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Introduction

Applications in pharmaceuticals

OEt

Estrone derivative Flavanone derivatives from Loratadine from Tolvaptan

Difluoromethylene (CF,) group at the benzylic position can dramatically improve
the metabolic stability and oral bioavailability of biologically active molecules.



Introduction

Conventional methodology

(1). Deoxyfluorination of a carbonyl moiety

Q FF
L+ sFoNED, _HFE
R "R, R R

Middleton, W. J. New Fluorinating Reagents. J. Org. Chem. 1975, 40, 574-578

Modest functional group compatibility

High cost
(2). Copper-mediated cross-couplings based on Ulimann reaction
|CF2002M6 + RX + Cu —_— RCF2C02Me

Taguchi, T.; Kitagawa, O.; Morikawa, T.; Nishiwaki, T.; Uehara, H.; Endo, H.; Kobayashi, Y.
Tetrahedron Lett. 1986, 27, 6103-6106.

Facilitate the reaction under mild condition Require excess copper
Limitation of substrate scope (activated hetero

or aryl electrophiles)



Introduction

(3). Classical copper-catalyzed cross-coupling

X  Si-CF,CO,Et

Si = SiMej, SiEt;
cross-coupling

Mechanism
Catalytic in copper
R3SI_CF2C02Et Cul
+ AF_CF2002Et
©

F
R3Si—F o)

+

S} Ar—I|
| C“%oa '

R R©/CF2C02E1: R
N Cu cat. KF = then

hydrolysis

©/CF2H
Ro
=

Fujikawa, K.; Fujioka, Y.; Kobayashi, A.; Amii, H. Org. Lett. 2011, 13, 5560-5563.

decarboxylation

Difluoroalkylated metal species are unstable

and prone to protonation, dimerization, and/or

generation of unknow byproducts
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Catalytic nucleophilic difluoroalkylation

COzMe
|
.
R-+ + BrCF,PO(OEt),
—
Mechanism
BICF,PO(OE!), be
. __CFPOOEY,
| RY
BZnCF ,PO(OEY), o \( ’
4 \
/ ~__DG
XaZn - CUCF,PO(OEL), R :j ;
A 7" “CuCF;PO(OE!),
/ |
; / I
0G N\ ~_DG
L )4 . J .
R? i' RT i MCF,PO(OE),

Zn(ll) salt: as a linker to attach both
catalyst and DG

DG: facilitate the oxidative addition of
copper to the Ar-l bond

Cul (0.1 eq.)

phen (0.2 eq.)

Zn (2.0 eq.)
dioxane, 60°C
24-48 h

COzMe
N CF,PO(OEt),
R

=

Feng, Z.; Chen, F.; Zhang, X. Org. Lett. 2012, 14, 1938-1941.

Aryldifluoromethylphosphonates (Ar-CF,PO(OEt),) can

exhibit significant bioactivity as protein phosphotyrosine

phosphatase (PTPase) inhibitors



Catalytic nucleophilic difluoroalkylation

Triazene-directed cross-coupling

dioxane, 60 °C

CuCN (10 mol % '
A~ N: O uCN (10 mol %) N- O E Me Me
2 N L1 (20 mol %) Z | N : 7 —
R + BrCFPO(OEY), ——————— R ! Me \ Me
I/Br Zn (3.0 equiv) CF,PO(OEt), : =N N /

L1
Me
CF,
‘ PA(OAC), (5 mol %) O Pd(OAC), (5 mol %) ‘
O BFy Et,0 @“:NN BFy- Et,O O
CF,POOEY,  4CFrCeHiB(OH), CF,PO(OEY), HS-Cona One CF,PO(OEY),
5% 97%

1) Mel, 100 °C

Pd(OAc); (10 mol %) 2) PACly(PPha), (10 mol %)

styrene, BF,- Et,0, BF3- Et,0 Cul (0.1 equiv), Et;N
TMS—=
pr T™MS
CF,PO(OEt), ©[CF2PO(OEt)2 CF,PO(OEt),
93% 83% 82% 2 steps

Feng, Z.; Xiao, Y.-L.; Zhang, X. Org. Chem. Front. 2014, 1, 113-116.

