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Activation of CICF,H in organic synthesis

(HCC|F2 + OH™ —_— Hzo + :CFZ + Cl_ \

ArO” + :CF, — > ArOCF,

ArOCF, + H,O0 — ArOCHF, +OH"~ )

Miller, T. G.; Thanassi, J. W. J. Org. Chem. 1966, 25, 2009.

Transition-metal-catalysed

F
F process

wH \%D -~ > CF,H
F\

F Cl




Preparation of difluoromethylarenes

O

CF,H
H SF4 or (R2N)8F3
>

hydrogen fluoride
explosive decomposition when heated

(a) Markovski, L. N.; Pahinnik, V. E.; Kirsanov, A. V. Synthesis 1973, 787,
(b) Middleton, W. J. J. Org. Chem. 1975, 40, 574.




Copper-catalyzed difluoromethylation

r p
1) Et3SiCF,CO5EtL
Cul (20 mol%)

I o _ CF5H
sF (1.2 equiv) .~
2) hydrolysis

3) decarboxylation at 18 examples
170 to 200 °C up to 89% yield
- y,
R3Si- CFZCOZEt ArCF,CO,Et
R3S| -F X
F F

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




Copper-mediated difluoromethylation

TMSCF,H (5.0 equiv)
Cul (1.0 equiv)

CsF (3.0 equiv)
-

NMP, 120 °C

~

14 examples
up to 90% vyield

Ry -CFH

3 examples

up to 91% vyield )

Fier, P. S.; Hartwig, J. F. J. Am. Chem. Soc. 2012, 134, 5524,
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Copper-mediated difluoromethylation

- \
CF,H
N I | X 2
: Ar
| Ar ) Cul (1.3 equiv) _X
= KF (3.0 equiv) 18 |
_ N . examples
X=CH, N BuzSnCF,H (2.0 equw)> up to 78% yield
or DMA, 100 to 120 °C
X =1 Br 8 examples

up to 85 % yield

Prakash, G. K. S.; Ganesh, S. K.; Jones, J.-P.; Kulkarni, A.; Masood, K.;
Swabeck, J. K.; Olah, G. A. Angew. Chem. Int. Ed. 2012, 51, 12090.




Palladium/silver catalyzed difluoromethylation

( N
Pd(dba),/DPPF

X [(SIPr)AGCI] (20 mol%)] CF,H
>
TMSCF,H (2.0 equiv)

] .
NaO'Bu (2.0 equiv) 29 examples

dioxane or toluene up to 96% yield
80 °C, 4-6 h
\. J
CFH
L-Ag-CF,H

Ln-Pd-Ar B TMSCF,H

E activation
ArCF,H
Ln-Pd(0)
c
ArX X

| -Ag-

L,-Pd-Ar L-Ag-X
D A

Gu, Y.; Leng, X.; Shen, Q. Nat. Commun. 2014, 5, 5405.
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Pd-catalyzed difluoromethylation

PdCl,(PPhs), (5 mol%)

B(OH)> Xantphos (7.5 mol%)] CF2H
+ BrCF,CO,Et >
hydroquinone (2.0 equiv)
Fe(acac)s; (3.5 mol%) 38 examples
styrene (20 mol%) up to 84% yield

K2CO3 (40 equiv)
dioxane, 80 °C, 24 h

Hypothesis reaction mechanism

oxidant + H
ArPd(L,)CF,CONu
1)
ArB(OH), (
CO + benzoquinone
OH ™

: I ArPd CF2H
i : BrPd(L,)CF2CONu
u-H = )
/\ A ArCF>H
[PA(O)Ln]

BrCF,CO,Et —» BrCFzCONu

Feng, Z.; Min, Q.-Q.; Zhang, X. Org. Lett. 2016, 18, 44.
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Mechanistic studies: cross-coupling of 1a with 2 or V

...................................................................................................................................

B(OH), CF5H
: standard reaction conditions
: a) + BrCF,CO,Et » BrCF,CO,K +
Ph Ph
1a (1.0 equiv) 2 (2.0 equiv) BrCF,CONu v 3a
B(OH), CF,H
: standard reaction conditions
: b) + BrCF,CO,K >

Ph Ph
1a (1.0 equiv) V (2.0 equiv)

...................................................................................................................................
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Mechanistic studies: roles of hydoquinone for reaction

.......................................................................................................................

