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Introduction

Applications in pharmaceuticals

OEt

Estrone derivative Flavanone derivatives from Loratadine from Tolvaptan

Di puor omgQFh group a the benzylic position can dramatically improve
the metabolic stability and oral bioavailability of biologically active molecules.



Introduction

Conventional methodology
(1).De o x y p u o ofia caghonyl moiety

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

Middleton, W. J. New Fluorinating Reagents. J. Org. Chem. 1975,40, 5741578

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, 610371 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,

decarboxylation

5560715563

Difluoroalkylated metal species are unstable

and prone to protonation, dimerization, and/or

generation of unknow byproducts
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Catalytic nucleophilic difluoroalkylation

COQMG cul (O 1 ) COzMe
ul (0.1 eq.
X I phen (0.2 eq.) X CF2PO(OED,
R +  BrCF,PO(OEY), - R
= Zn (2.0 eq.) =
dioxane, 60°C
24-48 h
Feng, Z.; Chen, F.; Zhang, X. Org. Lett. 2012, 14, 193811941.
Mechanism
BrCF,PO(OEY); DG
lZn Ny L__CF;POOEY,
BrZnCF,PO(OEY), O - . - -
\ ( Aryl di puor omet hyA mpikFROBB))can ¢
/ o exhi t signiycan photgphotyrasine |
Xa2Zn - CuCF ;PO(OE), RT ) o
H\ J o, phosphatase (PTPase) inhibitors
L N | ' .Ri—\ l MCF;PO(OEt)z
J ZN)

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

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



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, 1137111

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
P B(OH), j&\/ K,CO3 (3.0 eq.) P Z R
R |T v prory” N2 - R | ?

o 2 e
o H,0 (0.48 eq.) Ne” Ry

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, 123011233.

Substrates:
Fe _F F _F O.N Fe _F Fe _F
| | |
t-Bu BnO

Ph

80% (10:1) 87% (28:1) 70% (13:1) 70% (13:1)
( U/ 2 up tpmbablBdie tdthe strongelectron-wi t hdr awi ng e ect of

strengt hensRBbohlde Pdi1 CF

10

t



Catalytic electrophilic difluoroalkylation

(2) Palladium-catalyzed gem-difluoropropargylation
Pd,(dba)sz (0.1-2.5 mol%)
Fe_F

FeF P(0-TOl)3 (0.6-15 mol%)
ArB(OH), + Br>\ i Ar>\
Ko,CO3 or Cs,CO;

R

R
dioxane or toluene

80 °C, 24 h

Yu, Y.-B.; He, G.-Z.; Zhang, X . Angew. Chem., Int. Ed. 2014,53, 1045771 10

Mechanism FF .

Br\

R
PdLn(0) %
R

F /L\llvdLn
F \]/" Br
ancll—%R F l

F

N m {

Lr:;fd—/':?R

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, 166971 1

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, 4 8
Gu, J.-W,; Guo, W.-H.; Zhang, X. Org. Chem. Front. 2015, 2, 3 81

C: catalytic carbonylation of d i p u o r booemidds y |

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

X Xantphos (10 mol%) X F.R
R'iHet| + BrCF,R + CO > R'Het CF,
= (1 atm) Cu(hfac), (5 mol%) =
K3POy4 (2.0 eq.)
3A MS, dioxane, 80°C
Zhao, H.-Y.; Feng, Z.; Luo, Z.; Zhang, X. Angew. Chem., Int. Ed. 2016, 55, 104011710
Overcome the reluctant i nsertion of CO into the

Provide a new and e ci entpuroowtad kfyd rccamgbuendsp/rl é@d erda



Catalytic radical difluoroalkylation

D: Heck-type reaction to prepare difluoroalkylated alkenes

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

Xantphos (20 mol%)
R1J\ + BrCFzR - R1J§/CF2R
R3 KzCO3 (20 eq)

dioxane, 80 °C

enable ol ey n aft & evide range of
di p uor IOIGITiIdksyalnd per p uor o aFdng,k.;Mn,IQ.-Q.;Zhao, H.-Y.; Gu, J.-W.; Zhang, X. Angew. Chem., Int. Ed. 2015,54, 12707
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, 16461 16!

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, 99091

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, 58371
An, L.; Xiao, Y.-L.; Zhang, S.; Zhang, X. Angew. Chem., Int. Ed. 2018, 57, 692116925,

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, 90791

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 arefis involved in the catalytic cycle 22



Catalytic radical difluoroalkylation

D: Nickel-Catalyzed Negishi CouplingofBr o mo di p u or withdmlzing Ghloddes

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, 112811

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. Chelating-group-assisted nickel-catalyzed radical tandem reaction

The first example of an enantioselective nickel-
catalyzed three-component reaction though the

low ee Gu, J.-W.; Min, Q.-Q.; Yu, L.-C.; Zhang, X. Angew. Chem., Int. Ed. 2016, 55,241 2270711



