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Background:

»Commercially Available Pharmaceuticals

N HO N CH,),0M
° N\ H ’N\ (CH),OMe
H \ (o)
3
2
N” CF, /©/ o] F,C HOZC COH
¢F, FsC

Prozac (antidepressent) Lariam (antimalarials) Arava (immunomodulatory) Luvox (antidepressant) Casodex (anticancer)
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0/\ N% 0// R\N/\l HN CF;
FsC N\/l NH O,N )\ |
o N 0PN

CF;

F
Emend (antiemetic)

Naturetin (antihypertensive)

S. Roy Tetrahedron 2011, 27, 2161-2195.
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2HCI

Celebrex (antiinflammatory)

Cl \G/CONHMe
F3C:[ :\ /i : TsOH

Nexavar (anticancer)

(7
HO o OH

Prolixin (R = -(CH,),0H, antipsychotic)

Stelazine (R = -CHs, antipsychotic) Eulexin (anticancer) Viroptic (antiviral)

CF;

H
Cl /N “‘Me
O‘ FiC (A
(CH);N("Bu), OO
Cl OH

Halfan (antimalatial) Sensipar (calcimimetic)



Background:

» Trifluoromethyl Sources

nucleophilic
reagents

electrophilic
reagents

radical
reagents

CICF,CO,Me
CeF sl FSO,CF,CO,Me
TMSCF;, Ruppert  FSO,(CF,),0CF,CO,Me
TESCF3 CF,Br,, CF,Cl, , CF,BrCl
Hg(CF), Zn(CF,)Br.2DMF
CF,CO,Me
CF
el (I:F3 X
s
R1_ 0 +
R- -R
R, R2
R1=H, R2=Me X= BF4, oTf
R4=H, R,=0, Togni
R1=H, R2=CF3
R1=p-Me, R2=CF3
NO
F2C—S0,X |
/N\
F,C”~ “SO,Ph
X=Na, Langlois
X=K Umemoto

X=(NH3),

or R
F3C—?—OR
OR
R= Me, Bn, CH,CH,0OMe
2-methyltetrahydrofuran
Gooben

X = BF,, OTf

CF;S0,CI

R=H,Y=S, Umemoto

Y=Se
Y=Te
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SpC-H -
Copper-Mediated Oxidative Trifluoromethylation of Terminal Alkynes

CF; Reagent -
R————H - R—=—==CF;
N_. | CF3; Reagent N
(N/Cu -l g (NZCu'-CF3

Cul (1.0 eq), phen (1.0 eq)
5.0 eq. KF (5.0 eq), DMF, air, 100 °C

Ph—=——CF,
2a
0,

CF

decomposition N
~Cu'-X

) e
A

KF o
CF,TMS —> CF;

N .
ol @
CE:CU"CFs {C u\ K
B Ph
X\/ ¢
Ph—=—=—H

F.-L. Qing J. Am. Chem. Soc. 2010, 132, 7262-7263.
F.-L. Qing Org. Lett., 2012, 14, 94-97.
F.-L. Qing J. Org. Chem. 2012, 77, 1251—1257.



SpC-H :
Copper-Mediated Oxidative Trifluoromethylation of Terminal Alkynes

Cul (20 mol%)

addition by syringe pump
g . phen (20 mol%)
( > o Me;SiCF 3 > < >—= CF3
a) S— + z
(5.0 equiv) KF (5.0 equiv)
il DMF, 100°C, air 2a,13% yield

under the reaction conditions described in ref. 8a

In one portion

addition by syringe pump

addition by syringe pump ﬂ
{4 Me3SiCF, Cul (20 mol%)
(3.0 equiv) phen (20 mol%)
b) = I % > @%CF3
Me3SiCF4 KF (5.0 equiv)
2a, 79% yield

(2.0 equiv) DMF, 100°C, air

1a H

In one portion

Cul (2.0 eq), phen (2.0 eq)

R/
- ¢ Y—=cF,

R
— H + TMSCF3
2.0 eq. ‘BuOK (2.0 eq), Ag,CO; (2.0 eq)

DMF, N, r.t.

