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1. Introduction

1-1. Organohalogen compounds
1-1-1. Artificial or Natural compounds

Cl CL Br o\\ /,o
W /©/SY|

Br Cl '
Fluticasone Halomon DMTS
(anti-inflammatory) (antiumor agent) (antifungal agent)
Artificial Natural Artificial

1-1-2. Electrophilic Halogenation Reactions
X H o)

O~ O ST

X+
(F*, CI*, Br*, I¥)

1-2. My Work

*R4N*CI™ (cat.) fo)
RO (0) Cl source
Oxone
NHPG
OO toluene
KH
S0s *R,N+CI-
cr- cr

(CIOH or Cl)




2. EnantioselectiveHalogenation using Metal Cat.

2-1. First Catalytic EnantioselectiveHalogenation
Enantioselective Halogenation of B-Keto Esters (2000 Togni)
Enantioselective Fluorination of B-Keto Esters (2000 Togni)

1 0or 2 (5 mol%) /—Cl
o O Selectfluor® (1.5 equiv) o o @7 BF4
R‘MOR" R‘Mm N+ BF -
2 MeCN, rt F "Rz
R 8 examples Selectfluor®
up to 89% yield

up to 91 % ee
\< ph o“\<o Nph CHZC\
w4
1-Nph E 1-Nph E Mecg:(\);%w [ o1
1-Nph>(\L]<1 Nph Y\% ﬁ y [S]

O//

N

iy o9 T| N X . . .

MECN/ \NCMe _O/ | \O_ 1-Nph e o 1-Nﬂ 1-Nph Q 0 1,Nph_‘ ?‘i-s;;ieattack »
1-Nph ~1-Nph 1-Nph ! 1-Nph for R,R-TADDOL
1-naphthy! I S e
1 2 38a >/g >E< 38c >/€7
R o o o o R F
R‘V’LORJ R OR?
Enantioselective Chlorination and Bromination of B-Keto Esters (2000 Togni)
1 or 2 (5 mol%)
o 0 NXS (1.5 equiv) (X = Cl, Br) o o X=Cl ] X =Br _
R‘MORz R‘MRz up to 97% yield up to 90% vyield
M MeCN, rt X "Me up to 88 % ee up to 23 % ee
e

2-2. Recent Catalytic Enantioselective Halogenation
Enantioselective lodocyclization of N-Tosyl Alkenamides (2015 Yamanaka)

L-Cu-OAc (10 mol%) Ts
NIS (1.1 equiv) N
(o) I (0.2 equiv) DIBAL-H K,CO;
Bile)
Rjk/\/tL NHTs Toluene/CH,Cl,=3:1 CH,Cl, pmr R
-78 °C
R = Ar, (CHp),CH,, Cy 12 examples w/o loss of ee
up to 98% vyield
up to 94% ee

Ph Ph hydrogen bonds
N
N A\

o Gu—--0 *~(
P LT t?(

Ph,‘ Ph
R’ =N N / ¥ ‘
OH 6 J—y S “Tol :
R2 Ph” \_/ é f ® %

. e |
Ligand a:1.683 [ :2452 ,.;;d
R! =Br, R2 =Br b:3.098 g:2.163 Y
c:1.98 h:2.313 ~/‘
d:1.889 F |
e:2.326 -

1) Togni. et. al. Angew. Chem. Int. Ed. 2000, 39, No. 23.

2) Togni. et. al. Helv. Chim. Acta. 2000, 83, 2425—2435.

3) Togni. et. al. Chem. Comm. 2004, 1147—1155. 2
4) Yamanaka. et. al. Angew. Chem. Int. Ed. 2015, 54, 12767—-12771.



