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Chiral Anion Phase Transfer Catalysis

BH AgA* R=X MX a'B R=H
Phase Proton
AKX Transfer Abstractio HB
AgB MB
¥ = haiide
E = basic anion
Q* = chiral cation
RN MuH At = c.h:relnl A
“ M = alkali metal
Proposed chiral anion phase transfer catalysis chiral cation PTC.

J. Am. Chem. Soc. 2008, 130, 14984-14986




In 2011, the first asymmetric fluorination using an Chiral Anion Phase Transfer Catalyst

A 1
0.0 - 0. .0
-F+ X" + * P> M+ = = ,P:’ N-F+
N-F* X CoPoo ~ oo
insoluble soluble MX soluble chiral
fluorination reagent
/—ClI -
. N¥ BF, 0.0 "
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F* BFs
1, Selectfluor

Fig. 1. Catalytic formation of a chiral fluorination reagentvia 5, g- CgHy7, M* = Na*
chiral anion—mediated phase transfer in nonpolar solvents. 2b, R = CgHy7, M* = H*

2c, R=H, M* = H*

Science, 2011, 334, 1681-1684



Substrate scope
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(A) Fluorocyclization of dihydronaphthalenes and chromenes.
(B) Successful extension to an unactivated alkene.



Mechanism

| \‘—R 10 mol % 2b
fa) = 1.5 equiv. Selectiluor
X | 1.25 equiv. NazCO4
NH
1:1 CgHgF/hexanes, 23 “C, 24 h
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o. (insoluble) /—C'
ol 2BF,
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Na,GO, 2 NaBF,
NaBF, NJ BF,~
Cl
0._.0 K‘ff h .
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Science, 2011, 334, 1681-1684 8



NHR, 0. ,,CJ_I N-E* NR;4 versatile and

R "o P“g— ] F reactive precursor to
' ' - ™R, PB-fluoro amines and
Sl .’ a-fluoroketones

= non-polar solvent - flu

favored disfavored

Figure 1. Mechanistic proposal for observed absolute stereochemistry.

Asymmetric Tandem Oxyfluorination of A Doubly Axially CPA Catalyst

- Q. .0
0.,:0  pp+

= Ho TPl ) Oxygen NHBz
NHBz .+ _-PI BzN~ O O ygen
o 0 nucleophile .
KR N . F [nuceoen’e | o™~ )
non-polar solvent R ROH R;
2 R=H Akyl  auoro-N,0-aminal

R = Ph, (R R)-PhDAP (2j)

J Am. Chem. Soc. 2012, 134, 8376—8379
Angew. Chem. Int. Ed. 2012, 51, 9684 —9688



Enantioselective Halocyclization Using Reagents Tailored

Br
"Br*" source (1.3 eq) , cat. (10 mol %) (0]
NH solvent (0.05 M), base (4.0 equiv) N’/I\ Ph BFy
rit . R . o\ . . R 1aX=8iR=C) 66%
07 >Ph 4a NN~ AR Xe | { ON-X-N"TN—/ b (X = Br, R = 3,5-CFy),Cetts): 88%
2a -/ MeCN R (BF4)s 1c (X = Br, R = C4Fs): 80%

1d (X = Br, R = CgMes): 74%
5d (X = |, R = CgMes): 75%

4+ /R
N N-Br-N_ N~/
K _/
(BF4 )3
1a:R=ClI
1b: R = 3,5-(CF3),CeHs S °
1¢c: R = CgF5 2a (TCYP):R=Cy,R'=H
1d: R = CoMes 2b (TRIP): R = iPr, R' = H

2c (TIPS-TRIP): R = iPr, R' = Si(iPr)

J.Am. Chem. Soc. 2012, 134, 12928-12931
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In 2013, applied to the Direct Enantioselective Fluorinative Dearomatization of Phenols

Chiral Anion Phase  (b)