A diverse range of aryldifluoromethylphosphonates difficult
to synthesize by conventional methods were synthesized
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Catalytic electrophilic difluoroalkylation

(1) Palladium-catalyzed gem-difluoroallylation

Pd,(dba); (0.01-0.4 mol%) FF
>y BOM): A K,CO;3 (3.0 eq) AP NAOR
R |]/ + BrCF AR - R | ’

N ’ H,0 (0.48 eq.) R

dioxane, 80°C

aryl/alkenylboronic acids
and boronates Min, Q.-Q.; Yin, Z.; Feng, Z.; Guo, W.-H.; Zhang, X. Highly Selective gem-Difluoroallylation of Organoborons with
Bromodifluoromethylated Alkenes Catalyzed by Palladium. J. Am. Chem. Soc. 2014, 136, 1230-1233.

Substrates:
F_F F_F ON F_F F_F
| | |
t-Bu BnO
Ph
80% (10:1) 87% (28:1) 70% (13:1) 70% (13:1)

(a/y up to >37:1) : probably due to the strong electron-withdrawing effect of the CF2 group, which
strengthens the Pd-CF,R bond

10



Catalytic electrophilic difluoroalkylation

(2) Palladium-catalyzed gem-difluoropropargylation

Pd,(dba)sz (0.1-2.5 mol%)

FoF P(0-TOl); (0.6-15 mol%) FooF
ArB(OH), + Br>\ - Arx
R K2CO3 or CS2CO3 R
dioxane or toluene
80 °C, 24 h
Yu, Y.-B.; He, G.-Z.; Zhang, X . Angew. Chem., Int. Ed. 2014, 53, 10457-10461.
Mechanism ; F
BF>\R
PdLn(0)
%PdLn
L, F'd F n
Nu IIIF fl
LnPd—/F#R
Br

1 thermal stable

NuB(OR),

11



Differences between electrophilic and nucleophilic

a. Nucleophilic Difluoroalkylation

Zn © t.C
BICF,R = CF,R + Ar-X CaLEN
R = PO(OEt),
b. Electrophilic Difluoroalkylation
Ar-[B] cat. Pd

Y

®
BfCFzR — CFzR E or
R = Alkenyl, Alkynyl .

AI"CF:R

R1'CF2R

12
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Catalytic radical difluoroalkylation

(1) Palladium-catalyzed radical difluoroalkylation

Pd(PPhs), (5 mol%)

A: B(OH) CF,PO(OEY) 5
. AN 2 o AN 2 2
R@/ . BrCF,PO(OE), Xantphos (10 mol%) _ R—!(j : O O
= = \ 0]

K2CO3 (20 GQ)
dioxane, 80°C PPh, PPh,

Pd(PPh3), (5 mol%) Xantphos
mol7o 1

B(OH), 3/4 CF,R
\ 0 \

R@/ . BICF,R' Xantphos (10 mol%) -
= Cul (5 mol%) =

K2CO3 (20 GQ)

1 - 2R3
dioxane, 80°C R = COEL CONRR

Feng, Z.; Zhang, B.; Zhang, X. Angew. Chem., Int. Ed. 2014, 53, 1669-1673.

Proposed mechanism

BrCF,R Pd°Ln \g ArCF,R
BrPd'Ln + *CF,R ArPd"'LnCF,R
B A D

BrPd"LnCF,R ArB(OH),
c

14



Difluoroalkyl Radical Trapping Experiments

a. Radical Clock Experiments

CF,R
Pd(PPh3)s (5 mol %)

BICF,R  + Xantphos (10 mol %) O‘ R = PO(OEY),, 30%
r Ph PhB(OH),, K,COs R = COE, 51%

dioxane, 80 °C
Pd°L,, ‘ [

XPd'L,,

+ —_— . =

“CF,R % RF,C. A RF,C
Ph

b. EPR Studies

B(OH); Pd(PPh3)4 (5 mol %) Ph
+ 0 Xantphos (10 mol %) .
+  BICFRR + P INC : Rcm/kN’O
t-Bu K,CO3 (2.0 equiv) ! By
dioxane, 80 °C
PBN R = PO(OE),, CO,Et