F.-L. Qing J. Org. Chem. 2012, 77, 1251—-1257.
F.-L. Qing Eur. J. Org. Chem. 2012, 58-61.
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Sp? C-H Trifluoromethylation

CF; Reagent

R/\/ > R/\/\CF;,,
A H CF; Reagent X CF3
R--1 > R--!
" F Z




Sp2C-H ():
Copper-Catalyzed Trifluoromethylation of Terminal Alkenes

»Electrophilic Trifluoromethylating

F3C—I_ O
[(MeCN),Cu]PFg (15 mol%)

MeOH, 0°C to R.T., 24 h

F,C—l—O0
CuCl (10 mol%) .
RS+ o > RTXNcF,
MeOH
O CuTec (20 mol%) /I \ o N
Ligand (2.0 eq) S
R/\/ + O . BE - = RMCF3 N | _
S 4 DMAc, 40°C N
CF; Tc Ligand

S. L. Buchwald Angew. Chem. Int. Ed. 2011, 50, 9120-912.
J.-B. Wang J. Am. Chem. Soc. 2011, 133, 16410-16413. 10
L. Liu J. Am. Chem. Soc. 2011, 133, 15300-15303. 3



Sp?C-H ):

Copper-Catalyzed Trifluoromethylation of Terminal Alkenes

»Mechanistic Rationale of Wang’s

GFs
FiC—I—0 I OCu(lnC
o cu(liCl R o
pathc
2¢ C
Cu(l)Cl Ry —
] e \T/\
H 1
~
F:C0  Ocu(lel | ocu(lc path ¢
@SET Cu(i)Cl “—#’u@/g
R I}CICF;,,
path b 1A E
(:uul}f:lr::F3 h
path ¢
R..~~__CF
"“"’:‘” ] SET path a
CICF3
path a, ¢

J.-B. Wang J. Am. Chem. Soc. 2011, 133, 16410-16413.

11



Sp?C-H ):

Copper-Catalyzed Trifluoromethylation of Terminal Alkenes

»Proposed mechanism and corresponding theoretical calculations of Liu’s

b AGpgex (kealmol)

— ' __‘H,mg
INO

' Dng
3 B
M .
L —
ING
S15.3
.Gu.OTr
Fals OTs

F:,C—Cu-L / ngs
b FEC.—Eu—D
nt
L= -ll-c ® R TEU
M -~ T81b
F]E_?H_L +358 Tstaiso J,.- g
“‘\R | . 3215 '::r_.'.;f} F!E C’u—ﬂ
— < T81a) i
K ”2 = S K . |
a4 PR \_\H‘ms
i3
: +14.6 .
on SN —_— ® Heck-like
Tc—l!‘.u—L mfg -
2a CFy N s four-membered-ring TS
—— FiC—Cu—0
TI:"CIJ_L +5.2 _

—45.1

13
~ 473 F:’,;JW‘:’TE da
F3¢WOT

Reaction coordinate (B3PBG/CPCM, basis set = SDD for Cu and 6-311+G(2d,p) for ther other atoms)

L. LiuJ. Am. Chem. Soc. 2011, 133, 15300-15303.
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Sp?C-H ):

Copper-Catalyzed Trifluoromethylation of Terminal Alkenes

»Nucleophilic Trifluoromethylating

CuTc (30 mol%), Phl(OAc), (2.0 eq)

R-\F + CF;SiMe;

K,CO3 (4.0 eq), NMP, 80°C

cat. CuTc

PhI(OA
RM\\ (OAC), . R/A\Vf’.i‘\:_\
SET A

RM\\/CFS -

F.-L. Qing Org. Lett., 2012, 14, 2106-2109.

(" CF

4h.

> XA Ncr,

R/“\/I\/CFS

B

cat. CuTc
SET Phl(OAc)

RM\/CFQ,

Cc

13



Sp2C-H ():

Palladium-Catalyzed Oxidative Trifluoromethylation of Activated Alkenes

cat. Pd(OAc),, Ligand
cat. Yb(OTf);

R3 - CF3

PhI(OAc), (2.0 eq)
CsF, EtOAc, r.t.

R3
1._1 N
R + TMSCF;
NI
R2

\ 3
> R'- o]
Z~N

1 il \
i

ESI-MS Signals
[1-OAc] (m/z): 435
[V-OAc] (m/z): 678
[V-CFy] (m/z): 668 \

G.-S. Liu J. Am. Chem. Soc. 2012, 134, 878—881.