Toluene, rt, 40h
Electrophile latent

Transfer Catalysis =0} ]
OH (0] OH OH (0] H_ R (o) , “
5 mol% Catalyst r F F o .g MNu " '!, ..... S
Selectfluor F N ) |
_ Selectuor__ (2K R LA
o Yo e ° S
Na,CO3 F lon Pair g7 -
1a 2a 2b 2¢c 2d until solubilized Interaction of non-symmetrical phenol
Nucleophile scope with catalyst may allow face-selective
expanded? fluorinative dearomatization

Enantioselective Fluoroamination: 1,4-Addition to Conjugated Dienes

B = t
Ar Ar if\ © <ﬁ/N/’®\
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J Am. Chem. Soc. 2013, 135, 1268—-1271
Angew. Chem. Int. Ed. 2013, 52, 7724 —7727 .



In 2014, a Combination of Chiral Anion

Directing Group Strategy for Chiral
Phase-Transfer Catalysis and Enamine

Anion Phase-Transfer Fluorination

Catalysis using Protected Amino Acids of Allylic Alcohols
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J. Am. Chem. Soc. 2014, 136, 5225—5228 J. Am. Chem. Soc. 2014, 136, 12864—-12867 12



Proposed catalytic cycle of asymmetric B-fluorination using CPA Phase Transfer
catalysis and achiral NHCs
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Part 2: The Chemistry of the Radical Trifluoromethylation

* 1. Structure and reactivity

2. Radical trifluoromethylation reagent



1. Structure and Reactivity

gl AR SRS

F £ F
planar trigonal & =17.8°
CHs radical CF; radical
pyramidal
H +24kcalmol’ H less stable
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Nec*cp interaction in CF5H is stronger than in CF;

stereoelectronic effects
electrophilic radical

YV VY

""H + F
H

J. Am. Chem. Soc. 1976, 98, 230 —232.
Wiley, Chichester, 2012, pp. 449 — 475.
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2. Radical trifluoromethylation reagent

2.1 CF;l

2.2 CF3S0,Cl

2.3 Togni reagent

2.4 Shreeve-Umemoto reagent

17



2.1 CF,|

An atom transfer/radical addition (ATRA)

hvor A F.C
FaC—I 3 .
= ethene ~
4
+ CFsl. - CF3
. ethene ’
CF3 TR, FSC‘\/

A mild enantioselective trifluoromethylation

A =
6 ) Bu=~—== NI T\ Ay
CFs., H | N
0 R 9 . 5 N 6
R\I) o, / 5
N photoredox organocatalyst
CFs N tBu

1"
|
(R = alkyl, aryl) CFa-f.,l) S
(61-86%, up to 99% ee) 10

18

J. Am. Chem. Soc. 1949, 2856 — 2861.
J. Am. Chem. Soc. 2009, 131, 10875 — 10877.



2.2 CF,SO,Cl

In 1991, Sawada used CF;SO,Cl as a valuable source for CF; radicals.

[RuClx{PPhgz}s]

(1 mol%) cl
T CF
R CF1S0,CI R’K/ 3
R = alkyl, aryl, 120 °C 12 (34-87%)
CO,Et
cl
R)\/CFS CF3S0,Cl
RN\ ATRA of various alkenes
Not restricted to electron-rich alkenes.
[Ru']—Cl Even as acrylates
[Ru"—ClI CF3S0;
Rf’:“‘-\,/CFS /<
. 50
CFs 2
R