2. EnantioselectiveHalogenation using Metal Cat.

Enantioselective a-Halogenation of N-Acyl-3,5-dimethylpyrazoles (2022 Ishihara)

o o) Ligand (11 mol%) o
Cu(OTf), (10 mol%)
R\)LN,N\ + N-CI R\)LN,N\

CHzclz, 0 °C—rt :
o) Cl =

*-‘
1.1 equiv up to 96% yield &
0,
o o Ligand (11 mol%) up to 37 o e ‘ 'g
o,
e ><o g, Cu(OTh, (10 mol%) 4
= o)

R%N/N K. Ishihara

Na2304 : N\ ‘
CH,Cl,, —20 °C—rt Br — (1963-)
1.1 equiv up to 93% yield
up to 96% ee

ol ot
D NH R’:[NH

L TR
Ner

2b Cu(ll)-C19 3.191 ﬁ
y - = = Cu(ll)-C22 3.149
Ligand ey ligand (R") yield (%)* ee (%) Cu(ll)-C36 2.873 A
R1 = 2-naphthy| 14 L1 w/2,6lutidine 8 38 Cu(ll)-C302.713 A
2 L1 w/o base 54 32
5 L2 (2-naphthyl) w/o base 90 (71)% 96 (94)%

Anionic Chiral CO(lll) Complexes Mediated Asymmrtric Halocyclization (2021 Yu)

(S, S)-1 (11 mol%)
N/YH X* source (1.2 equiv) Nl/Y iy g b
I H o, .
R)\/\ 5 A MS R X /N io‘o i |
toluene, —30 or —20 °C Y =NPG, O . i
X* source: NBAc, NBS, DIDMH X =By, |
up to 99% yield ~ —RrR’  HICOT
up to 94% ee (S, S)-1

-Y, N=YR

o \ Uﬂll\

R! X R X
[Co*TH* (1) low enantioselectivities

soluble
o X‘ /R
~Z fast iPr /\ s
0‘ o P sources \exchange @ 0 O /
/_[bL Co N (=Rroh L\L Co N ing

N O O [Co*]—X (10) —N O O “H
('COX Specws ) R! /> = ~ O
\ // R
7 Ts4 2 Tsan
favored [Co*] x* (1)

(chiral ion-pair)

20r3 = Me or Ph

disfavored

1) Ishihara. et. al. Acs. Catal. 2022, 12, 1012—-1017.
2) Yu. et. al. Org. Lett. 2021, 23, 9134-9139.



3. Enantioselective halogenation using Organocatalyst

3-1. Enantioselective halogenation using Anionic PTC

3-1-1. First Example of Asymmetric Fluorination using Anionic PTC (2011 Toste)
Phosphoric acid (5 mol%)

R2 Selectfluor® (1.25 equiv) R2 F up to 95% yield
L H Proton Sponge (1.1 equiv) }'Eo up to 97% ee
N Ar 1
1 R
R If C¢HsF, —20 °C N’>_ Ar
1 1 i
0.0 - o._.0O
N-E* X~ + *C SPZ M+ \ — o ~PZ ‘o N-F* F. Dean Toste
(1971-)
insoluble soluble MX soluble chiral
fluorination reagent

Selectfluor
(insoluble) (1/—0‘

[NJ 2BF,~

OO
2<O ONa

NaHCO,
Na,COj /—cw
NaBF, NJ BFa”
¢l

o P/gH [N'i7 O)’ g) CO P/O [N(1\7 o o>

2b

//_Cl _I 2 NaBF,
N* BF; o. /o

NFX= /N (

F+ BFf

chiral tvn pair

WF fluor ocycl ato
O,
D—Ar
N

5

3-1-2. Asymmetric Fluorolactonization with a Bifuctional Hydroxyl Carboxylate Catalyst
(2015 Hamashima)

Selectfluor

Precatalyst (10 mol%) F—
N ) Selectfluor® (1.5 ec.|uiv) N - 4R2 up to 99% yield
R R NazPO, (1.5 equiv) Rl o up to 94% ee
COLH =
cyclohexane, 25 °C o)
Aryl
” e [0
COH CO,~Na*
O ? @ 7 aggregale Y. Hamashima

5
Aryl 2-CO,~Na* U (1974-)
OH | -2C0y Nar

1
2-CO,~Na* *

CO.H i CO,~ Na+\%NaBF4
OC' 9

-H

Aryl *
COZ Na+
Aryl = 3,5-+-Bu2-CgH3 3F, [ 12
CI\/
10
NaBF,

CO & X-=9-5
3 =97, 9,
c \/ < 2- or BF4—>

1) Toste. et. al. Science. 2011, 334, 1681.
2) Hamashima. et. al. J. Am. Chem. Soc. 2015, 137, 10132—-10135.



