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Nucleophilic Trifluoromethylation

Initiation step using fluoride source:

J?\ | unep | FaC O NBug
R R2 Me;Si—CF; 4 - R1 R
237 238 239
Catalytic cycle:
F,C OTMS F3C><O' Bu,N*
R! R?2 R'" RZ2 239
- o - MGgSi—CF3
CF;
0 Me—Sli;;‘Me BuN*
JI§ £c O Me
R "R2 3 N4
237 i R1 R2 1

Prakash, G. K. S.; Krishnamurti, R.; Olah, G. A. J. Am. Chem. Soc. 1989, 111, 393.



Asymmetric Trifluoromethylation of Aldehydes and Ketones Using Chiral Ammonium Fluoride
Catalysts

a: R3=CF, R*=CF,
4 b:R3=H, R4=CF

0 1) catalyst 241 (10-20 mol %) F,C OH
lL 238, Toluene, -78 °C, 2-8h N S
R! "R? > R! "R?
237 2) aq. HCI 240
entry R R? cat. (mol %)  vyield (%) ee
1 Ph H 241a (20) >99 46 (R)
2 nCH g H 241b (20) >99 15
3 9-anthraldehyde 241b (10) 98 45 (R)
4 Ph Me 241b (20) 91 48
5 Ph iPr 241b (20) 87 51

Iseki, K.; Nagai, T.; Kobayashi, Y. Tetrahedron Lett. 1994, 35, 3137.

Ho _fFFs
*|H
N=
9-anthraldehyde 241c _ OOO
+ CH,Cl,, -78 °C 242
238 95% ee

Ma, J.-A.; Cahard, D. Chem. Rev. 2008, 108, PR1.



Asymmetric Trifluoromethylation of Aldehydes Using Chiral Triaminosulfonium Catalysts

+

Ph,

;l:\/N S [Ph3SnF,]

3
243 (10 mol %)

JOL 1) 238, Et,0, -78 °C HOXCFE"
~ R”TH
245

Ph

R H 2yaq HCl

244
entry RCHO yield (%) ee (%)
a R = Ph 96 52 (S)
b R = 4-MeOC4H, 97 37
c R = 4-CF,CgH, 90 24
d R = 4-CIC¢H, 93 30
¢ R = (E)-PhCH=CH 99 18
f R = CH,, 88 10
Kuroki, Y.; Iseki, K. Tetrahedron Lett. 1999, 40, 8231.
=
MeO ~ OMe HO Ty F MeQ — Olde
4G
H 1-Naphthyl Not generally applicable;
_ o
J NT omd@amon) o substrate dependent.
CH_Cl,, -78 °C
Me;SiO
O 3
OMe Me ™2 OMe
Me CF,
246 247

. 97%, 92% ee
Caron, S.; Do, N. M.; Arpin, P.; Larivee, A. Synthesis 2003, 1693.



Trifluoromethylation Catalyzed by Chiral Ammonium Bromides Combined with a Fluoride Source.

O 1) 241 / TMAF combination HO F
L+ MegSi-CFy ) - 13{ ’
R'"""R? 2) TBAFH,0, THF, 1t R« R2
237 238 240
up to 94% ee
/
HO H
U rn-stacking interactions
with aryl ketones;
241g

Not for aryl aldehydes
and aliphatic ketones.

241h
Mizuta, S.; Shibata, N.; Akiti, S.; Fujimoto, H.; Nakamura, S.; Toru, T. Org. Lett. 2007, 9, 3707.

1) 241h (10 mol %)
Me3SiCF3 (2.0 equiv)

O MeJNF (20 mol %) HO. £Fs
R J\ toluene / CH,CI, = 2/1 N R §
248 249

R = Ar or CH=CHPh

Kawai, H.; Tachi, K.; Tokunaga, E.; Shiro, M.; Shibata, N. Org. Lett. 2010, 12, 5104.



Trifluoromethylation Catalyzed by Chiral Ammonium Bromides Combined with a Fluoride Source.

1) MesSiCF5 (2.0 equiv)

0 KF (5 mol %) QH
H 241 or 259, 260 (10 mol O/o)_k OO * CF;
2)HCl aq
261 262
9-90%, 2-40% ee
MeO
tBu M9~N+
Me
IRy

; 2cr
/

N"Me
@\ OMe
MeO
260

Mizuta, S.; Shibata, N.; Hibino, M.; Nagano, S.; Nakamura, S.; Toru, T. Tetrahedron 2007, 63, 8521.