J. Chem. Soc. Perkin Trans. 1 1991, 627 — 633.
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2.3 Togni reagent

FsC—I—0 FsC—1—0 * easily prepared
» effective
* versatile
* 3c-4e

through-lone-pair-coupling

20



2.3 Togni reagent

2.3.1 Cu(l)/CPA-catalyzed trifluoromethylation reactions of unactivated alkenes

1 1
NHCOR' F.c—|—Q  CuCN (15 mol %) NHCOR OG R
, r,'i:"‘-n . 4c {1':! maol % - T)\DME O\pr
RZ- 4
REUANE ROH, EtOAc, 25 °C cF e~ -CF3 OO o/ ©OH
1 2b 3 .
up to 83% yield 4c, R = 2,4,6-(i-Pr)sCoHy
> 96% ee.
NHCOR NHCOR NHCOR
1,5-H shif “H
e H) -
CF, CFy
N A B
i / FiC—1—0O |
" cu) =
:[ CFs] -— @/( i lSET
! FA | 1
ST, _/____2____5
NHCOR OR NCOR
“Boor ROH
@/\/ @i;i/o 0o = | CFs
CF3 P c
RO’ OROH D RO 4-OH

Proposed mechanism for the current reaction system.

Angew. Chem. Int. Ed. 2014, 53, 11890 —11894
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2.3 Togni reagent

2.3.2 Cu(l)/CPA-catalyzed trifluoromethylation reactions of alkenes

o CF;
. g / CuCl (10 mol %) I g
NTONT o _(S-AT (15 mol %) NTN
iPrCO-Et, 25 °C oy
FC Ph
Ph 1 2a 3 3
2 Q. G )
N - N R M s R?
‘ H —_— T I . .
H *CF . H E \Q/\CFE ___“_jf L A N
\-\f ? Cuill) : ] R’ o A -.-f}:_—".
\V\CF 0 4 R' CF;
1 R cat Cul) 2 o nzp-0
CF; R H-=-07", 3
/ P F'.IIN cu"—0 up to 98% ee

Y ¥
@ D I\
& -

X I?:J R' CFy

J. Am. Chem. Soc. 2016, 138, 9357-9360
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2.3 Togni reagent

2.3.3 Trifluoromethylation/ Perfluoroalkylation of Aryl-N,N-dimethyl Hydrazones

IR (3 equiv) |

| | '
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N™ ™ » N N N
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3a-m 4a-m 3a-d.fhjln-r 6a-dfhjln-v
up to 88% yield up to 90% vyield
| 2
I I—R
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23
J. Org. Chem. 2017, ASAP. DOI: 10.1021/acs.joc.7b00934



2.4 Shreeve—Umemoto reagent

©\s/© HOCH,S0;Na/2 H;0 0

A I"-‘}"‘“x"- + T - - CE
i CF, OTf  DMF, in air, 0 °C HWIJ\/ ’

20 21 (21-39%)

S0~ . Aryl” . O
— . ‘CF - Fy —»
20—+ Ph;S +CFy Ayl CFs = 21

Chem. Commun. 2011, 47, 6632 — 6634
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summary

@ Highlight the PTC concept for asymmetric fluorination.

€ Propose a catalytic cycle of asymmetric B-fluorination using CPA Phase-Transfer
catalysis and achiral NHCs.

®Research the radical trifluoromethylation .
# Selective learning Togni reagent and their applications.

# Significant advances have been made in the asymmetric fluorination, mechanistic
studies and further synthetic applications of this filed should be under investigation.



Thank you far your attention!



{a) Catalysts/reagents employed

Cl
N+
&
F 2BF4
(S)-TCYP Selectfluor

(S)-Cy-TRIP

(b) Initial findings - Para-fluorination

OH OH OH ]
5 mol% Catalyst F F F
Selectfluor F
—_—
Na2003 E W
Toluene, rt, 40h
1a 2a 2b 2c 2d

Catalyst Ratio 2a:2b:2c:2d Net para:ortho Yield 2a (% conv) ee 2a

(S)}CyTRIP 1:0.28:0.51:0.15 11:1 41% (>95) 27%

(S)-TCYP 1:0.19:0.51:0.32 1.0:1 41% (>95) 63%
none 1:0.11:0.23:0.00 29:1 17%"% (23) -