3. Enantioselective halogenation using Organocatalyst

3-1-3.Dianionic Phase-Transfer Catalyst for Asymmetric Fluoro-cyclization

(2018 Hamashima)
PTC (10 mol%)

j)\ Selectfluor® (1.5 equiv) 4o to 80% vield
A
R‘MH R3 NazPO, or Na,HPO, UB to 99%% Ze
toluene, w/ or w/o Na,SO,
15-25°C

Ph Ph A " Q
OO 200 OO 8 F&

0~ "o O IF ,/\ O :—O2C Q
OO CO,H HO,C OO OO Cog‘\[N,:\H ' COZ“\(\,\"”-F o

Ph Ph Ar CI\/\/ O RCI\/»Q)

PTC Phase-transfer activity

mono-anion < formal di-anion

3-1-4. Enantioselective reactions of 2-naphthols (2020 Hamashima)

PTC (10 mol%)
Selectfluor® (1.5 equiv)

R ~ Na,CO; (1.5 equiv) R—/ | 21 examples
= OH N 0 up to >99% vyield
Rl CH,Cl,, 0°C, 18 h g up to 94 % ee
2 (solid phase)
CO\/\/O > C o0 _~_0 >
O‘ R!= Me 92%, 81% ee i [20C e T
a o '
N R'=alyl 95%, 83% ee & 2 NaBF; C'/\r@ B
F R R' = 3-thiophenyl 90%, 92% ee °F
B P ;' H 4
1+ ; ~0
cl N\h/ 1
S0 MeO (o NS

F Ph F Ph
90%, 88% ee 98%, 94% ee ¢ \

Proposed mechanism

3-1-5. Enantioselective reactions of resorcinols (2021 Hamashima)

PTC (10 mol%)
OH Selectfluor® (2.5 equiv)

R Na,CO; (2.5 equiv) 7 examples
up to >99% vyield
on oty 0%, 241 R

1) Hamashima. et. al. J. Am. Chem. Soc. 2015, 137, 10132—-10135.
2) Hamashima. et. al. Angew. Chem. Int. Ed. 2020, 59, 14101.
3) Hamashima. et. al. Tetrahedron. 2021, 96, 132355. 5



3. Enantioselective halogenation using Organocatalyst

Asymmetric Electrophililic Bromination/lodination Using an Anionic Chiral PTC
3-1-6. Enantioselective Halocyclization Using Reagents Tailored for Chiral Anion PTC

(2012 Toste)

R2 PTC (5 mol%)
| Br* source (1.3 equiv)

Y X R NazPO, (4 equiv) up to 97% yield
| up to 99% ee
% NH p-xylene/hexanes (1/1), rt Y=C,N

R2 PTC (5 mol%)
| I* source (1.3 equiv) )
NazPO, (4 equiv) R! /R up to 82% yield

1
R 0 up to 99% ee
NH p-xylene/hexanes (1/1), rt )\
PS N~ “Ph
Ph™ ™0
BF4-
R R
LN\ AgBF,, X s/ N\ 4 L\ +
NN~ 22 N N-X-NT N/
__/ MeCN
R (BF4)s
X* source
X=Br,|

PTC
R = i-Pr,Si

3-2. Enantioselective halogenation using Cationic PTC
3-2-1. Enantioselective Fluorination of 4-Substituted Pyrazolones (2023 Wang)