Trifluoromethylation Catalyzed by Chiral Ammonium Bromides Combined with a Fluoride Source.

OMe

FsC Fs
o 1) 241i (x mol %) TMAF (20 mol %) OH
).l\ toluene/CH4CI, (2/1), -60 °C
Ar H + MesSiCFy > Ar F3
2) aq. HCI, THF, rt.
263 238 264

R= Ar, 50 - 70% ee

OMe

=
Me 3Si-CF Me CF3" i H CFs
TMAF Me =N *Me : NE

:\ Me \:

Me Br
Me;Si-F
€30l 265 Me—I{LJ"Me 266
Me
RCHO RCHO
Background Reaction Asymmetric Reaction

Kawai, H.; Mizuta, S.; Tokunaga, E.; Shibata, N. J. Fluorine Chem. 2013, 152, 46.



Trifluoromethylation Catalyzed by Chiral ~ CFs
: ) OPh-
Ammonium Phenoxides

Y
) O
e

F1C Fj
cat. 267
0 (10 mol %) F3C OSiMes
jJ\ + Me3SiCF; > A,
R1T R2 toluene-CH,Cl, (7/3) R'"R
237 238 -78°C,1h 239
entry R! R* yield (%) ee (%)
1 2-(NO,)C¢H, Me 93 71
2 4-(NO,)C4H, Me 97 73
3 3-(CN)C¢H, Me 96 71
4 3-BrC4H, Me 97 61
S 3-(MeO)C¢H, Me 90 59
6 1-naphthyl Me 91 51
7 2-naphthyl Me 95 77
8 3-pyridyl Me 90 46
9 4-pyridyl Me 93 60
10 3-(NO,)C¢H, Et 99 64

Nagao, H.; Yamane, Y.; Mukaiyama, T. Chem. Lett. 2007, 36, 666.

O 267 (10 mol%) FsC  OSiMe;
molt/e i A
Ot-Bu . Me,SiCF, > Ot-Bu
0 CH,Cl,, -78°C, 1 h o)
268 269

90%, 60% ee
Nagao, H.; Kawano, Y.; Mukaiyama, T. Bull. Chem. Soc. Jpn. 2007, 80, 2406



Chiral Ammonium Bromide and (IPr)CuFCatalyzed #

Trifluoromethylation Br-

CF;

1) 241j (2 mol%)
(IPr)CuF (2 mol%

)
O Toulene, -78 °C HO f£F;
J_ + TMSCF, > -
Ar” "H

Ar® H 2) TBAF, THF, rt.
263 238 264

Ar yield (ee)
2-naphthyl 90%, 75%
1-naphthyl 88%, 60%
Ph 80%, 60% . .
4-BrC4H, 81%, 57% (IPr)CuCl + RyN*FF === (IPr)CuF + RyN'CI
3-BrC¢H, 82%, 51%
4-MeC4H, 889%, 68% TMSCF,
4-PhC4H, 90%, 66%
3-MeOCH, 899%, 74% (IPr)CuCF;  + TMSF
3,4-0(CH,)C4¢H, 92%, 81%
3,4-O(CH,),C¢H,4 92%, 79%
4-EtSC,H, 85%, 74%

Wu, S. X.; Zeng, W.; Wang, Q.; Chen, F. X. Org. Biomol. Chem. 2012, 10, 9334.



Trifluoromethylation Catalyzed by Chiral Ammonium Bromide and Sodium Phenoxide.

l I ONa

O 1) 270 (10 mol %), 241j (10 mol %)
238 (2.0 equiv), Et,0, 4A MS

Ar

263 2) aq. HCI

entry aldehyde

2-naphthaldehyde
benzaldehyde
4-methylbenzaldehyde
3-methylbenzaldehyde
4-chlorobenzaldehyde
3-chlorobenzaldehyde
4-phenylbenzaldehyde
4-methoxybenzaldehyde

NCRE-"- T B N S U JUR N e

piperonal
4-fluorobenzaldehyde
3-thiophenecarboxaldehyde

[ —
—_— O

yield (%)
85
72
87
88
72
95
73
87
95
86

ee (%)

71
56
60
58
50
56
56
41
46
57
45

I\I/Ie

270
Me -Si~CF3 ——>=

Me

238

Zhao, H. T.; Qin, B.; Liu, X. H.; Feng, X. M. Tetrahedron 2007, 63, 6822.