(c) Ortho-fluorination
OH 5 mol% (S)-TCYP 0

Selectfluor '_:
T NacOs 3a, 75% yield, 96% ee
1b Toluene, rt, 40h

a)
OH
5 mol% (S)-TCYP
Selectfluor 2e, 2f,
29% yield, 40% vield,
NazCO; 86% ee 85% ee

L :, Toluene, rt, 48h

zgi
Ph  13% yield,
Ph 86% ee
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To obtain some insights into the reaction mechanism, radical
trapping experiments were conducted with 2,2,6,6-tetramethyl-
piperidin-1-oxyl (TEMPO)} and 14-benzoquinone (BQ)
(Scheme S5, eq 1}. The reaction was found to be remarkably
inhibited by these reagents, and together with the previous
studies of radical trifluoromethylation of alkenes with Togni’s
reagent by Cu(I) catalysts,” this suggests that the CF, radical is
likely involved as the reactive species under the current reaction
conditions.” To further understand the role of the phosphoric
acid, treatment of la with 2a under otherwise identical
conditions in the presence of either CuCl alone or (S)-Al
alone (see Scheme S35, eq 2 and Table S1, entry 19) gave the
corresponding product 3A in only low yield {the detailed kinetic
behavior is shown in Figure S2)}, thus revealing that both the
Cu(I} salt and the phosphoric acid are necessary for the reaction

and that the activation of Togni’s reagent could be facilitated by

the phosphoric acid in this dual-catalytic system.''™'®

Furthermore, no desired product was observed under the
standard conditions with methyl-protected urea derivative 6 as
the substrate {Scheme 4aand Scheme S5, eq 3}, clearly indicating
that the urea with two acidic N—H at the appropriate positions
plays a crucial role in asymmetric induction.



A Combination of Directing groups and Chiral Anion Phase-transfer
Catalysis for Enantioselective Fluorination of Alkenes

Selectfluor (1.35 eq.)

i Na,CO; (1.45 eq.) E 0
O‘ N R (R)-STRIP (0.1 eq.) NJJ\R
H - H

tol, rt, 18 h

-
o
Ix\
o
I._o,
)r®
2
o
S
. IQ =
- m
+
T I-2
T

PNAS | August 20, 2013 | vol. 110 | no. 34 | 13729-13733
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GDH,
T,

CD,4

£y
F

0.15 mmol
CH,

’©/J\f0|_|
F

0.15 mmol

CXq

oRt:
F

CDH CHy
standard eonditions
/@’K/\U”—, Q)H/\OH-*’@)K(\OH (2a)
F F F F

kil =1.87 + 0.05

(5)-AdDIP (0.02 mmol)
Selectfluor (0.05 mmol)

O, CH
NazHPO, (0.8 mmal)
= OH + OH (2b)
PolB(OH); (0.3 mmal) £ £
MgSO, (120 ma) F F
paylene/EC (1:1, 2.0 mL)
kiylkg = 1.34 £ 0.04

CXa

standard conditions : -
oH 93%ee(X=H)
— m 83% ee (X = D) ()
F

Selecttluor m-complex {pathway I1}™

(eq 3), implicating the cleavage of the C—H bond in the
enantiodetermining step. In a broader context, while chiral acids

have previously been utilized in reactions in which protonation is
the enantiodetermining step,18 these results suggest thatin chiral
anion catalysis, the microscopic reverse of this process (ie.,

enantiodetermining deprotonation} may occur.

In support ot this
interpretation, subjecting trideuterated substrate 1b-d; to
standard reaction conditions resulted in significantly diminished
enantioselectivity (83% vs 93% ee) compared to unlabeled 1b



