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1. Introduction

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

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

1-1-2. Organohalogen compounds as synthetic intermediate
- Suzuki-Miyaura Coupling (SMC)

Pd cat.
ligand
- Grignard reaction (0]
Mg ’RJ\R"
OH
R-X R-MgX .,
R/iﬁ

1-2. Dearomatizative halogenation - general strategies
Halogenation at alkynes (chapter 2)
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Halogenation at arenes (chapter 3)

(w/0 nucleophilic trapping) (w/nucleophilic trapping)
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1) You. et. al. Chem. Eur. J. 2016, 22, 11918.



2. Halogenation at alkynes or alkenes

Initial findings (2003 Fanghanel)

S/\©\ ICI (1.1 eq.)

MeO | | OMe NaHCO; (10 eq.)

\©v5 DCM/MeOH/H,0
(6/6/1)

(o)

\/©/0Me
S
5 /

I 72% yield
General protocols (2005 Larock)
OMe
Condition Condition A : ICI (2 eq.), DCM
A B,C Condition B : I, or Br, (2 eq.), NaHCOj (2 eq.), DCM
R _78°C iti
Condition C : ICI orBr;, (5 eq.), NaOMe (2 eq.), DCM/MeOH (3:4
X, = 2 (5 eq) (2eq.) (3:4)
15 examples o o o
up to 100% yield
(OMe BMe  Nu- Tr<~<,Ph 0~ —Ph Ph
| / /
| (0] | X
N\ _Ph Condition A Condition B X=I, Condition C
X.. 1@ X Ph 88% yield 100% yield 93% yield
Y I X=Br, Condition C
I 98% yield
No activating arenes (2008, 2009, 2012 Li)
nucleophile = AcOH CF;CH,OH H,0
OAc OCH,CF; (0]
NXS (1.5 eq.)
R2 hucleophile ) ; , ; , ;
Z R N-R R N-R R N-R
gt Z condition \ \ \
(0] X (0] X (o) X (0]
13 examples 21 examples 32 examples
up to 98% vyield up to 97% vyield up to 85% vyield
up to 2.6:1 dr up to 3.2:1 dr
Proposed mechanism (nucleophile = H,0)
D
N\ NIX °‘ H,0 [0] . C ~"
(o) N | - 2H* N
e i
\ O Rate-Limitting Step
1a E F

1) Fanghénel. et. al. Eur. J. Org. Chem. 2003, 1, 47.
2) Larock. et. al. J. Am. Chem. Soc. 2005, 127, 12230.

3) Li. et. al. Org. Lett. 2008, 10, 1063.; Synthesis, 2009, 6, 891.; J. Org. Chem. 2012, 77, 2837.



3. Halogenation at arenes without nucleophilic trapping

3-1. Fluorination
Enantioselective reactions of phenols (2013 Toste)
Initial findings

OH (0] OH OH (0]
5 mol% Catalyst F F F
Selectfluor F
NaZCO3 F\\‘
Toluene, rt, 40h
1a 2a 2b 2c 2d F. D(?I;E‘”T ‘)’S‘e
Catalyst Ratio 2a:2b:2c:2d | Net para:ortho | Yield 2a (% conv) ee 2a
(S)-TCYP 1:0.19:0.51:0.32 10:1 41% (>95) 63%
none 1:0.11:0.23:0.00 29:1 17%° (23) -

ortho-selective fluorinative dearomatization

OH (S)-TCYP (5 mol%) Cl W

R! Selectfluor® (1.5 equiv) .

Na,COj; (1.5 equiv) N

" 5)

R3 Toluene, rt, 46-48 h N*
9 examples ": 2BF,
o o o Selectfluor (S)-TCYP
iFi ﬁF: ﬁFPh
NB
oc OMe (b)
75%, 96% ee 57%, 96% ee 70%, 91% ee — \I O-||-| —
~ Y
R 9 /7
v “
Ollllhr-P--ﬂllIO
para-selective fuluorinative dearomatization “ / e
OH (S)-TCYP (5 mol%) /= Oe ﬁﬂ'\
Selectfluor® (1.5 equiv) e S/ \)9 Cl
Na,COj; (1.5 equiv) ion pai
R pair
R Toluene, rt, 48 h

Plausible interaction

13%, 86% ee 29%, 86% ee 40%, 85% ee

1) Toste. et. al. J. Am. Chem. Soc. 2013, 135, 1268.