PTC (0.05-0.5 mol%)
NFSI (1.1 equiv)

R’ o 35 examples
N °
| 2 2 4 up to 99% yield
oy
N 98%
toluene, —20 °C up to 98% ee
’
o 0 o o
o 0
Ph. / 7
N _gn ome Ph. L P~ PPy A “
N N A ¥ A )
N “F \ Ne"E N/ F | N/ F N/ F
4 PO, > p
zph 20 ove Ph 2¢ CF3 Phoog | Ph 2 2 2
99% yield, 94% e 95% yield, 94% e 98% yield, 87% ee 96% yield, 87% ee 97% yield, 80% ee
I
/ e Ome
CF hA Ph. [ r
g N F N ( =
- ( ~ ~F I \ )
Ph2g . Phog g [ bh 2k | &
96% yield %o o6% i, 87% 00 99% yield, 92% e 98% yield, 92% o 99% yield, 90% oo e Jisld, 00% s ome Py & ™ 0
o P 9o [} N N/ F Of \/\ -
Ph. [ i h 4 Ph. [ \ . N 7
D ot N/ N A T i} \ / e x\,r Qe / \ e / \ OM
. b Ph cHy, 77\ ome / ? J2Me
o 2m " % yiowd, 045 94% yield, 83% ee - ” 9 ~ 98% yiel \a 02% e 99/ yield, 95% ee " 98% yield, 96% e ;a/ yield, 94% o 98% ol \d 92/
98% yild, 90% o0 99% yield, 92% e 92% yield, 94% oe 6y o 95% yield, 72% o6 Figa% e, 80% o
[ o o o o CFs CH
Phe Ph. I Ph. _Jf Phe I by Rl ]
N Nome Nome N ome "oy oMo "y W’ Tl o ) o A Y o
NS (NS NS Na® NS F\/\ - SAA o S o QAP J\/kN §
O s ) \ N OMe ! 3 N N N o N OMe U NNy
.\/ Y} , OMe \/ ) _ Ome //\‘ 20Me \/ Y , Ome /L*\‘ Fohs™ [ 2 NsCF I NsF NS N, .
\ \ { ( \ 7\ )\ -  \
- o o CFs ~ Ph oN \ e \/ 20t \s ,J\ 2.“OM9 d ) zOhMe \) 2l
h ylold, 86% 00 98% yield, 86% ce  93% yield, 92% o0 7% yield, 90% e 98% yield, 90% e 93% yield, 89% o6 92% yield, 83% e 97% yield. 92% o 97% yield, 90% o6 R 96% yield, 98% oo

1) Toste. et. al. J. Am. Chem. Soc. 2012, 134, 12928—-12931.
2) Wang. et. al. Org. Chem. Front. 2023, 10, 2226—2233.



3. Enantioselective halogenation using Organocatalyst

3-2-2. Enantioselective a-Chlorination of B-Keto Esters (2021 Jurczak)

PTC (0.5 mol%)

o NCS (1.05 equiv) 0 TN
S (0] KF (2 equiv) N CloO .
| / . o toluene (0.2 M), —50 °C | / A~ o OMe HN O
R R R2

R2
0]
Cl o R2=Me 99%, 93% ee PTC
/ R2=tBu 99%, 96% ee ,,
o  R2=Ad  99%,97%ee

R2=Bn  99%, 79% ee

Cl R2= Me 99%, 79% ee
0 R2=tBu 99%, 86% ee
* . R2=Ad 99%, 83% ee

R2
o /
N cio R'=Me 99%,89% ee blocked =
| / R'=OMe 99%, 85% ee site =
[ F o R'= 99%, 91% ee
R / R'=Cl  99%,87%ee Proposed transition state model

3-3. Enantioselective halogenation using Organocatalyst
3-3-1. Enantiodivergent Bromolactonization (2021 Yeung)