27

“12Na*

— 264




Asymmetric Trifluoromethylation Using Chiral
Quaternary Ammonium Salt 241f with NaH

o 1) 241f (5 mol %), NaH (50 mol %) OH
JJ\ isopropyl ether, -20 °C
+ TMSCF, ~ R cF,
R™ Me 2) TBAFH,0, THF, it Me
272 238 273
entry R time (h) yield (%) ee (%)
1 2-naphthyl 6 96 81 (R) Z
2 I-naphthyl 6 98 82
3 2-FCH, 19 47 68
4 3-CIC4H, 19 96 68
S 4-CIC¢H, 19 83 61
6 4-BrCeH, 48 43 60
0 1) 274(5 mol %) FsC OH
7 3-NO,C4H, 48 30 68 (R) NaH (50 mol %) *
8 4-NO,C(H, 24 64 50 Me isopropyl ether, -20 °C OO *"Me
- + TMSCF3
9 3-MeOC¢H, 96 38 58 I - 2) TBAFH,0, THF, it 2730
10 4-MeC4H, 3 70 67 00% 63% o6
11 (E)PhCH=CH 22 31 59

Hu, X. L.; Wang, J.; Li, W,; Lin, L. L.; Liu, X. H.; Feng, X. M. Tetrahedron Lett. 2009, 50, 4378.



Asymmetric Trifluoromethylation Using Phase-Transfer Catalysis.

/
Br 241f R3=CF;, .
HO i o3
: N 241k R® = t-Bu /

R3

3 1 Vic
R R o R H=O ™~ w\/
%—\S:ﬂ 241f or 241k (10 mol %) ?—BS:,;z c "
R2 KOH TONN G
+ _ HN‘N N Q

Ny 7Rz + Me;SICF; R2
)g -50 °C, toluene/CH,Cl, (2/1) : A7
R™H R7OCF, CF,
275 276
up to 98% ee

Kawai, H.; Kusuda, A.; Nakamura, S.; Shiro, M.; Shibata, N. Angew. Chem., Int. Ed. 2009, 48, 6324.

.SOs,Mes
Cy” ~8O,Ph 241m (20 mol %) HN =
279 T oy )\CFs
+ toluene/CH,Cl,, PhONa,
TMS-CF3 MS 5 A, -45 °C, 22 h 280
238 59% yield, 61% ee

Bernardi, L.; Indrigo, E.; Pollicino, S.; Ricci, A. Chem. Commun. 2012, 48, 1428.



Asymmetric Trifluoromethylation Using Phase-Transfer Catalysis.

OIS S
(T, T

chiral crown ether 281 (1 mol %)

o KOPh (10 mol %) HOQJF:».
iy + TMSCFy -
Toluene
237 238 240
21-44% ee

Kawai, H.; Kusuda, A.; Mizuta, S.; Nakamura, S.; Funahashi, Y.;
Masuda, H.; Shibata, N. J. Fluorine Chem. 2009, 130, 762.

cat. 274

H RNH tK,CO F3 Fs
ij‘\ro 2 J\/NR catRpUsz Ar UNR NaBH,; Ar NHR
OH  CH,CI, Toluene TMSO T™SO
282 283 284 285
75-94%,
30-71% ee

Obijalska, E.; Mloston, G.; Six, A. Tetrahedron Lett. 2013, 54, 2462.



Allylic Trifluoromethylation of Morita-Baylis—Hillman Adducts

OAc

M602C f\R

286

OR!

2
R OQCTH\Ar + Me3SiCF; :

289
entry

a
b
c

d

€

R!
Ac

Boc
Boc
Boc
Boc

R2
fBu
tBu
tBu
fBu
Me

MeOC._~p
DABCO

—_—
S\ 2"
N N

@ +‘OAC

287

N
(DHQD),PHAL

Me3SiCF3
—— > MeO,C

Sp2'

DHQD),PHAL (10 mol %) _ p2g

THF, 60°C, 120 h

Ar
CeH,
C6H5
2-BrCeH,
4-BrCgH,
C6H5

yield (%)
trace
39
37
60
52

OMe

CF,

R

CF;

.