CF,CO,Et CF,COK CFoH

standard reaction conditions
N/ -
+ 75 ’

.......................................................................................................................

.......................................................................................................................

with or without hydroqumomi BrGF,CO,K With hydroguinone, 55%5

i a) BrCF,CO,Et -
2 (1.0 equiv)  K,CO3(2.0 equiv), dioxane v without hydroquinone
(not detected)

80 °C, 45 min

b) BrCF,CO,Et K5CO3(2.0 equiv), d|oxane; BrCF,CO,K
2 (1.0 equiv) 80°C,5h V, 24%
B(OH). PACl,(PPhs), (5 mol%)
; Xantphos (7.5 mol%)
+ BICF,COK Fe(acac); (3.5 mol%) 35 with hydroquinone, 72%
©) styrene (20 mol%) W'th&lgtké}g;%?gg;one
: K2003 (40 equiv)
Ph dioxane, 80 °C, 24 h
1a \" with or without

hydroquinone (2.0 equiv)

.......................................................................................................................
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Mechanistic studies

PdCI,(PPh3), (5 mol%)
Xantphos (7.5 mol%) AN
X .
a) 1a . | BrCF,COxK (2.0 equw)= 3a N |
N/ SH hydroquinone (2.0 equiv) N/ SCF,H
K,CO3, dioxane, 80 °C
(1.0 equiv) (1.0 equiv) (not detected) 4l 14%
Pd(PPh3)4 (5 mol%)
' Xantphos (10 mol%)]
by 1a + BrCF,CO,Et hydroquinone (2.0 equw); 3a B(OH),
(1.0 equiv) 2 (1.0 equiv) Fe(acac); (3.5 mol%) 48%
K,CO3, dioxane, 80 °C
: Pd(PPh3)4 (5 mol%)
i c) 1a + BrCF,CO,Et Xantphos (10 mol%) 3a ! 1a
' —__J

hydroquinone (2.0 equiv) ~ (not detected)
K,CO3, dioxane, 80 °C
without Fe(acac); CF,H CF,CF,H CF,H

BrCF,CO5K (2.0 equiv)

:d) 1a  + > + +
0) hydroquinone (2.0 equiv)

5 Ph Ph

(1.0 equiv) 2 (1.0 equiv)

Ph,P—_~PPh, KzCOjs, dioxane, 80 °C

/Pd\
Ph I :
3a,47% 3a’, 20%(not detected) !

(1.0 equiv) VI, (20 mol%)

'
..............................................................................................................................................




Proposed reaction mechanism

BFCF2C02Et (2)
K,CO4
\
BFCF2C02K I
Pd(Ln) ArCF,H
Y )
:CF2
®
H
(L,)Pd"=CF, XPd'(L,)CFAr

() ()

ArB(OH)U
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Ni-catalyzed difluoromethylation

DMPU, dig| s
Y (DMPU),Zn

[ 2 ICF,H + ZnEt,

- 30°C, 94%

CF2H

CF,H

|

+ (DMPU),Zn"

LFH  Njccop),L

CF,H
Ph” :

Ncp,p  Solvent, 25°C
entry Ni(COD), (mol%) L (mol%) solvent yield (%)
1 15 dtbpy (15) DMSO 0
2 15 phen (15) DMSO 0
3 10 dppf (10) toluene trace
4 10 dppf (10) dioxane trace
5 10 dppf (10) DMPU trace
6 10 dppf (10) THF 10
7 10 dppf (10) MeCN 15

Xu, L.; Vicic, D. A. J. Am. Chem. Soc. 2016, 138, 2536.
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Ni-catalyzed difluoromethylation

entry Ni(COD), (mol%) L (mol%) solvent yield (%)
8 10 dppf (10) DMF 16
9 10 dppf (10) DMSO 51
10 15 dppf (15) DMSO 80
11 15 xantphos (15) DMSO 10

All of the reactions were run on a 0.1 mmol scale in 0.5 mL of solvent for 24
h; 1.2 equiv of [(DMPU),Zn(CF,H),] was used. The yields of ArCF,H were
determined by 1°F NMR analysis using a,a,a-trifluorotoluene as an internal
standard.
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Substrate scope: aryl and heteroaryl iodides