L:

57

14




Sp2C-H (1);

Rhodium-Catalyzed Trifluoromethxlation of a, p -Unsaturated Ketones

o o

CE.| )]\/ Et,Zn, RhCI(PPh;);
3 + R /\R, o R R'

THF CF,

U] Um

R{ﬁ . )\J\r\

(1 )
R, [LnRh—H LnRh—X
10
/(“Etzzn
= |
CHz=CH; LnRh&CHQCHg
9 Et—ZnX

15
I. Kumadaki Org. Lett. 2004, 6, 4359-4361.



Sp2 C-H Trifluoromethylation (11)

CF
CF; Reagent A 3
I
» R--;
y
o NHMe o \ cl CONHMe P
o o = o SO,Me
X A .
F3C FaC N FsC N” N Z H
H H H FsC cl NO,
Fluoxetin Flutamid Sorafenib Fomesafen

Cl
NO, H FsC ) F3¢‘<\j§*"“ NO,
N N
O,N

Cl

CF;

Casodex Trifluralin Trifloxystrobin Fluazinam

NHMe

NZ
I
FsC N
CF, cl
‘ o
CoH

ZLI1-2857 Norflurazon

16



Sp?C-H d1):
Silver-Mediated Trifluoromethylation of Arenes

o AN AgOTf (4.0 eq.), KF (4.0 eq.) o CF
. _J + TMSCF, » R.I
DCE, N,, 80°C, 24 h P2
(5~20 equiv)

TMSCF, as a precursor to radical arene
trifluoromethylation

TMSCF,
AgX
-TMSX
F;C H
-Ag° . PhH
AgCF; — 9 CF3 —0  — 3 —_—
.Ag

excess of requwed aromatic compound
a low regioselectivity

M. S. Sanford Org. Lett. 2011, 13, 5464-5467. 17



Sp2C-H 1):
Silver-Mediated Ortho-Trifluoromethylation of Functionalized Aromatic Triazenes

PN A §
N ¢ N
N N
N’ N

AgCF3 NH;
CF =
[ up to 74% [ ] R'T
R I R ] o
= = N
R=1,Br, Cl, F, CN, I
OMe, COOEt Hal T
= =
RS- P 5 5 R1-:" P
R‘ITJ'R R
w0 oy T
N N =
R+ - R ——- R1--
= = =
R / \
- Ny
| = =
RS OH R+
- =
RS
R
e

P. S. Bré&e Angew. Chem. Int. Ed. 2012, 51, 3713-3715. 18



Sp? C-H Trifluoromethylation (11)

19



Sp2C-H 1):

Rhenium-Catalyzed Trifluoromethylation of Arenes and Heteroarenes

»using MTO as catalyst

F,C—I—O
AN Re (5 -10%)
O + | —R 0
7 —R
1 CHCI3 70 °C
1.0 equiv. 1.5 equiv.
CF; FsC—-1—0O
X o)
| =R Slow 1 Fac |—o Re 0
Z (H") o o

Fscqf ---OH
Taoe o

5
H CF; lon-pair %'l\ i
9 o]
8 collapse R T 0
) . Oi
Fac\)_ 0
I
Fast ) »)
x (CF5) . ‘r_’f:‘% 0 SET
| —R O (H) O---Re.
P 7 <1170
0

A. Togni ACS Catal. 2012, 2, 521-527.
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Sp2 C-H Trifluoromethylation (11)

S AgOTf(4.0 eq. ), KF(4.0 eq. ) o CF
R- -:. + TMSCF; > R
Z DCE, N,, 80°C, 24 h =

(5~20 equiv)
e
- N Rhenium catalyst N
R-:- + o R-I-
I > |
F =
(o)

AN H CF3; Reagent A CFs3
R--1 e R--:
Z Selectivity F

21



Sp?C-H d1):
Palladium-Catalyzed ortho-Trifluoromethylation of Arenes

Pd(OAc), (10 mol%)

N Heterocycle Cu(OAc), (1.0 eq.) Heterocycle
X " X
%
H + |

DCE/TFA (10 eq.) oF
CF3 110°C, 48h 3

Umemoto Reagent
1.5 eq.