3. Halogenation at arenes without nucleophilic trapping

3-1. Fluorination
Enantioselective reactions of 2-naphthols (2020 Hamashima)
Optimization of catalyst

pre-cat. (10 mol%)
Selectfluor® (1.5 equiv)

OO Na,CO; (1.5 equiv) "
OH CH2C|2, 0°C . (0]

Ph F Ph
Y. Hamashima
(1974-)
pre-Cat. Time  Yield Ee O O
[ 1 18 h quant. 93% ] OAM/\O CO,H
5 36 h 89% —-61% CO,H HOzC CO,H
6 36 h 81% 24% O O
7 36 h 78% -15%

1:n=1,5:n=2,6:n=3

Substrate scope
1 (10 mol%)
Selectfluor® (1.5 equiv)

L Na,CO; (1.5 equiv) R 21 examples
= OH N 0 up to >99% vyield
- o,
R CH,CI,, 0°C, 18 h F "R1 up to 94 % ee
2 (solid phase)

O‘ R'=Me 92%, 81% ee CO L OC 0, 2%
o

R = allyl 95%, 83% ee 2 NaBF4 B
F R R! = 3-thiophenyl 90%, 92% ee (0\/\/0> N F
Br 3 CO,  —0C
JE—— K ," .\H\ > 4

99 99 a9
S0 MeO o NG
F Ph F Ph e

90%, 88% ee 98%, 94% ee b o

X

Proposed mechanism

Enantioselective reactions of resorcinols (2021 Hamashima)

PTC (10 mol%) Ph Ph
OH Selectfluor® (2.5 equiv) OO - ‘O
(0] (0]

R Na,CO; (2.5 equiv) 7 examples
up to >99% yield COzH HOLC
H.CI °C.24 h up to 16:1 dr OO ‘O
OH  CH.Cl, 0°C, up to 95 % ee Ph Ph

PTC

1) Hamashima. et. al. Angew. Chem. Int. Ed. 2020, 59, 14101.
2) Hamashima. et. al. Tetrahedron. 2021, 96, 132355.



3. Halogenation at arenes without nucleophilic trapping

3-2. Chlorination

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

cl
R (DHQ@D),PHAL (10 mol%) Cl R O N
OH DCDMH (1.2 equiv) O (0] /Eo
|OO N D
Toluene, -78 °C \CI ﬁ\
19 examples DCDMH Shu-Li You
(1975-)
Cl, CO,Me
o
Ph
82%,96% ee PN ggo, 94% ee 89%, 82% ee MeO OMe

Investigation of 1-naphthols

HsCO

OH

cote (PHODLPYR (10 mol%) 9
e S
2 DCDMH (1 2 eq!) cone
CHCI,/CCl,, 70 °C

94%, 90% ee

Proposed working model

Enantioselective reactions of 2-naphthols (2021 Che)

CO,R! AgClO, (5 mol%) R'0,C Cl S N
N OH DCDMH (1.2 equiv) N N (0] \Fe/
R Ry Br 0”& o Br
7 CH,Cl,, rt Z o
SAMS 23 examples Ad 24 Ad
'Bu0,C, Cl R=H 99%, 97% ee — . s ] — :
R s (0] R=Ph 99%, 98% ee Br F favo,red Br (\
O‘ R=OMe 94%,97% ee WQI\ [ci N%
R =Br 770/0, 52% ee Ad oL & O\,Fée'<N
L VS 0 0]
Bn,NOC, Cl 'Bu0,C, Cl @o /
S o S o [cn repulsion ‘
I : <Y
disfavored
- major o o minor o
I

|
Plausible intermediates

99%, 25% ee S 44%, 97% ee

1) You. et. al. Chem. Sci. 2015, 6, 4179.
2) Che. et. al. Asian. J. Org. Chem. 2021, 10, 674.



3. Halogenation at arenes without nucleophilic trapping
3-2. Chlorination

Enantioselective reactions of (hetero)arenols (Our lab.)
Scope of 2-naphthols

*R,N* CI~ (0.1 mol%)
CO,t 2 M HCI agq. (2 equiv) t0,C, Cl

_ OH Oxone® (2 equiv) = o
R R
A toluene/H,0, 0 °C N

>10 examples

up to 99% yield
up to 96% ee
Scope of heteroarenols
Cco, *R4N* CI~ (1 mol%)
2 2 MHCl in EL,O (1.5 equiv) 026 C
X OH ® . (0]
(Het)]| Oxone” (2-8 equiv) (Het)|
Ar Ar (X
R Toluene, —10 °C~0 °C R
HO,C CI HO,C CI
7 o SN FHO,C. Cl
N R
| N ©
N %
10~ N” Me_<s
Cl
92%, 97% ee 90%, 91% ee 74%, 87% ee?