290

ee (%)

nd
92
88
90
94

Furukawa, T.; Nishimine, T.; Tokunaga, E.; Hasegawa, K.; Shiro, M.; Shibata, N. Org

CO,Me
TMSCF, + RJ\W 2

238

(DHQD),PHAL
(10 mol%)
KF (10 mol%)

DME-MeCN (4/1)
t, 56 h

CFs3

M
e0,C TKKR

293

. Lett. 2011, 13, 3972.

ee up to 95%
yield up to 86%

Li, Y.; Liang, F.; Li, Q.; Xu, Y. C.; Wang, Q. R.; Jiang, L. Org. Lett. 2011, 13, 6082.



Kinetic Resolution of Racemic Allyl Fluorides by Enantioselective C-F Bond Cleavage/Allylic
Trifluoromethylation

F (DHQD),PHAL (10 mol %) CF,

R1O2C Me§5i0F3 (1 0 equiv) R102C R OzC
T(g\Rz MS (4A) R R?+ W\Rz

1,4-dioxane/THF (5/1), 0 °C

rac-294 (S)-290 (R)-294
conv. (S)-290 ee recovered 294 ee
entry R! R? (%) (yield) (%) (yield) (%)
1 Me  Ph 54 95 (51) 97 (41)
2 Me  4-MeC¢H, 33 95 (48) 96 (40)
3 Me  3-MeOC4H, 55 94 (50) 97 (40)
4 tBu  Ph 50 94 (48) 93 (42)
1) C-F bond
CF, activation F3C
Me —$i Me Me —Si M1°
: Me : Me

F F F
Meozc:Tﬁ\R Me;SiCF3 MeOzc\H*R MeO,C . A
N(R"); \ﬂ/\

rac-294 @t_ 1 S_!W
N(R")s

Me,SiF 2) kinetic
resolution
CF3  3) enantioselective | \\. 5 ~ (E) "CF4 E
MeO,C jr‘\R trifluoromethylation YR MeO,C R
-N(R"); R1 N
(S)-290 (R)-294

Nishimine, T.; Fukushi, K.; Shibata, N.; Taira, H.; Tokunaga, E.; Yamano, A.;
Shiro, M.; Shibata, N. Angew. Chem., Int. Ed. 2014, 53, 517.



Electrophilic Trifluoromethylation

Scheme 112

R2 Cl _ — o>
IS NG Y at

& NG N . Y

S ° S A

R' CF; SbFg CF, OTf &F, X

300 301 302 A=S,Se, Te

X=BF, OTf

302a, A=S,R'=R%=H, X=BF,

R1 R1 R
ol i Do N R
A O
1 x—
CF3

R1

CF,

303 R He'olj B R 905

_ = H, F, t-Bu
A= T F

- S, S, Te X = BF,, PFg, SbFg, SboFys &, R' = Me, R2= H
R'=H, Me pESNS
R2= H, NO, b,R' = 0, R2= H

¢, R! =CFy3 R2=H
d, R! = CF3 R2=Me

306
R! = Me, Et, n-Pr, i-Pr, Bn
R2=Me
X = OTf, BF,

(a) Umemoto, T.; Ishihara, S. Tetrahedron Lett. 1990, 31, 3579. (b) Umemoto, T.; Ishihara, S. J. Am. Chem. Soc. 1993, 115,
2156. (c) Umemoto, T. Chem. Rev. 1996, 96, 1757. (d) Yang, J. J.; Kirchmeier, R. L.; Shreeve, J. M. J. Org. Chem. 1998, 63,
2656. (e) Eisenberger, P.; Gischig, S.; Togni, A. Chem. Eur. J. 2006, 12, 2579. (f) Kieltsch, |.; Eisenberger, P.; Togni, A. Angew.
Chem., Int. Ed. 2007, 46, 754. (g) Umemoto, T.; Adachi, K.; Ishihara, S. J. Org. Chem. 2007, 72, 6905.



Electrophilic Trifluoromethylation

0 0
307 (10 mol %), K,COj F,
CO,Me > O’
302, THF, 5h, rt CO,Me
47a 308

ee up to 19%

Ma, J.-A.; Cahard, D. J. Fluorine Chem. 2007, 128, 975.

FsC—1—0
0
R' = COR?
305a(n=1) = Y 2
S . i Ty
o rt. R2 X CF3
RI_- co.gs CUOT: (10 moi%) 310
7 2R” Ligand 52b (12 mol%
o 9 ( 2/ 85-94%, 92-99% ee
R2™Se- Y H "CF3*" (12 equiv) |  FPraNEt
1.2 equi
n=1,2 CHECIQ! 4AMS ( Oeotéuw) R’ e COZRS
309 Oj ———=> 1 [ JvcF
N AL
NH S+ i 311
\ NP CF, 0T 4 83-93%, 80-96% ee
/ :r 302a (n = 2)
52b 0

Deng, Q.-H.; Wadepohl, H.; Gade, L. H. J. Am. Chem. Soc. 2012, 134, 10769.