\
_ N N™ N S
Heterocycle = )|\/Nj )I\/Nj /(\Nl /QNE

CONHAr Pd(OAc),/L N CONHAr
C[ Cu(OAc), _ y_fi
’ o /
s* oTr DCE, 130 °C, 24h CF;

Ar = (4-CF3)CgF4 CF3 Yield: 32-94%
OCs
i
Coordination N Ar % _Me
mode - H I:l
Pd ~~e H
Ac0~ \2

J.-Q. Yu J. Am. Chem. Soc. 2010, 132, 3648-3649.
J.-Q. Yu J. Am. Chem. Soc. 2012, 134, 11948.

22



Sp2C-H (1)

Palladium-Catalyzed ortho-Trifluoromethylation of Arenes

H O Pd(OAC), (10 mol %) H
2 . 2

X NT RZ O Cu(OAc), (2.2 equiv) N \ﬂ/R

| 0 é BF4 PivOH (5.0 equiv) O
S \ s CF

R H CF, CICH,CH,CI, Ny, 110°C R 3
22 examples

up to 83% vyield

0000
HOAC }—o\, 0
A

Cyclopalladation
Rate-Determining
Step

1a
Pd(ll)
HN 0 Reductive
@,ch Elimination
3a

Z.-J. Shi Org. Lett. 2013, 15, 10-13.

Bimetallic
Pd(I-Pd(1l)

Oxidative
Addition

23



Sp2C-H ().
Trifluoromethylation with “CF3+” reagents via a Monomeric Palladium(IV) Complex

If.: N “,0 3 equiv _~ CF;

] Pd ~“"“i.'}>— L [.---. N | w-OHz2 60 °C, 12 h

- | ,.0:/ Solvent = T | ~OAc solvent
N.»—'Pd 'h-..o 40""0, 1h OAc

= (3 (6)

o X = OTf (5d)
CFs™ = O;( @:K O X = BF (5e)
8+ X

(%a) O

R= CH3 (Sb)
R = CF; (5¢)

24
M. S. Sanford J. Am. Chem. Soc. 2010, 132, 14682-14687.



Sp?C-H d1):
Iridium-Catalyzed Selective Trifluoromethylation of 1,3-Disubstituted Arenes

H

X [(Phen)CuCF,] XN CF3
R-: o R----
via ArBPin Z

»iridium-catalyzed borylation and copper-catalyzed trifluoromethylation of arenes

1) 0.25 mol% [{Ir(cod)OMe},]

R 0.5 mol% dtbpy, THF, 80°C, 24 h R
evaporation of volatile materials
H > CF,
2) 10 mol% CuTc/20 mol% phen
R2 Togni's reagent (1.0 equiv), DCM, R2
LiOH(H20) (2.0 equiv) 45°C, 4-8 h
a variety of functional groups could be tolerated,
which might lead to a number of biologically
active molecules
J. F. Hartwig Angew. Chem. Int. Ed. 2012, 51, 536 —539. o5

Q. Shen Angew. Chem. Int. Ed. 2012, 51, 540-543.



Sp2 C-H Trifluoromethylation (111)

Fluazinam

o~
° L.
- —
0~ N7 >cF,

FsC cl
/
N\ _N
NH ’ N N" O —cN
cl S

= o] CF;
/
s F3C

Penthiopyrad Fipronil

N
F3C \N/
SO,NH,

Picoxystrobin Celecoxib

Pathways to trifluoromethyl arenes

"Innate Trifluoromethylation"

Cl, =~

n CF +11

"Programmed Trifluoromethylation”
(DG)
n EFS_[ M]II
-
CF, (X)
(X =Cl, Br, |, B(OH)5)