2 = 2 =
R< 0 R< 0
N N
| N NH OMe | N NH OMe
N OMe N
Z 0 ~ o
1 1
R OMe R MeO OMe
R'=Ph, R2= CH,Bu R' = 9-anthracenyl, R2 = Me
R cat. (5 mol%) cat. (5 mol%) R
o NBS (1.2 equiv) JL/\H/OH NBS (1.2 equiv) 0_:
SN R
°:<j Br toluene (0.025 M), —60 °C o toluene (0.025 M), —60 °C Oﬁﬁg
up to 99% vyield up to 99% vyield
up to 93% ee up to 98% ee
Moo, ‘ps;j/!,ubs_xs.org/doﬂ B

i rsa
H’j — IS Tz o1
49 O e o 52 =T
\, ; : el B s
o W e " =
d o m 1

Fre Energy (kealimol)
ras Energy

1) Jurczak. et. al. J. Org. Chem. 2021, 86, 995-1001.
2) Yeung. et. al. J. Am. Chem. Soc. 2021, 143, 12745—12754.



3. Enantioselective halogenation using Organocatalyst

3-3-2. Enantioselective reactions of naphthols (2015 You)
Scope of 2-naphthols

(DHQD),PHAL (10 mol%)

R
OH DCDMH (1.2 equiv)
OO Toluene, =78 °C

cl
Oy N
>=0
N
cl

DCDMH Shu-Li You
(1975-)

OMe

MeO

< 95%, 92% ee PN gg9, 94% ee 89%, 82% ee
(DHQD),PHAL

Investigation of 1-naphthols MeO
OH
(DHQD),PYR (10 mol%) SN
“/COZMe DCDMH (1.2 equiv) ™ y>o I y
CC ESsed:
CHCI,/CCl,, =70 °C

94%, 90% ee

X
O COH Cat. (10 mol%)
O O X* source X
R Toluene, —60 °C
X =Cl, Br, |

R®  X* source: NBS, NIS, DCDPH 0
up to 93% yield

up to >99:1 dr
up to 99% ee
Cat.

Selected examples
Cl

98a 98b 98c 98d
71% yield 93% yield 90% yield 77% yield
99% ee, 44:1 dr 99% ee, 44:1 dr >99% ee, 53:1 dr 96% ee, 44:1 dr

1) You. et. al. Chem. Sci. 2015, 6, 4179.
2) Yeung. et. al. Nat. Catal. 2020, 3, 993—-1001.



4. Proposal

My Work
*R4N*CI~ (cat.)
RO._ _O Cl source
Oxone
NHPG
OO toluene
KHSOg
Ccl- Cl+
(CIOH or Cly)

Back Ground
Anionic Chiral CO(lll) Complexes Mediated Asymmrtric Halocyclization (2021 Yu)

(S, S)-1 (11 mol%)

o]
N/YH X* source (1.2 equiv) IY)""\ \%kg o ,
| H C(; N/ +
R)\/\ 5AMS R X 4 J ‘o 1t
toluene, —30 or —20 °C Y =NPG, O
X* source: NBAc, NBS, DIDMH X =Br, | .
up to 99% yield o [°° T
up to 94% ee (S, S)-1

Chlorination reaction has not been reported
Halocyclization of B,I-Unsaturated Hydrazones (2014 Xiao)

| o TS
NH
v
+ N-X [
m CH,Cly, rt
cl o

Cl
X=ClI complex mixture
X =Br 96% vyield
X=I 83% yield
Proposal )
TS (R4N*CI) Ts
! Cl source N/ KHSO4
N’NH Oxone le or o
| )
RJ\/\ solvent R Cl slow (CIOH or Cl,)
high yield
TS *R4N*CI~ (cat.) Ts
\ Cl source NI
N’NH oxidant NI/ *
| )
R)\/\ solvent R Cl

high yield, high ee

1) Yu. et. al. Org. Lett. 2021, 23, 9134-9139.
2) Xiao. et. al. Eur. J. Org. Chem. 2014, 3082—-3086.