15



Catalytic radical difluoroalkylation
B: cross-coupling of arylboron with BrCF,(Het)Ar

Pd(OAc), (5 mol%)

o PAd,(n-Bu)*HI (5mol%)
R—r + BrCF,(Het)Ar » R

(j/c Fo(Het)Ar
= K2003 (20 GQ) =

dioxane. 70-80 °C

[B] = B(OH),, Bpin, BF3K

Xiao, Y.-L.; Zhang, B.; Feng, Z.; Zhang, X. Org. Lett. 2014, 16, 4822-4825.
Gu, J.-W.; Guo, W.-H.; Zhang, X. Org. Chem. Front. 2015, 2, 38-41

C: catalytic carbonylation of difluoroalkyl bromides

B(OH), PdCI,(PPh3), (5 mol%) i

Xantphos (10 mol%) CF,R

R1—|H\t + BrCF,R + CO
i e/ 2
(1 atm)

N
> R'Het
Cu(hfac), (5 mol%) =

K3PO, (2.0 eq.)
3A MS, dioxane, 80°C

Zhao, H.-Y.; Feng, Z.; Luo, Z.; Zhang, X. Angew. Chem., Int. Ed. 2016, 55, 10401-10405.

Overcome the reluctant insertion of CO into the o bonds between fluoroalkyl groups and transition metals

Provide a new and efficient route for the preparation of fluoroalkylcarbonylated compounds 16



Catalytic radical difluoroalkylation

D: Heck-type reaction to prepare difluoroalkylated alkenes

R2 PdCl,(MeCN), (10 mol%)

Xantphos (20 mol%)
KzCO3 (20 eq)

3 3
R dioxane, 80 °C R
enable olefination of a wide range of
diﬂuoroalkyl bromides and perfluoroalkyl Feng, Z.; Min, Q.-Q.; Zhao, H.-Y.; Gu, J.-W.; Zhang, X. Angew. Chem., Int. Ed. 2015, 54, 1270-1274.

bromides
E: intramolecular C-H difluroalkylation from chlorodifluoroacetamides

[Pd,dbag] (2 mol%) R . | iPr MeO
Y O L6 (8 mol%) X .
RT = )]\ - RY P o "
N~ “CF,ClI K2CO3 (1.5 eq.) N | o)
R CPME, 120°C, 20 h R | PrCyP  “ome

L6

Shi, S.-L.; Buchwald, S. L. Angew. Chem., Int. Ed. 2015, 54, 1646-1650.

17



Catalytic radical difluoroalkylation

(2) Nickel-catalyzed radical difluoroalkylation

A:
Ni(NO3), 6H,0 (2.5-5.0 mol%)
X BOH): bpy (2.5-5.0 mol%) A CFR
R +  XCF,R ~ R
= X = Br, CI K2CO3 (2.0 eq.) =

R = CO,Et, CONR'R2, COAr, HetAr dioxane, 60-80 °C

Xiao, Y.-L.; Guo, W.-H.; He, G.-Z.; Pan, Q.; Zhang, X. Angew. Chem., Int. Ed. 2014, 53, 9909- 9913.

First example of a nickel-catalyzed cross coupling to access difluoroalkylated arenes

18



Catalytic radical difluoroalkylation

B: Cross-coupling using unactivated BrCF,-alkyl even BrCF,H and BrCFH,

NiCl,* DME (5-10 mol%)

it-Bu t-Bu
B(OH) L2 (5-10 mol) CF,Alkyl | — —
2 DMAP (20 mol? 2ATKYL
R het +  BrCF,Alkyl (20 mole) | R@/ N N
P K,CO4 (2.0 eq.) P ; N L N

triglyme, 80 °C

Xiao, Y.-L.; Min, Q.-Q.; Xu, C.; Wang, R.-W.; Zhang, X. Angew. Chem., Int. Ed. 2016, 55, 5837-5841.
An, L,; Xiao, Y.-L.; Zhang, S.; Zhang, X. Angew. Chem., Int. Ed. 2018, 57, 6921-6925.

