3 g E-1afERIRYIN, SO A RERS 4 2515 2
0.88 g Z-1a, J3ES=FNT8Y%. 121 I Y 1l Sz i 1
P UG N 3 S i R il A AT X it
T AT TIRSE, 0 W) Z-1afe fEmd
FAE T KA AR — e SR R3, A NaBH,7£
N RN TR, AR, B

RZ
> x_CFR
R\4— |
X
EA1
Difluoroacetates:
XN X
CF,COOEt CF,COOEt

Z-1a, 83% Z-1b, 70%

CF,COOEt CF,COOEt CF,COOEt CF,COOEt
cl 2 Br 2 NC 2 (HO),B 2

Z-1h, 87% Z-1i, 86%

Z-1m, 74% Z-1n, 73%
Difluoroprop-1-enes:
S RS

CFyH CFyH
Z-1r, 90% Z-1s, 90%
Ny S

al szH o mFZH

Z-1v, 84% Z-1w, 82%

Bl 3 (RIZ8 AR ) I s R TR AL 5 s T

Figure 3 (Color online) Substrate scope of trans allylic gem-difluorides

EtOAc, Blue LEDs, r.t., Ny

Z-1c¢, 63%

Z-1j, 80%

CF,COOEt CF,COOEt
NieB6E CFaCOOEt 2 F\C 2 CF,COOEt

R2
= X
R |
N CFR
71

m /@/\‘ F©/\’
CF,COOEt F,COOE CF,COOEt
‘Bu 2 MeO 520t

para F, Z-1e, 79%
meta F, Z-1f, 83%
ortho F,Z-1g, 85%

NO,
X
CF,COOEt

Z-1d, 65%

Z-1K, 82%

711, 85%
IS
N__~  CF,COOEt
Z-10, 78% Z-1p, 55% Z1q, 72%
o o
CFH
MeO 2 F Chah
Z-1t, 83% Z-1u, 79%
O/\ /@/\
CF,H CFoH
ON 2 FaC 2
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4CzIPN (2 mol%), NaHCO3
EtOAc, Blue LEDs, r.t., Ny

T
O~ "OMe

Z-2a, 88% yield Z-2b, 81% yield Z-2c, 73% yield

B 4 SR CImAT A e R 2R i

Figure 4 Substrate scope of trans-styrenes
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(a) Kinetic experiments

1004 ©0AA A A A A a A
L L] L] L]
80 . =
g Y«
§ % = (21
3 ° (E)1a
2 o A (E)1a+(2)1a
€
o °
(8] [ ]
°
201 ° o o o °
04 =
o 20 4 6 8 100 1
Time (min)

(c) Quenching effect at concentrations

Intensity (a.u.)

T T T T T T 1
400 450 $00 550 600 650 700 750
Wavelength (nm)

(a) Gram-scale reaction

(j\A 4CzIPN (2 mol%), NaHCO3
> CF,COOEt

EtOAc, Blue LEDs, r.t., N,

s
CF,COOEt

Z-1a (0.88g, 78% yield)

(b) Reaction applications
LiOH S
[r—
THF/H,0, r.t. CF,COOH

E-1a (1.13g, 5 mmol)

N 3, 83% yield
mFZCOOEt T
. | NaBH, ©/\
MeOH, rt. CF,CHZ0H
4, 87% yield

Bl 5 SN HBEIE. (a) SR (b) S
Figure S Apphcatlon of the reaction. (a) Gram scale reaction; (b)
reaction applications

B EDRACFA R A AR, 7E10 mingh A 67%544k
R SN Y Z-1a. 7E40 min/5 AT A
tb, RREAFEHRRAS. EFZME R TN LA &
ARSI R, E-1af i KIS K 4259 nm, 5Z-

(b) UV absorption spectra

244
——E-lac=0.12mM
———Zelac = 0.12mM
204 4CzIPN ¢ = 0.04 mM

Absorbance [a.u.]

250 300 350 400 450

A [nm]

(d) Stern-Volmer plot

= Z-la

® Ela o
y = 0.7144x + 0.7962

¥ = 0.0657x + 09997

T T T T

T
0 1 2 3 4

Concentration (1.0x10°* mol/L)

Bl 6 (MR 0) W HLEATST. (a) 311127525 (b) SAMBIOGIE; (¢) W EK 325 (d) Stern-Volmer[&]

Figure 6 (Color online) Study of the reaction mechanism. (a) Kinetic experiments; (b) UV absorption spectra; (c) quenching effect at concentrations;

(d) Stern-Volmer plot
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SR ERA, HAT Zemcnics A PRS2 Z-1ak BB E
JRE-Ta. P =228 =LA R R B (k) B, 1
ATFENZ-1al) SOn; B o 2R3, DA A5 21 =CAs 72 =
YiZ-1a.

