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C-H functionalization and its development in transition metal catalysis

[C-H functionalization]

C—H - C—FG

# Readily available substrates
& Operational simplicity

& Reduced wastes

& High step- and atom-economy

halogenation functionalization

_____________________

C-H activation

DG DG 5
o / —’X1>,R base ! ot ; DG
/ el Ry — Ll
; / deprotonative : W7 />_ :

=Pd", Ru", Co", Rh", Ir'", etc.

O Macgregor, S. A. et al. Chem. Rev. 2017, 117, 8649-8709.
O Wencel-Delord, J. et al. Chem. Soc. Rev. 2016, 45, 2900-2936.
O Li, X. etal. Acc. Chem. Res. 2015, 48, 1007-1020.
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Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

p (U
®
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Cp*M!"!! catalyst and its problem in enantiocontrol

1) Cp*M" catalyst for C-H functionalization
Me

oS le
+ High reactivity

Me | Me
+ Good functional-group tolerance

L~ | L ¢ Robustness
L

[ - Co Rn' Ir'"]

2) Problem for enantiocontrol after C-H activition

18-electron complex ! L

No extra coordination sites

_____________________________________

|V DG\ \L* ]
™
M/L* ,]\\/ enantiocontrol
DG e reactant
H k'\ /,/’)
A > il 4
(1] |
8 P ]
substrate E DG._ /Cp* 1 I
cp*mi | M. :
| & T < reactant :
: '\I\ e i

How to control enantioselectivity?

O Chang, S. et al. Chem. - Asian J. 2018, 13, 1089-1102.
O Matsunaga, S. et al. ACS Catal. 2021, 11, 6455-6466.
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~—

General mechanism of enantioselective C—H functionalization

DG =Co, Rh, Ir
< [Cp*M"OCOR]*

C—FG I

chiral product ]
protodemetallation
RCOOH

Chiral Cp*

such as:
Me

O/v@

@] ] '

Phj‘ Me Rh-_

Ph X 7
Cramer, 2012

*Relatively hard to

design and prepare

b Enantio-determining step:
Chiral reagent o € C-H bond cleavage
* : .
Nilieineieyninests ¢ bond-formation step

*Stoichiometric

O Ellman, J. A. etal. J. Org. Chem. 2016, 81, 1547-1557.
O Cramer, N. et al. Science 2012, 338, 504-506. O Matsunaga, S. et al. Synlett 2019, 30, 1384-1400.
O Cramer, N. et al. Angew. Chem., Int. Ed. 2021, 60, 13198-13224. O Matsunaga, S. et al. ACS Catal. 2021, 11, 6455-6466.
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Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

~———

Seminal study of this topic

[Cp*IrCly], (2 mol%) >> .

RIS, H AgNTf22 (28 mol%) QH Chang, S
_0

0 chiral acid (4 mol%) 2015
+ TsNj ‘ _P”” NHTs
_ DCE, 60 °C, 18 h R .
1.1 equiv
HOOC ~ COOH

chiral acid: e ; o
o oA
Bu Bu

-0

R= -Me -Bn -By -Cy -N'Pr,
yield 80% 91% 88% 84% 44%
ee 1% 19% 27% 32% 31%

[Cp*Co(CO)Il,] (10 mol%)
AgSbFg (20 mol%)

H 0 Me
mH . e acid (20 mol%) ©f\>_< >> Ackermann, L.
N DCE, 50°C, 20 h N Hex

2_\py 3.0 equiv 2-\Py 2017

acid:  1-AdCOOH yield: 80% (b/l = 95:5)

WJ\OH yield: 37% (b/l = 93:7)
NPhth ee: 27%

L-Phth-Leu-OH

O Chang, S. et al. Tetrahedron 2015, 71, 4504-4511. 7
O Ackermann, L. et al. Angew. Chem., Int. Ed. 2017, 56, 10378-10382.



Achiral Cp*M(lll)-Catalyzed (M = Co, Rh, Ir)
Asymmetric C-H Functionalization

2.1 Chiral Induction via Chiral Anion



» Screening

Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

>> Matsunaga, S.