NiBry(PPhj), (5 mol%) BroF,H  NiClz*DME (5-10 mol%)

bpy (10 mol%) Phen (5-10 mol%)

CF,H CH,F
n X 2 DMAP (5 mol%) or DMAP (10-20 mol%) R o ?
| - [
= ArB(OH), K CA(;B((;? ~
K,COs (4.0 eq.) BrCFH, 2005 (2.0 eq.)

THE, 80 °C, 17 h DME/dioxane, 70 °C

An, L.; Xiao, Y.-L.; Min, Q.-Q.; Zhang, X. Angew. Chem., Int. Ed. 2015, 54, 9079-9083.

Even gaseous BrCF,H and BrCFH, are competent coupling partners

19



Catalytic radical difluoroalkylation

ArCF,R [XNi'(Ln)] ArB(OH),
,?r
LnTli'"—CFzR [ArNi'(Ln)]
X
:CF3;R BrCF,R
+
ArNi"(Ln)Br

Proposed mechanism for Nickel-Catalyzed Cross-
coupling of aryboronic Acids with difluoroalkyl halides

20



Difluoroalkyl Radical Trapping Experiments

a. Radical Clock Experiment

NiCl; DME (5 mol %) R F

L2 (5 mol %) Ph
/\/\)4 DMAP (20 mol %)
PhB(OH),, K,CO3 O‘

triglyme, 80 °C

13%
b. Tandem Radical Cyclization/Cross-Coupling
NiCly*DME (5 mol %)

F
FE L2 (5 mol %) F
Z Br * iv)
Ph Ko,CO3 (2.0 equiv) Ph (0]

triglyme, 80 °C

96%
c. EPR Study

NiCly'DME (10 mol %)
o o i L2 (10 mol %) Ph
0, .
/\/\)< + PhTSN .,.O DVAT BAma%) PhWN'O
Ph Br If-Bu KoCO3 (2.0 equiv) £
dioxane, 80 °C t-Bu

\

21



Catalytic radical difluoroalkylation
C: Cross-coupling of (hetero)aryl chlorides/bromides with CICF,H

NiCl, (10-15 mol%)

L3 (5-10 mol%) . HoN NH>
- DMAP (20 mol%) 5 A = =
R-gHet +  CICF,H = RegHet | an N
MgCl, (4.0 eq.) | N N
X =ClorBr 2.0-6.0 eq. Zn (3.0 eq.) | L3

3A MS, DMA, 60°C

Xu, C.; Guo, W.-H.; He, X.; Guo, Y.-L.; Zhang, X.-Y.; Zhang, X. Nat. Commun. 2018, 9, 1170

Proposed mechanism

a. Radical-Cage Rebound Process b. Radical Chain Mechanism
Zn Y, [NiOJ\QAr-CI |\<Ar -Cl
[Ni'] [Ar-Ni'-CI] [Nl"] [Ar-Ni'C]]
CF,H
AI'-CFzH Zn 2
\( Path | )/‘ CICFzH J(_\Path II
[Ar-Ni"-CF,H] [Ar-Ni'] [Ni"] [Ar-Ni"'-CF,H]
\ /\ CICF,H
[Ar-Ni'-CI]
o+
"CF2H Ar-CF,H

start from the oxidative addition of the aryl chloride/bromide to [Ni°], and a radical-cage
rebound process and/or a radical chain mechanism are/is involved in the catalytic cycle 22



Catalytic radical difluoroalkylation

D: Nickel-Catalyzed Negishi Coupling of Bromodifluoroacetamide with Arylzinc Chlorides

0 0
NiCl, -DME (5 mol%) ﬁo. &%ﬁ
(@) 2 F F ! I \
- Ej/z”c' Fe_F ,\Q Ln (6 mol%) N NS \N N\g
N + Br>ﬂf > R4l DR
= I TMEDA (1.6 eq.) Re J 0§ + Ph . Ph
THF, 0°C ; n

Tarui, A.; Shinohara, S.; Sato, K.; Omote, M.; Ando, A. Org. Lett. 2016, 18, 1128-1131.