26



Sp2C-H (1I):
Innate C-H Trifluoromethylation of Heterocycles

; + 23 examples
Nas0:GEs (2.0 < 6.0.0qulv) - Proceeds at ambient temperature

‘BUOOH (5.0 - 10.0 equw) CFs ! . Runsin aqueous conditions under air
CF; * Me . High functional group tolerance
DCM:H,0 (2.5:1) Me ' « Broad scope in heterocycle electronics

byproduct " A" * No added metal required

(o) Me O
MeO NHAc
3 /4 \ Ph
g L'\N/ 2 % KN/ 2 N FyC N7 Me H g F.c” N N
" " 5 nicotine-CF; melatonin-CF;
1(67%) 4(53% + 9% A)® 5 (48% + 10% A)® 6 (43%) o Ty . -
C2:C32.41  G2:C3; 4.1:1 Cc2:C3 2 41 C2:C31. 1-1 (4% 47%A)  BOFRIIERAY]  9(68%) 10 (51%)
5 Et N\ Me
L TR T GO0,
NH
4 2 CO Me CF; F5C Me FsC N Me
18 (64%)
11 (33%) 12 (37% + 10% A)® 13 (50% + 19% A)b 14 (65%)° [X-RAY] 15 (57%)" 16 (70%) 17 (53%) C5:C6 2.0:1
C4:C51:1 C2:€61:1:5 C4:C52.3:1 (4 products) 0
o] o] o] 0 CF
9 H e pe N H cl HN i
F.C Me N Me _ N N N CFj |
3 NH N N Me” 7N T o A
| | )—cFs | )—cFs | )—cr o N b N
/& N N N 1 [HO
0~ N 0“ N 0” N k = o
N © ' : ' CF N~ N
H Me Me Me 0 & H OH
19 (87%) theophylline-CF; caffeine-CF; [X-RAY] pentoxifylline-CF; allopurinol-CF4 trifluridine
(90%, 1g scale) 20 (96%) 21 (78%)° (84%, 1g scale) 22 (47%)P 23 (76%)P 24 (48%) 25 (57%)°¢
27

P. S. Brae, PNAS, 2011, 108, 14411-14415.



Sp2C-H (1I):
Innate C-H Trifluoromethylation of Heterocycles

A Putative mechanism.
(trace metal) CF3S0O,-
'BuOOH ? BuO' —  g» BuO- + CF3SOy

_ 'BuOOH,
OH } S0, \‘OH

ArH
H20 + Ar-C F3 [ArH—C F3]- -« | C F3.
2—
'BUOOH SO,
Me

Ar —
7(\‘:':3 Al Me Me
¢ - T F =
Me

Me Me » CF3;H
2 unproductive pathways

B Capture with an extenal alkene.

CN Me CN

NaSO,CF; (3.0 equiv)
AN Me \|/ 'BUOOH (5.0 equiv) | = Me
N Me DCM:H,0 (2.5:1) N CF;
(5.0 equiv) (~12%) 3 Me Me

P. S. Brae, PNAS, 2011, 108, 14411-14415.



Sp?C-H 11):
Iron(11)-catalyzed trifluoromethylation of aromatic and heteroaromatic compounds

Fe(ll) (30 mol%)

H202 (2 GQUiV.)

CF3l (3.0 equiv.)

AI'-CF3

Ce H.S04 (1.0 equiv.);

DMSO

39 examples

Ar-H: benzene, pyridine, 10-96% yield

pyrole etc.

The regioselectivity is oriented by the general trend
of electrophilic substitution of aromatic compounds
with some exceptions.

29
T. Yamakawa J. Fluorine Chem. 2010, 131, 98-105.



Sp?C-H 11):

Trifluoromethylation of Arenes and Heteroarenes by Photoredox Catalysis

CF,SO,Cl (1-4 equiv.)
Photocatalyst (1-29%)

L\,

SUNSE

E}\CFS

K,HPO,, MeCN, 23 °C

Five-atom Six-atom Unactivated P6-W light source Five-atom CF; Six-atom CF,
heteroarenes heteroarenes arenes heteroarenes heteroarenes

0
Il

—ClI- F,.C—S5—Cl

-80, 5

—0.18V “Ru(phen) T
reductant 2 é
CF,S0,C1°- —0.90V
Ch SET Household
7 light
e NF Photoredox
F catalysis
k Hu(phen}33+ Hu{phen}32+
oxidant 3 photocatalyst 1
7 +1.31V
A~ H \ / N CF,
R+ R
= SET =
Arene / 0.1 V\ CF; arene

Y CF,
Z 4

D. W. C. MacMillan, Nature, 2011, 480, 224-228.

LN CF,
9l
C

D CF,
-7
Z 5



Sp?C-H 11):