Electrophilic Trifluoromethylation

R

R
99

0
Fi a X

b, X
c, X
X

0]

EH

X

H,
0
C

i, X=CH,,
j, X=NBoc, 80%, 94% ee

FsC—I—0

Me
Me

305a

81%, 94% ee

Me, 87%, 96% ee
F3, 78%, 93% ee

72%, 94% ee

o (@] Me (0] Me
J\ cat. 111 (7:'}\\[\/'9 N Me
H — I N
M TFAQOmol %) o & ! N Me Bn™ N "Me
R
CuCl (5 mol %) N Fi 99 % 314 A)
R T2
CHCl,, - 20 °C R 3
313 3C—|—0 F.c—1 316 4
LA Me Me
0 d, R'= -(CH,),COEt, 79%, 93% ee ;
F3 e R'=-(CH,),0Bn, 77%, 93% ee |
f, R'= -(CH,);NHCbz, 85%, 96% ee  305a
R h, R'=(CH,),NPhth, 71%, 96% ee
LA
? "
Fa O Me
0 0, mmmmmmmmmmmm o
k, 70%, 97% ee o w1 o IN Me
1 NXMe | Hﬂ\fﬁ LM BTN e
: N" "Me R Fsc-.(I\H
'ph H :
Loocat 111 313 R
317

Allen, A. E.; MacMillan, D. W. C. J. Am. Chem. Soc. 2010, 132, 4986.

OH
Me

Me



Radical Trifluoromethylation

Catalyst Combination
t-Bu
I ), T
“t-Bu
t-Bu
Organocatalyst. 328 photocatalyst 321
(0.5 mol %)

Photon Source

\
\
¢

26 W fluoresent
light bulb

O ' 321PFg (0.5 mol %) O
. 0
HJH cFa 328TFA(20mol %) F,
R 26 W 2,6-lutidine, DMF R
-20°C
99 household light 313

3

CF;
X = n-C4H7, 79%, 99% ee X = CH
OBn, 72%, 95% ee 70%, 99% ee
CO.Et, 86%, 97% ee =NBoc,
NPhth, 78%, 98% ee 70%, 98% ee
O Me O Me @)
H J-k:/I\Ph H J-k:/\Ph H J\_/\Ph
CF; CF; CF,
68%, > 20:1dr  62%, > 20:1 dr 75%, 97% ee

99%, ee 99%, ee

CF3

61%, 93% ee

n-CeHi3

329

o)

y JH,CcmFg

n-hex
73%, 96% ee
FF

CeFs
n-hex

85%, 98% ee

CF;

73%, 90% ee

n-hex

69%, 99% ee

O F g

H OCF;4

n-hex

71%, 99% ee

O O
F
y JY(CFZ)ZCFa } ﬂ\r(CFz)acn y J\])%h

n-hex

67%, 96% ee

O F g

H Br
n-hex

68%, 99% ee

Nagib, D. A.; Scott, M. E.; MacMillan, D. W. C. J. Am. Chem. Soc. 2009, 131, 10875.

321-PFg (0.5 mol%) 0
328-TFA (20 mol%) CF.R
R -CF,l — - HJH‘ 2
2,6-lutidine, DMF h-CeH
Household Light w63
330 -20°C 331

O CF,

n-hex

72%, 98% ee

@)

CF,CO.Et
HJJ\r 2 2!

n-hex
89%, 99% ee



Radical Trifluoromethylation

P S W

“t-Bu F_\.F
99 \%/ %\/ radical 323

Me” °N ""t—Bu Organocatalytic

Cycle

Ir(ppy)2(dtbbpy) "Ir(ppy)2(dtbbpy)*
reductant 327 oxidant 326

CF3l
alkyl halide Photoredox Catalytic
Cycle
°_‘\F \L‘—l
F Vg household

radical 323 Ir(ppy)a(dtbbpy)* light
photoredox catalyst 321

Nagib, D. A.; Scott, M. E.; MacMillan, D. W. C. J. Am. Chem. Soc. 2009, 131, 10875.



Thank you for your attention