2.3.1

3b, 2-0OMe, 36 h, 75%, 75% ee

o} o]
I S 3¢, 3-OMe, 36 h, 53%, 94% ee
HN™ "Ph AN x 3d, 4-OMe, 36 h, 72%, 90% ee
OMe OMe X = 3e 4-Me, 36h, 69%, 96% ee
CF, CF, 3f 4-Ph, 48, 45%, 95% ee
3g,4-Cl, 42 h, 63%, 94% ee
3a, 36 h, 81%, 96% ee 3b-3i 3h,4.Br, 42h, 74%, 93% ee
3i, 4-NOg, 48 h, 59%, 90% ee
o} 0 o
HN = HN S
P N/ HMN
OMe 'OMe OMe
CF, CF, CFy
3j, 48 h, 53%, 81% ee 3k, 38 h, 48%, 92% ee 31, 38 h, 58%, 68% ee
o 0] 8]
AL
HN™ “Ph HN™ ~Ph
/@C\/ OMe OMe
CF, . CF,
. 42 h, 51%, 91% ee 3n, 38 h, 72%, 81% ee 30, 42h, 49%, 92% ee
o} o]

MeO., . NHCOPMP

HN™ “Ph
CE
= CFy 3 PMP = 4-OMeCgH,

3p. 42 h, 52%, 95% ee 3q, 38 h, 62%, d.r. = 1:1 3z, 36 h, 42%, 90% ee
94% ee, 93% ee

3r, Et, 36 h, 82%, 93% ee 5 3v, 4| MeCGH4CH2 36 h, 78%, 94% ee
| 3w, 4-ICgH,CH, 36 h, 86%, 99% ee |

_3s, nBu,36 h, 74%, 91%99 ! X . s :
Er;\/ 3.Bn, 36 h,77%,97% ee | | 3x, “EOmMe, 36, 57%, 94% ee |

*3u, iPr, 36 h, 75%. 89% ee ; 3y, “§~~-B" 36h, 82%, 95% ee |

This finding can be attributed to the fact that 2-iodobenzoic acid, generated by the reaction system,
prevents enantioselective reaction catalyzed by CPAs.
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NHCOPh MeO_ HCOPA

NHCOPh :
NHCOPR ¢y 20mal %) MeO : 5 E
D 2a MeOH D : D l
D —— (1) H D CF !
EtOAc, 45°C, CF3 ; N 3
D (>98% D) :

= 12h D (>98%D) : [D;}Ma(>98% D) ¢y (20 mal %)
W LI m 0,
[D2}-1a (>98% D) [D21-(+)-3a (68%) ¢ (1.0eq) 2a, MeOH ’ [D2h}3a (45%) ;
. o e * @:
NHCOPh NHCOPh : NHCOPwp COAG 45°C, NHCOPMP

Cul (20 mol %) MeO 16 h MeO

D H H D :
2a,M : CF
e /D (80% D) (3): H PMP = -§ OMe
EtOAG, 45 °C, CPs | N ¢

S
H/D (20% D)

-1 % 12h :
[Di}1a (>56% D) [DiH)3a (64%) (kfkp = 40), 19(10ed)  yageon)
o)
NHCOPh 1 (20 mol %) ’l*‘COPh |
2a(1.4eq) HO @
~. DCE 45°C CF, CF3
1a 8 9 (47%)

Notably, for the reaction in the presence of TEMPO, the
TEMPO-CF3 adduct was formed in 95% (racemic) and
88% (chiral) yield (see Scheme S1). The results reveal
that the CF3 radical is likely involved as the reactive
species under the current reaction conditions.[7]

H(D) (D: o%)é
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2.3 Togni reagent

2.3.1 electrophilic species from the reaction of nBu,NI with Togni’s reagent 2

0 o 0
FELr?J /LI R* C-H trifluoromethylation RLN JIR4 organocatalyst R~ N)tR“
1 &
J nucleophile
RO R#TH RO R R P R0 R¥7:CFy

Challenges:
o/f regioselectivity, £/Z steregselectivily
olefinic/allylic selectivity, metal-free

Hydroxamic acid derivative acts as
directing group and actlivating group
far Michael reaction

Proposed Mechanism

1 Ar- | |:|=J

{:F 3 source 2
nBu4NI Onﬁuw

Liu et al. Org. Lett. 2014, 16, 6032-6035
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