E: Cross-coupling of unactivated alkylzinc with gem-difluoropropargyl bromide

NiCl,(dppf) (2.5-5.0 mol%)

F F tpy (2.5-5.0 mol%)
Alkyl-ZnBr  + Br& g A'ky'x

R dioxane/DMA, 40 °C R

An, L.; Xu, C.; Zhang, X. Nat. Commun. 2017, 8, 1460

providing a general and straightforward method for site-
selective introduction of a CF, group into an aliphatic chain
23



Catalytic radical difluoroalkylation

F:

a. Concept for Chelating-Group-Assisted Ni-Catalyzed Tandem Reaction

1 _ 1 R!
. Y s VR od T
DG Ni]-Nu DG/ CFR DG, CF2R

" [Ni]-Nu " [Ni]-Nu

\

b. Representative Examples

Y NiCl, - DME (5-8 mol%) %
4,4'-diMeO-bpy (5-8 mol% j
ArB(OH), + XCF,R + O%Nj Py ( o) | O;<N
K K,CO3 (3.0-4.0 eq.) )\/
N dioxane or DME, 80 °C Ar CFoR
Y = CH2, 0]
c. Stereoconvergent Systhesis
HN  NH,
@ NiCl,* DME (5 mol%) Y L4
L4 (5 mol%) j
p-Ph-CgH4B(OH),  + CICF,COzEt + oW > O;<N
N dioxane, 80 °C ~ p-Ph-Ph CF,CO,Et
The first example of an enantioselective nickel- 60%, 18% ee

catalyzed three-component reaction though the
low ee.

Gu, J.-W.; Min, Q.-Q.; Yu, L.-C.; Zhang, X. Angew. Chem., Int. Ed. 2016, 55,34270—12274.




Outline

1. Introduction

2. Catalytic nucleophilic difluoroalkylation

3. Catalytic electrophilic difluoroalkylation

4. Catalytic radical difluoroalkylation

5. Catalytic difluoromethylation by metal-difluorocarbene coupling

6. Conclusion

25



Catalytic difluoromethylation by metal-difluorocarbene coupling

A: Palladium-Catalyzed Difluoromethylation of Arylboronic Acids with BrCF,CO,Et

PdCI,(PPhs), (5 mol%)
Xantphos (7.5 mol%)

B(OH), hydroquinone (2.0 eq. CF,H
R | + BrCF,CO,Et yared (20ea) R |
NN ||| Fe(acac)s, styene, K,CO3 NN
dioxane, 80 °C
:CF,
Both electron-rich and electron-deficient arylboronic Feng, Z.: Min, Q.-Q.: Zhang, X. Org. Lett. 2016, 18, 44-47.

acids undergo the difluoromethylation smoothly

Difluorocarbene Trapping Experiments

B(OH), PdCl,(PPh3) (5mol%) GFaH
X Xantphos (7.5 mol%)
X @ + BICF,00K  — phos ( o ),
N SH y roqumone( equw SCF2

K,COg3, dioxone, 80°C

not detected 14%

,%%’ CF,H CF,H CF,CF,H
hydroquinone (2.0 equiv)
(; BrCFaCOK K COs, dioxone, 80°C

Ph2P PPh2
\ not detected

||| Il = 20 mol% 47% 20%
Il = 50 mol% 16% 30%



Catalytic difluoromethylation by metal-difluorocarbene coupling

B: Palladium-Catalyzed Difluoromethylation of Arylboronic Acids with CICF,H

Pd,(dba); (2.5 mol%)
Xantphos (7.5 mol%)

N [B] CICF,H
FG—:@/ + 10 eq.
- {

[B] = B(OH),, Beg :CF,
Bneop KOH

hydroquinone (2.0 eq.) - CF2H
>~ FG—:Hg
K,CO3 (4.0 eq.)

dioxane, 110 °C

Feng, Z.; Min, Q.-Q.; Fu, X.-P.; An, L.; Zhang, X. Nat. Chem. 2017, 9, 918-923.