(1) [CP*RhCl,], (2.5 mol%) 2018
Ag,CO3 (6 mol%)

NH H chiral acid (12 mol%)
e MeOH, 60 °C, 18 h

+
O O MeOZC)J\COZMe (2) LiCl (2.1 equiv)
F F H50 (1.1 equiv)

(1.3 equiv)
DMSO, 130°C, 3 h F

Me .

entry [Rh] chiral acid yield / % e.r.
1 [Cp*RNCl,], a 67 75.5:24.5
2 [Cp*RNCly], b 56 70.5:29.5
3 [Cp*RhCl, c 82 71:29
4 [CP*RNCly], d 54 94.5:5.5
N CPRCLL, o L, | SEES %4 |
6 [Cp*RNCly], f 0 /
7 [CpMe4RhCl,), e 80 96:4
8 [Cp*®BYRNCI,], e 34 91:9
9 [CPE'RNCI,], e 51 93.5:6.5
R=H Me
Al a: Ar' = Ph, Ar2= H CpMet = Meﬁ—H
F|>/Ar1 b: Ar' = 4-MeOCgH,, Ar? = H Me Me
No ¢ Ar! =3,5-(CF3),-CgHy, Ar,=H Me
COOR d: Ar' = 3,5-(CF3)y-CoHy, Ar = 3.5-Bu4-MeO-CeHy  cpro = Me—~my—'Bu
OO | &1 Ar! =3,45-F3-CoHa, Ar” = 3,5-Bup4-MeO-CeH, | e Y
e TR T e e e T ! Et
1 ! Et
AT =345 FCoHy, A2 35 B d-MeO ety | OpFt = fEr B

O Matsunaga, S. et al. Angew. Chem., Int. Ed. 2018, 57, 12048-12052.
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Chiral Induction via Chiral Anion
o ® | Achiral Cp*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C-H Functionalization
(1) [CP*RNCl,], (2.5 mol%) 5 1
1 Ag,CO5 (6 mol%) : OO i e
RNH H " chiral acid e (12 mol%) i PS
2 [¢} .
= L. I MeOH, 60°C, 18 h | S
| | MeO,C~ ~CO,Me (2) LiCl (2.1 equiv) :
S F X : H,O (1.1 equi ' 2
- R 1.3 equiv 20 (1.1 equiv) : Ar
DMSO, 130°C, 3 h ' Ar! = 3.4,5-F5-CgH,
' Ar? = 3,5-Buy-4-MeO-CgHy
> Scope selected examples
R'=Me
0 R=F, 84%, 96:4 e.r.
Me, R=Cl, 71%, 95:5 e.r. !
R =Br, 50%, 94:6 e.r. O O O
R = CF3, 87%, 94:6 e.r.
B r R=0Me, 77%, 92:8 er.ab CFj CF3
R=0Ts, 75%,91.5:85e.r.?  62%,98.5:1.5e.r. 66%, 90.5:9.5 e.r.

R R
R=H, 62%, 92:8 e.r.? R =Br, 79%, 93.5:6.5 e.r. 84%, 90:10 e.r.2.
R =Cl, 68%, 93.5:6.5 e.r. R =CFj3, 70%, 97:3 e.r.
R =Br, 55%, 919 e.r. R = CO,Et, 54%, 95.5:4 5 e.r.

R = OMe, 70%, 90:10 e.r.2?

a[CpMe4RhCl,], was used instead of [Cp*RhClyly. P AGOTf (12 mol%) was used instead of Ag,COs3.

O Matsunaga, S. et al. Angew. Chem., Int. Ed. 2018, 57, 12048-12052.
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Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

~———

H, Ph
o A92CO3
R'COOH (e)
MeCl
COz \Licl Cp*Rh(OCOR*), |
Ph R*CO,’ Me
H, 7 H 'NH H

NMe + MeOH [Cp*RhOCOR*]*

> Mechanism O .

CO,Me
it coordination
+
H, Ph cpr |
I\IIHMe e enantioselective
Rh\C * C-H activation
P __O/)\R*
MeO,C CO,Me H
\)
N, Ar' 5
|/Ar1 i
N, o :
e Rl
MeO,C CO,Me 0
Ar? !

O Matsunaga, S. et al. Angew. Chem., Int. Ed. 2018, 57, 12048-12052.



Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

= P

>> Matsunaga, S.

2019
C(sp?)-H [Cp*RhCl,], (4 mol%) ;
Me H chiral acid (8 mol%) 2 O
' o A9SDFs (16 mol%) Me. g1t ICOR 5 Q
0 0 '
| N, R \’// AgyCOg (4 mol%) SN COOH
SN o) PhCI, -10 °C, 24-72 h | .
R1 N : / = = | Ar
> Scope (1.2 equiv) R | Ar= 3,5-Buy-4-MeO-CgH,
selected examples
Me__ «NHCOPh Me._ \NHCOPh
. R = OMe, 87%, 91:9 e.r.?
N N R =Cl, 74%, 94:6 e.r.
R = Br, 61%, 94:6 e.r.
X z % i L S
_ R = Ph, 76%, 94:6 e.r.
R Bl o028l R = COMe, 85%, 94:6 e.r.
R = OMe, 62%, 91:9 e.r.®
Me._ .NHCOR
e NHCOR - o o o MeCeH,, 98%, 937 e.r. S |
Ny  R=3-MeCgHy 90%, 92:8 er. R wNH
R = 4-MeOCgHy, 64%, 93:7 e.r.” N
2 R=2furyl, 79%, 94:6 e.r. N R=Et, 72%, 93:7 e.r.2°
Cl R = "Pr, 90%, 93:7 e.r. Z R ="Bu, 70%, 93:7 e.r.?:°
=4.9¢:0 20 9C; % 30 mol2% Ag,CO;4
12