3 45
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Figure 7 (Color online) Proposed reaction mechanism
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Due to the unique properties of fluorine atoms, fluorinated organic compounds play significant roles in pharmaceuticals,
pesticides, materials, fine chemicals, and other fields. About 25% of pharmaceuticals and 30% of pesticide molecules
contain at least one fluorine atom. The fluorine atom has high electronegativity and a small atomic radius and is considered
a bioisostere of the hydroxyl functional group in medicinal chemistry. Moreover, introducing fluorine atoms can
significantly change lead compound’s solubility, hydrophobicity, metabolic stability, and bioavailability. Introducing a
difluoroallyl group is essential for drug molecules, and the difluoroallyl compounds can be used as important intermediates
in synthesizing other fluorinated compounds. Therefore, the synthesis method of difluoroallyl compounds has attracted
extensive attention from the synthetic community. The radical coupling reaction of reactive olefins with halogenated
difluoroalkanes was developed to synthesize difluoroallyl compounds. However, the current synthesis methods always
afforded (E)-allyl difluoride as a main product.

The cis and trans olefins exhibit different physical and chemical properties and demonstrate different biological
activities. Most of the synthesis methods of olefins mainly give the thermodynamic more stable trans olefins. Under heating
conditions, trans olefins can be converted to cis olefins. In addition, trans and cis olefin mixtures are often challenging to
be separated by column chromatography. Therefore, the highly selective synthesis of cis olefins is of great significance.
Because the selective synthesis of thermodynamically unstable cis olefins is challenging, the conversion method from trans
olefins to cis olefins has attracted much attention, which has a 100% atomic utilization rate and has been well developed in
recent years. The transformation of geometric cis/trans isomerization of olefins is deeply embedded in organic
photochemistry’s historical background and is currently experiencing renewed interest. However, the stereospecific Z/E
isomerization of difluoroallyl compounds remains underdeveloped; thus, the selective £—Z photochemical isomerization
for synthesizing (Z)-allyl difluoride exemplifies this growing trend.

During our study of the fluoroalkyl compound’s synthesis method, we disclosed the effective activation of (E)-
difluoroallyl compounds with 4CzIPN as an organic photocatalyst under visible light irradiation and selectively obtained
(Z)-difluoroallyl compounds. With the optimal reaction conditions in hand, we investigated the applicability of the
substrates in the current reaction. By using aromatics that contain an electron-donor substituent, the yield of cis olefin
decreases with the increase of electron-donating abilities of substituents. The substrates containing substituents such as
fluorine, chlorine, and bromine had little effect on the reaction outcomes. The present reaction can be well applied to
various substrates with other electron-withdrawing phenyl substrates. Substrates containing substituents at the benzyl
position are also suitable for the current reaction, but the reaction yield is reduced. When a substrate containing a
heterocycle is used, the current reaction can proceed smoothly, and the desired product can be obtained. It is worth noting
that there are no side reactions in the reaction. Therefore, the remaining (£)-difluorallyl compounds can be recovered and
converted into (Z)-difluorallyl compounds again through this reaction.

The developed photochemical reaction system can also suit the E—Z isomerization of trans-styrene compounds. Trans-
phenylpropylene, frans-cinnamyl alcohol, and frans-cinnamate methyl ester all underwent present photocatalytic
isomerization reactions, converted into corresponding cis products in good yields, demonstrating the broad application
range of the current reaction. Also, the gram-scale reaction was carried out with a 78% yield, indicating that the current
reaction is suitable for preparing (Z)-difluoroallyl compounds on a large scale. Further, the derivatization of cis products
successfully gives the corresponding difluoroalkyl carboxylic acid and difluoroalkyl alcohol.

In conclusion, a visible light-promoted photocatalytic method was established to obtain (Z)-difluorallyl compounds from
(E)-difluorallyl compounds selectively. 4CzIPN catalyzes this method as an organic photocatalyst suitable for the £E—Z
isomerization of various trans-difluoroallyl compounds and frans-styrene derivatives. This preparation method does not
require a metal catalyst, is easy to operate, is mild and environmentally friendly, and could be used to prepare (2)-
difluoroallyl compounds on a large scale.

photocatalytic, isomerization, difluoroallyl, 4CzIPN
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