22 MHCI aq. (3 equiv) was used.

RO OI;I
Bo
1

Friedel-Crafts *R,N*CI-
path a CIOH or Cl,

RO,C Cl

o

3-3. Bromination
Enantioselective reactions (2018 Xu) @\f

CO,R Cu(OTf), (10 mol%) Br. CO,R

(0]
Ligand (10 mol%) , o ”3\@
OH DBDMH (1.2 equiv) 0 H r’,f“‘j::cU/ N
N“>0 0" N D2 MR N
DCM, —45 °C .

24 examples PR Ph Ph Ph o B ©
up to 96% yield . NS
up to 95% ee Ligand ©

1) Xu. et. al. Adv. Synth. Catal. 2018, 360, 2285.



3. Halogenation at arenes without nucleophilic trapping

3-4. Nucleophilic fluorination
Stoichiometric reaction of phenols (1994 Jouannetaud)

OH ) 9 P
PhI(OCOCF;) (1.3 eq.) F
HF—pyridine (0.5 mL) ¢©i> F
CH,Cl,, rt o)
2 F Me o

F R
i 6 examples 68% yield 42% yield 77% yield
(R = Me)
Phi(OCOCF5) 5 3 3 o
_ _ 0+
P, ﬂ OCOCF; aon @ ‘
/E)H Me o

- i I\I_Ie Me
Oxidative 68% y|e|d
desnred dimerization

— - 8% yield

Me undeswed

Catalytic reaction of phenols (2022 Xiong)

OH

Phl (50 mol%)
m-CPBA (4 equiv)
HF—pyridine (6 equiv)

CH,Cl,, 35°C, 10 h

CO,H
16 examples 94% yield 76% yield
up to 94% vyield
0 (o)
Phl / m-CPBA / pyr.HF Me ‘ ‘ Me
Ph
5T ®

F F

_ PhiFy - [1,5}-H shift O O ) o

B I I T

c 52% yield 27% yield

Proposed mechanism

1) Jouannetaud. et. al. Tetrahedron lett. 1994, 35, 2541.
2) Xiong. et. al. Org. Biomol. Chem. 2022, Advance article



4. Halogenation at arenes with nucleophilic trapping

4-1. Fluorination of benzothiophene derivatives (2011 Toste)
Selectfluor® (1.1eq.)

complex mixture
R o]

HN MeCN
©j\g_/ homogeneous condition
S

R? PTC condition -
RIS progmary
TR Selectfluor® (1.1 eq.) - ,R!

Na,CO; (1.1 eq.) m| R = CgHy7, M+ = H+
N
s

CgHsF, 23°C, 24 h
1a: 59% yield, 15:1 d.r., 89% ee
2a: 69% vyield, >20:1 d.r., 90% ee

nonlinear effect proposed catalytic cycle Selectfiuor
(insoluble) /_CI
0-p20
100 ., o’ 0-Na+ [NJ 2BFy”
90 l‘ldl—l\l\.ls
80
g % NasCO. cl 2 NaBFy
-3 60 2 3 /_
o + -
S o / y= 0;)204?997(;3545)( NaBF, NJ BF,
[0}
8 a0
® 3 » .
20 / N+ Cé O * - O).
10 / O OH [NJ OJD\O O’ \O [NJ O’
0 : ' : ' 26 13 chiral i lon pair
0 20 40 60 80 100 12
% ee catalyst

Supporting a pathway in which both BF,~ are
exchanged for chiral phosphate

ann
fluorocycllzanon

o T

4-2. Fluorination of indole derivatives
Stoichometric & catalytic reaction (2011 Gouverneur)

A: Selectfluor (1.2 eq.)
(DHQ),PHAL (1.2 eq.)

NaHCO; (1.2 eq.) F, 00
XH acetone, 78 °C Ph - Ph
\ X 7N
B:  NFSI(1.2 eq.) N H o £ 0
N (DHQ),PHAL (20 mol%) R NESI B
K>CO; (6 eq.) . V. Gouverneur
(R=H, alkyl; X=0,NR)  acetone, —78 °C d.r.>20:1 (1964-)
o F F " F
Me Ph es
Et
o NTs NCOMe 877 R "
N H N H N H Ne) o
\ \ \ NN
A: 90% yield, 86% ee  A: 50% yield, 82% ee A: 38% yield, 92% ee MeO NN -OMe

B: 65% yield, 74% ee  B: 70% yield, 70% ee B: 65% yield, 92% ee
A: stoichiometric condition, B: catalytic condition

e
N~ (DHQ),PHAL N

1) Toste. et. al. Science 2011, 334, 1681.
2) Gouverneur. et. al. Angew. Chem. Int. Ed. 2011, 50, 8105.