Trifluoromethylation of Arenes and Heteroarenes by Photoredox Catalysis

»>Wwide substrate scope

a
S
-
Be -

6: 94%

In 1

8N

{\H\ GF,
IO

7. 78%

&r}-ca Fg:‘Jiwf_B‘-CF2

8:88% 9:91%
B 2N
MEJ\D CF, ME"'J\S CF,
10: 87% 11:82%
Mz, Me
Me/z:/\“"cﬁ 5N g CE,
12: 80% 13: 76% (3:1)*

Me Me
M e
il —‘-.{ (M“ \}._.,:F
Sermer, Ul o :

14: 70% 15: B4%

3 CF,
S e
O -\\\>-'CF: RE
Y sy
H Ac

16: 7296 (441 AT 81% (3:1)°

D. W. C. MacMillan, Nature, 2011, 480, 224-228.

b N __CF, Me. N. .CF, N, _/OF, _M._JCF, 2, CFs
X Tr X LI §
SN COMe N7 “Me M= NS TMe cl N O Ma N™ “Me
18 B2% 19; 78% 20 94% 21 70% 22, 73%
[u] Me (1) DME Me
CF CF CF, CF, CF
HN : D N/L\T‘ _ S
l;:, | Me I P ,-]l e | ok
N N¥ oM Mes™ N “‘or.le Me™ “NT TMe
23: T4% Mz 24: 559 25: T2 26: BB 27 81%
Me Ms o
: f\/rca b CFs O N s CF,
| | T 1] ]
N OMe N oMe “f"’ a® o T Me Me” 0" TMe
28:; 7T8% (3:1)" 28 78% 30; B7% 31: 00% 32 BB%
NHBoc Ohde SMe Ma
<
g OFs o CFs /]i CF, o CFs b CFs
| | T Ly |
o . R = M _/ e
4 4 4
23 749% a34: 80% (3:1)* 35: 849 (2:1) 96: 739% (2:1)* a7: 70%
W= Me Me 3
Hr‘fjcl:a 3 CF, Ma o CFy Me0, = CF, <
| T 7 | )
M R Me S Sy Meo” T e BF K
38 75% (4:1) 39 TT% (24 40; T2% (2:1) 44; 02% {5:1)° 42 74% (2:1)°
Me. s~ oCF, MeO. o~ ,CF, MesSi \(jﬁ CF, Moo oOF,  Bu = CF,
g = = I g T\/
e e T oM T OMe s M
43: T7% 44 85% 45: T6% 46: 85% (4:1) 47 TB% (5:1)



Sp?C-H 11):
Trifluoromethylation of Arenes and Heteroarenes by Photoredox Catalysis

» Application in the synthesis of Lipitor

Cholesterol-Lowering Drug
Lipitor

Photoredox Catalysis
triflucromethylation

F.C Me. _Me Me.__Me
N ~ N OH N = N/\/[\/!\)LOH N OH
O -
F
27% 9

{separated by SFC) J

32
D. W. C. MacMillan, Nature, 2011, 480, 224-228.



Sp2C-H (1I):
Copper-Catalyzed Direct C—H Oxidative Trifluoromethylation of Heteroarenes

H CF; Reagent CF;
Selectivity

N—N Cu(OAc), (40 mol%)
| D—n phen (40 mol%)
AN (o} g
R-- TMSCF;, '‘BuONa, NaOAc
“ air, DCE, 80°C

Cu(OACc), (40 mol%)
x> —N phen (40 mol%)

N
N
R--1 N—H > R--% V= CF
A~y TMSCF, tBuONa, NaOAc ! 3

Me;COOCMe;, DCE, 80°C

Cu(OAc), (40 mol%)
phen (40 mol%)

TMSCF;, ‘BuONa, NaOAc (A~
Me;COOCMe;, DCE, 80°C \

33
F.-L. Qing J. Am. Chem. Soc. 2012, 134, 1298—1304.



Sp2C-H (1I):

Copper-Catalyzed Direct C—H Oxidative Trifluoromethylation of Heteroarenes

|/\ N 10-40 mol% CuX5
s o 10-40 mol% Phen _

Y 4 equiv. TMSCF; v\ 3

base, oxidant

: g DCE, 80 °C

CFSSIMeg anu(l} AT;H
base base
Ar-CF

Path I Fgc culL, Ar— Cu"'L —Cu'lL,  Pathll

Ar-H U""’a“t CF,SiMes
+ +
base Ar— Cu L, base

F.-L. Qing J. Am. Chem. Soc. 2012, 134, 1298—1304.