! CF,H
<CF2H  Ni(coD)(dppf) 2
+ (DMPU),Zn’ >
NcF,H  DMSO,25°C
3

1
< >—| Ph—< >— —< >— —< >—|
3a, 82% 3b, 80% 3¢, 81% 3d, 91%
o)
3e, 78% 3f, 81% 39, 61% 3h, 81%
|
X
Me |  Bu | MeO |
=
Cl N
3i, 10% 3j, 0% 3k, 28% 31, 82%
|
I = [ \§
OHC/O\ U s
3m, 78% 3n 60% 30, 51%
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Substrate Scope: aryl bromides and triflates

X
~CF2H - Ni(coD)(dppf) CFH
+ (DMPU),Zn >
“cF,H DMSO,25°C

Q

1
4a, 75% 4b, 85% 4c, 78% 4d, 79%
Br.
O
4e, 71% 4f, 0% 49, 71% 4h, 75% (di)
Br

Br B

s (Y T
S ) J )
N N

41, 65% 4j, 60% 4k 88% 41, 75%
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Pd-catalyzed difluoromethylation of arenes with CICF,H

Pd,(dba)s (2.5 mol%)

B(OH), Xantphos (7.5 mol%)] CF2H
+ C|CF2H
hydroquinone P1 (2.0 equiv)

1 (1.0 equiv) 2(10.0 equiv) ~ KeCOs (4.0 equiv) up to 95% yield
dioxane, 110 °C

(" )
OH
L
PPh, PPh, OH
L Xantphos P1 )
\_ J

Feng, Z.; Min, Q.-Q.; Fu, X.-P.; An, L.; Zhang, X. Nature Chem. 2017, doi:10.1038/nchem.2746.
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Optimization of arylboronic acid and esters

Pdy(dba)s (2.5 mol%)

B Xantphos (7.5 mol%)] CF2H
. CICF,H >
.. _hydroquinone P1 (2.0 equiv)
10.0
Ph 1 ( zeq“'v) K,COs (4.0 equiv) Ph .

dioxane, 110 °C

HO
e < - oL __O©O 0.-_0O < O
| B Ho—B K’ B BT 4 B
Y e M HOw ~p
B(OH), Bpin Bpin KOH Bneop Bneop KOH Beg
1a, 91% 1b, 5% 1c, 8% 1d, 49% 1e, 90% 1f, 95%

21



Substrate scope

CFoH  Ph CF,H CFoH
Ph Ph
3,91% 4,72% 5,50%
CFH MeO CF,H 0o CF,H
PhO MeO O
8,83% 9,82% 10, 65%

Me\©iCF2H /©/CF2H
Me BnO

6, 78% 7,91%
(Cf [ j%“
O(1-Naph)

11, 84% 74%

CF2H CF2H CF2H CF2 CF2

13, 62% 14, 82% 15, 80%

): 16, 77% (p): 18, 46%
(m) 17, 78% (m): 19, 55%

22



Substrate scope

CFH
N N o CFH CFH i
OHC— P NCI- _ \©/
o, 9 | 4
(p): 20, 55% (p): 22, 60% 25, 54%

TIPS
(m): 21, 50% (m): 23, 85% 24, 60% 26, 81%
CF,H
C/CFZH CF,H g ‘ CFoH 2
CFZH “
OH OO O Q Me
Me
27, 85% 28, 90% 29, 95% 30, 93% 31, 92%

CF,H

CF,H
@ o
X N CF,H | AN
N ©i j@/ 7
N S BnO~ N
Ts

= o
§§ § - 8’ 7731,0//(? 34, 72% 35, 85% 36, 89%
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Substrate scope

- CFH CF2H CF,H
CFyH
| X §

P4
(\N N P
o\) Me” N

37,60% 38, 50% 39, 65% 0, 58%
Me CFzH CF,H
F
Me”lln.,
Me
- NOF
YE, HO o
41, 92% 42, 74% 43, 70%
(from &-vitamin E, antioxidants) (from ezetimibe, antiatherosclerosics) (from estrone, hormone drug)
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Substrate scope

CF,H

Op CF,H
O

BocHN CO,Me

CF,H
‘i’g/‘/eo
o)

44, 50%
(from flavanone)

O CF,H
HF2C Me Me
Me Me 0)
O o O
O//:,,,. 0) Me
CO,Et \(
N Me 49, 90%; 72% gram-scale

47, 60% \ 48, 80% : .
. ’ o B . - . . (from clofibrate, against
(amino acid derivative) oc (from fenofibrate, against cardiovascular disease) cardiovascular disease)