4. Halogenation at arenes with nucleophilic trapping

4-2 Fluorination of indole derivatives
Stoichometric & catalytic reaction (2011 Gouverneur)

F
OH condition B _
N\ 0] w/ premix.: 66% ee
N N H w/o premix.: 50% ee
\ \
d.r. >20:1
19F NMR experiment Procedure
fully transfer to i
NFSI a7 [F(DHQ),PHAL]* NFSI+ K,CO, Premix: SM
? N
+ + v, W product
DHQ),PHAL (DHQ),PHAL o
(DHQ), — - [F(DHQ),PHAL]* 20 molo) P 1M -78°C
-78°C trace (<2%) (20 mol%)
Catalytic reaction (2017 You)
(S)-CPA (10 mol%)
Selectfluor® (1.1 eq.) F
PS (1.1 eq.) O
_ NBoc "OH
CH3CN, 0 °C, 10 min H NMe,NMe,
NHBoc homogeneous condition
.0 AN A \ 78%, 47% ee (S)-CPA
R N (S)-CPA (5-10 mol%) (F’roton Sponge) Ar = 9-anthryl
H Selectfluor® (1.1 eq.) F E E
PS (1.1eq.) R\ )
N\ NBoc NBoc NBoc
CgHsF/CH,CN, —60 °C N R N Br N
PTC condition 24 examples
up to 92% yield 85% vyield, 85% ee 88% yield, 97% ee
up to 97% ee
Control experiment
(S)-CPA (5-10 mol%) 4 Joomerson 70 CPA, 1o S futh 1.0 equ o HBF,
Selectfluor® (1.1 eq.) F 08 N
NHBoc PS (11 eq) Novainratlloni-ig
> N NBoc 061 T noCPAnoPS
N - o,
N CgHsF/MeCN, —60 °C N ] -
. no CPA, with 1.2 equiv of PS
HBF, accelerate the reaction 21
in situ generated from Selectfluor® 0.0 H——— . ; ; ] : )
0 2 4 6 8 10 12 14

The role of PS ... neutralize HBF, generated in situ

inhibit the strong racemic background reaction

reaction time (h)

Correlation between conversion with reaction time

1) You. et. al. Chem. Commun. 2017, 53, 5531.



4. Halogenation at arenes with nucleophilic trapping

4-2. Fluorination of indole derivatives
Catalytic reaction (2020 Hamashima)

PTC (10 mol%) -
® .
NHBoc Selectfluor® (1.5 eq_uw) 0 ‘O
N\ Na,HPO, (1.5 equiv) 14 examples
NBoc up to 90% yield COH HO,C
Nia Toluene/H,0(100:1) EG up to 97% ee OO

G 0°C,24h

4-3. Bromination of indole derivatives (2013 Ma) CLBr-Br

, Br* salt (1.3 equiv) Br N
NHPG 8H-(R)-TRIP (1 mol%) | [e]
N _R NaHCO; (4 equiv) PG’ NG
N N R CF,
‘PG Toluene, 0°C PG
21 examples
up to 100%, 98% ee CF4
Proposed transition states Br* salt
NBoc
COzMe
Boc
AIIoc
90%, 98% ee 9%, 92% ee
Br
MeO
NBoc
N H
N Boc
N Y \co,Me 100%, 92% ee

Ts

4-4. Chilorination of indole derivatives (2014 You)

H
N. R (DHQ),PHAL (1 mol%) Cl s N—R
) DCDMH (1.5 equiv)
\ O ..nIO
N CF5;CH,OH, rt, <5 min N MeO
Ts
14 examples (DHQD),PHAL

Evaluation of the catalyst loading up to 98%, >99% ee
Ts Ts

N
N (DHQD),PHAL o
" DCODMH —— 2 —N
m CFaCH,OM, CQ e o en

c, N 8 |
1a “a N R \ \>/©
entry catalyst loading time yield (%)° ee (%)° \@..mo @ﬂmo
N N
Ts

OMe

1 S mol % <S min 92 >99 .

[ 2 1 mol % <S min 93 >99 ] Ts
3 0.5 mol % S min 92 99 R=Cl : 79%,>99% ee o o
4 0.1 mol % 10 min 73 94 R= OMe: 88%, 94% ee 95%, >99% ee
5 0.01 mol % 1h 37 90

1) Hamashima. et. al. Org. Lett. 2020, 22, 5656.
2) Ma. et. al. Angew. Chem. Int. Ed. 2013, 52, 12924.
3) You. et. al. Org. Lett. 2014, 16, 2426. 10