34



Sp? C-H Trifluoromethylation:

» Visible light-induced trifluoromethylation

Ru(bpy)sCls (10 mol%)

. \\\E\B’H CFgl (3.0-4.0 equiv.) Al R \§CF3
N TMEDA (2.0 equiv.) A~

MeCN, r.t.
X=N,0O,S 24 W light bulb or blue LEDs

E. J. Cho Tetrahedron Lett. 2012, 53, 2005-2008.

35



Sp2C-H (1I):
Palladium-Catalyzed Oxidative Trifluoromethylation of Indoles

Pd(OACc), (10 mol% )

L (15 mol%)
S i X L 0 0
RIL N PhiI(OAc); (2.0 equiv.) RIL N\ .
Z N * TMSCF3 CsF (4.0 equiv.) N~ N “Fs tm
R (4.0 equiv.) TEMPO (50 mol%) R' 21 exa;nplgs X
CH4CN, rt. T 33-83% yield
‘ R2 R2
Pd(Il) _ PhI( x CF}
- R’Ej\/\&ﬁpd(u)gﬁ- R T Npa”
& TMSCF; Z=N 7|
R! CsF R
CF3 R>
CuOAc (10 mol%) g\
Rs- » R;3-+; CF,
3 MeOH, r.t. Z~N
\
R1

G. Liu Chem. Eur. J. 2011, 17, 6039-6042.
M. Sodeoka, Tetrahedron Lett. 2010, 51, 5947-5949. 36
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Sp3C-H:

Photoredox Organocatalyzed Enantioselective a-Trifluoromethylation of Aldehydes

(0

HJH/H + CF,l

0.5 mol% 1 PFg, 20 mol% 2:TFA (o)

26 W householf light

R 2,6-lutidine, DMF, -20°C R N T +
| t-Bu
entry product? yield,® ee® entry product? yield,? ec®
o , o g
1 )J\/\H,Me 79% yield 7 73% yield tBu
Y 4 99% ee H y 90% ee
CFs CFs photocatalyst 1
o o OMe
) J-I\/\H,OBn '%?Zy yield 8 @/ 61% yield
2 0 H™ ™ 93% ee 0 Me
CFs CFs N
i 86% yield i 75% yield )
b yie o yle Me N “"t-Bu
9
3 J\z/\wcoﬁ 97% ee HJ.K:/\Ph 97% ee H
CFs CFs catalyst 2
" 78% vield o e 68% yield
b yie b yie
NPhth
4 JJ\/\(w)g " 9ggee 10 Hk:/I\Ph >20:1 dr
CF, CFs 99% ee
X = CH2
5 70% yield
0 X 99%ee T 62% yield
1 )L/\ oy
H g X = NBoc H . Ph >20:1 dr
6 & 70% yield CF, 99% ee
? 98% ee

D. W. C. MacMillan J. Am. Chem. Soc. 2009, 131, 10875-10877.

38



Sp3C-H:

Photoredox Organocatalyzed Enantioselective a-Trifluoromethylation of Aldehydes

t-Bu

R 7 A
aldehyde \—/ .
DFT—4 (N
4 o
/ F—~
N Si-face “F
), open radical 3
Me N~ “tBu
H

Organocatalytic

catalyst 2
y Cycle
\ Me (0]
N
(@]
CF3 t'BUAF\—I ""Me A Me
H )-H,CFS 7 I\rCFG
R H
enantioenriched 6 R ~—70_ SET — 5 R

a-CF; aldehyde

TN

Ir(ppy)z(dtb-bpy) *Ir(ppy)o(dtb-bpy)*
reductant 8 oxidant 7

CFsl
alkyl halide \( Photoredox Catalytic
SET Cycle
9 .F
F—X household

F Ir( (dtb-b
. (PPy)2(dtb-bpy)* light
radical 3 photoredox catalyst 1

organocatalyst 2
(20 mol%)

photocatalyst 1
(0.5 mol%)