45, 90% 46, 70%
(from glucose) (from tyrosine, amino acid)
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Substrate scope

CF,H
{ CF,H
0 =N |
Me
ITj/
Boc N
O)\OEt
50, 92% 51, 48%

(fluoxetine derivative,
antidepressive drug)

CF,H
NT
| /O
/
MeO N~ \\

(from loratadine,
antihistaminergic agent)

53, 72%
(from sulfadimethoxine,
antibacterial drug)

CF,H

CO,Et
MeO
52, 45%
(from indomentacin,
anti-inflammatory drug)
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Proposed reaction mechanism

CF,H

Base [Pd”(Lnn Ar
CICF,H —> :CF, Y

[XPd'(L,)CF A
[(Ln>P<:3”—CF21 A

Nucleophilic
addition

ArB(OH),

27



Mechanistic studies

.....................................................................................................................................

Ph Ph Ph

1a (1.0 equiv) CICF,H (10.0 equiv) 3, 30% 3a, 8%
Xantphos (7.5 mol%)
+ >
hydroquinone (2.0 equiv)

Pd
Ph™ I

0,
D (5 mol%) (not observed)

....................................................................................................................................

K,CO,, dioxane, 80 °C CF,H CF,CF,H
I (@) I
Ph,P~__PPh,
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Mechanistic studies

Ph
1a (1.0 equiv)

=+

N\

/N\ /N\

...........................

............................................................................................

CFo,H Ph
CF,yH
CICF,H (10.0 equiv)
Xantphos (7.5 mol%)
> + +
hydroquinone (2.0 equiv)
K,COg, di , 80 °C
23, dloxane Ph 3b Ph
%{_J
3,17% (not observed)

[PhPd(TMEDA)=CF,]*

............................................................................................
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Mechanistic studies

D CF,H/D
Pd,(dba); (2.5 equiv)
Xantphos (7.5 mol%)
+ CICF,H + >
K,CO3, dioxane, 110 °C
Ph oD Ph
1 3
entry reaction conditions yield (%), 3-H/3-D
1 B = B(OH),, CICF,H 57/22
2 B = Beg, CICF,H 40/27
3 No hydroquinone 1/-
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Summary

1) Et3SiCF,CO,Et, Cul (20 mol%), CsF

2) hydrolysis
3) decarboxylation at 170 to 200 °C

TMSCF,H, Cul (1.0 equiv), CsF

@ "BusSnCF,H , Cul (1.3 equiv), KF
y

Pd(dba),/DPPF/[(SIPr)AgCI] (20 mol%)]

CF,H

TMSCF,H (2.0 equiv), NaO'Bu, 80 °C

|CF,H/ZNnEt,/DMPU/Ni(COD)(dppf)
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Summary

B(OH),

BrCF,CO,Et, PdCl,(PPhs)./Xantphos

hydroquinone, Fe(acac)s, styrene
K,CO3, dioxane, 80 °C

CICF,H, Pd,(dba)s/Xantphos

hydroquinone, K,CO3, dioxane

CF,H
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The first paragraph

The wide application of fluorinated compounds in agrochemicals,
pharmaceuticals and materials science has triggered many efforts to
develop general and efficient methods for selective introduction of
fluorinated groups into organic molecules. Particularly owing to the unique
properties of CF,H, which can serve as a bioisostere of hydroxyl and thiol
groups, and also as a lipophilic hydrogen bond donor, the selective
introduction of this motif onto aromatic rings can remarkably improve their
metabolic stability, oral bioavailability and solubility compared with their
non-fluorinated counterparts. Thus, difluoromethylation has become a
useful strategy for the modification of biologically active compounds.
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The last paragraph

In summary, we have established that the palladium-catalysed
difluoromethylation of (hetero)arylboronic acids and esters with the
cheap and simple CICF,H can efficiently access a variety of
difluoromethylated aromatics and that the conditions are compatible
with a range of functional groups, including heteroarenes. The ability to
directly introduce a difluoromethyl group at metabolic positions of
pharmaceuticals provides good opportunities to use CICF,H for the
synthesis and development new medicinal agents. Preliminary
mechanistic studies reveal that a palladium difluorocarbene pathway is
involved in the reaction. Current efforts are devoted to elucidating the
detailed mechanism and to lower the loading amount of catalyst and
CICF,H.
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