Proposed Mechanism of the Palladium-Catalyzed MeDiC Reaction

a
Difluorocarbene

Precursor
l Pd'(L, ArCF,H
CF, [Pd™(Ln)] rCF;
®
H
[(Ly)Pd"=CF,] [XPd'(L,)CFAr]

Ar-[B]&/

b
Difluorocarbene
Precursor
! Pa°(Lo)]
:CF, H ArCF,H
Ar-[B]
via [Pd=CF,]

[ArPd"(L,,)CF3H)

27



Catalytic difluoromethylation by metal-difluorocarbene coupling

C: Sequential C-H/C-CN Bond Borylation and Difluoromethylation

Bneop 1) KOH, MeOH/dioxane CF2H
2) Pd2(dba)3 (2.5 mol%)
Xantphos (7.5 mol%)

Ve Ve 1) cat. [Ir], By(pin), — Mo Mo hydroquinone (2.0 eguivl Ve Ve
0 2) NalO,4, NH4OAc, 0 CICF,H (10.0 equiv) 0
then Neopentyl glycol K2CO3 (3.0 equiv)
dioxane, 110 °C
Me NHBoc Me NHBoc Me NHBoc
N-Boc-Mexiletine 60% 76%

(Antiarrhythmics agent)

1) KOH, MeOH/dioxane

F CN F Bneop  2) Pd2(dba)3 (2.5 mol%) F CFoH
I)i Ij Xantphos (7.5 mol%) I;[
o Me cat. [Ru] 0 Me hydroquinone (2.0 equiv) o Me

Ba(neop), CICF,H (10.0 equiv)
K2CO03 (3.0 equiv)
0 o dioxane, 110 °C 0
(0] (0]
O\‘)J\O/\/\Me \HJ\O/\/\Me \‘)J\O/\/\Me
Me Me Me
Cyhalofop-butyl 82% 90%

(Herbicide)

Feng, Z.; Zhang, X. Acc. Chem. Res. 2018, 51, 2264-2278.

Allowed late-stage difluoromethylation, thus offering opportunaties for discovering

new medicinal agents
28
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Conclusion

Four modes of catalytic difluoroalkylation

a. Nucleophilic Difluoroalkylation

Zn © cat. C
BrCF,R CFR  + Ar-X — S . Ar—CFR
R = PO(OEY),
b. Electrophilic Difluoroalkylation
® AT-[B] Pd
BICF,R = CF,R  + e —catPd | rifBR
R = Alkenyl, Alkynyl Alkynes
c. Radical Difluoroalkylation
— ey cat. Pd/Ni
XCF,R == °CF,R + orAlkylZnBr ————=  R'-CF,R
R = n-system, alkyl, H or Alkenes
X =Br, Cl

d. Difluoromethylation by Metal-Difluorocarbene Coupling (MeDiC)

XCER N =—CE + Anp) 2 —CotPd
X =Br, Cl

Ar—CF,H
advantages over conventional methods: efficiency, functional group tolerance, structure diversity
The CF, group can be site-selectively introduced into organic molecules in a straightforward

and highly efficient manner under mild conditions

30



Thank you



0 H H

| | |
(CH)CCH — (00K ==, (CH)00—OSF.NE:,
16 I L
H H

v - . -

HC F | F

lar, basic poler, nonbasic lnonpolu

j:;::nt : \!olvent golvent
(CH,);CCHF,

H - I; }II 17
CHg'HC—‘J."—."CHls CH;—C—C—CH;

|
HC F HC F

18 19
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Intramolecular C-H difluroalkylation from chlorodifluoroacetamides

F
| Xy o 2 mol% [Pd,dbas] N F
// N)LCF N 8 mol% L6 | o
R )y 2 1.5 equiv K,CO3 // N
R CPME, 120°C,20h R R
! 2 RF Pd° -
@ﬁ;o NJS(CI
N reductive oxidative R FF
R elimination addition
MOM L/”’h

2a, 73%"’1 /::. 66% 2¢, 80% Pd FF ©\ o
MeO 0 I ] &Pdm
F F F
MeO UN F ero F N” "0 N
0 o} 0
MeO N N

=z

R F F

N \ /
MezNJ Meo\) P deprotonation @®H ¢ electrophilic

e

d, 66% 2e, 62% 2, 75% P‘itp palladation
UF N o
F EtzN R
o]
\eN Scheme 2. Proposed catalytic cycle (the ligand was omitted for clarity).
OMe
2g, 76% 2h, 68% 2i, 81%
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