Photon Source

e
N
26 W fluorescent
light bulb

D. W. C. MacMillan J. Am. Chem. Soc. 2009, 131, 10875-10877.
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Sp3C-H :
Trifluoromethylation of Tetrahydroisoquinoline and amines

CF
R? ’
X N”  BPO(1.5 eq.), TMSCF3(3.0 eq.) X R
R1- » RI-IL. N
N KF(3.0 eq.), DCM, reflux l
CF
Cul(0.1 eq.), DDQ (1.3 eq.) 3 .
TMSCF3(3.0 eq.) o6 AN N~
S
KF(3.0 eq.), DCM, r.t. N~

F.-L. Qing Chem. Commun. 2010, 46, 6285-6287.
C.-J. Li Tetrahedron Lett. 2011, 52, 1898-1900.
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Sp3C-H:

Oxidative C-H Functionalisation of Tertiary Amines

C-H. Tan Green Chem. 2011,

R Rose Bengal ( 5 mmol%) R

N H graphene oxide (50 wt%) |

N

Rose Bengal =

13, 3341-3344.

green LEDs

Nu =CN’, CF5’

> RO

R3

CF;
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Sp3C-H:

Ru-Catalyzed Asymmetric Trifluoromethylation of N-Acyl Oxazolidinones

ZrCly (1.05 equiv), EtzN, Rl
[Ph3P3RUCI; (7 mol%) o o
CH,Cl,, 45°C, 16 h
o OJLNJI\:,
“‘.)_S RE
Ph PH

i
o N
LY JI
! i

Ph A

observed for primary
perfiuoroalkyl groups only

O 0
oJLNJl\:/
CF;

Ph
74% yield®
dr9:1

75% yield
91 % brsm°®
dr >98:2

JUJ\/

w ')_S C3F7

Ph
74% yield (12%)
dr 24:1

““)_S 65F13

Ph
63% yield, (17%)
dr >98:2

A. Zakarian J. Am. Chem. Soc. 2012, 134, 6976—6979.

JUJ\/

w ')_S C4F9

Ph

71% yield, (16%)

dr24:1

5 cmf;[

73% vield, (9%)
dr >98:2
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Sp3C-H :
Ru-Catalyzed Asymmetric Trifluoromethylation of N-Acyl Oxazolidinones

ZrCly, CF3l, EtgN,

(o] 0 [Ph3P]3HUC|2 cat. (o] 0
CHCl,, 45°C, 12 h
AN Cl A
“")_S “.‘)_S CF3
Ph 4 Ph 4
E Ph
—&r
ZiCly 4| (supported F N"0
EtsN by NMR) - \
t3 Ru“[_n 3 0&0--zrcl4
6
I l
Ru'(l)L;;
0 Yo E
OJLN N e hy

z %" o
CFa - CF:,
Ph Ph
Sa 5b

A. Zakarian J. Am. Chem. Soc. 2012, 134, 6976—6979.



Sp3C-H:
Enantioselective Copper-Catalyzed Electrophilic Trifluoromethylation of f-Ketoesters

0 CFs  Cu(OTh), (10 mol%) » 0
R1\,;‘“*=: /j CORS + I\o Ligand (12 mol%), 4AMS """ CO,R?
H Nz ““CF
2 H DCM, r.t., 20 h R2 st CF,
o o)
’ Cu(OTf), (10 mol%) CF,
e AN Ligand (12 mol%), 4A MS RN S ;
r2.% co,R' + || . _ » R-D CO,R
v e Z~s BF, Pr,NEt (1.2 eq), DCM, 0°C Selgsd
~~:¢ \
CF, 36 h

R, = Me, R, = Ph

44
L. H. Gade J. Am. Chem. Soc. 2012, 134, 10769-10772.
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Summary:

RZ

CF, Reagent
3 TCA9ON R—=—=m=CF,

CF; Reagent

CF; Reagent A CFs3
- R--:-
4
CF; Reagent CF;
- @
O
CF; Reagent
g R1 Jk(CF:;
R2

WHAT CAN WE DO NEXT?

New Catalyst

Regioselectivity

Enantioselectivity
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