O Matsunaga, S. et al. Angew. Chem., Int. Ed. 2019, 58, 18154-18158.
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Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

H/D exchange experiments to check the reversibility of the C-H activation step

> Mechanism

(< 5% D)

H (<5% D)
Me NHCOPh Me H
S ¥ e e N N
Ph—<\ ] e N + R
= N-© CH3CO,D (5 equiv) 3 =
2 chiral acid-D (8 mol%) 3
yield: 24% recovery of 1
43%
(no D)
Me Me H
e N
N standard conditions N
= CH3;CO,D (5 equiv) =

chiral acid-D (8 mol%) recovery: 87%

almost irreversible
enantiocontrol step

13

O Matsunaga, S. et al. Angew. Chem., Int. Ed. 2019, 58, 18154-18158.



Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

[Cp*RhCl5]5 (2.5 mol%)
AgSbFg (10 mol%) |

w
Eg\ chiral acid (6 mol%) N/ 3 0
> S N
DCE, 25 °C, 24 h Me
o 0

C(5p3)-H 1.5 equw
entry chiral acid yield / % e.r.
> Screening ! A1 84 86:14
2 A2 >90 82:18
3 A3 >90 83:17
4 A4 87 87:13
5a A4 77 92:8
R~ ) | ol s
7 B >90 66:34
8 Cc >90 38:62

L.

A1:R'=H, R? = C4H5
A2:R'= OtBu R2= C6H5

O Matsunaga, S. et al. ACS Catal. 2021, 11, 4271-4277.

>> Matsunaga, S.
2021

14



Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

[Cp*BURhCl,], (2.5 mol%) o F
AgSbFg (10 mol%) g OO O
X
R1—:/:N " //\o chiral acid A4 (6 mol%) _, SN HNT OR? .

+ > T '

R’ N\O& DCE, 4 °C, 48 h \/\<l : O‘ Soele
O 5 1 :

H 1.5 equiv Me R ; A4

selected examples

> Scope R
P |\N HN \O |\N HN \O
_ s / /
e N Me N Me Mé
0 o) o)

88%, 94:6 e.r. R = Me, 88%, 94:6 e.r. 95%, 96:4 e.r.
R =F, 43%, 89:11 e.r.2P 0
0]

5 SN HN
NN )Klo) =)
ei\l)\a O : / Me
04\%< )

R = 4-MeOCgH,, 62%, 94:6 e.r.cd
R = 2-thienyl, 63%, 94:6 e.r.
R = "Pr, 86%, 94:6 e.r.¢d

88%, 94:6 e.r.cd 98%, 86:14 e.r.

3[Cp*BURNCl,], (4 mol%), AgSbFg (16 mol%); ® 72 h; € 25 °C; @ [Cp*RhCl,], (2.5 mol%)

O Matsunaga, S. et al. ACS Catal. 2021, 11, 4271-4277.

15



Y Chiral Induction via Chiral Anion

.\_/’ Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

» DFT

TS_minor_1 (+2.1 kcal/mol) = (S)-7aa TS_minor_2 (+1.5 kcal/mol) —> (S)-7aa

Plausible Transition-State Structures
(relative Gibbs energies and noncovalent interaction plots )
Method: M06/def2TZVPP+SMD(DCE)//MO06L/def2SVP

16

O Matsunaga, S. et al. ACS Catal. 2021, 11, 4271-4277.
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Chiral Induction via Chiral Anion
® | Achiral Cp*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C-H Functionalization

o
>> Matsunaga, S.
2022
[Cp*Co(CO)l,] (10 mol%)
AgOTf (20 mol%)
chiral acid (10 mol%)) @ : F
O, NH oy MS5A, ‘AmOH O\\S = ‘O O
. + R2—( 30°C, 20 h 2 SN |
\-O P ; COOH
then, AcOH, toluene / N R2 , “
1 1 R |
R et 110 °C, 24-48 h :
R

S. R SH S. S
\
= — — —
R N Ph N Ph N Ph N Ph
R =H, 75%, 96:4 e.r. R =Cl, 70%, 91:9 e.r. R =F, 96%, 96:4 e.r. 43%, 93:7 e.r.
\-«; “ R = Br, 79%, 96:4 e.r. R = Me, 83%, 96:4 e.r. R = Me, 87%, 97:3 e.r.

) R = Me, 52%, 97:3 e.r.
D © R=0Me, 61%,97:3er.
% © % © . © O\\s“\@
selgReody . XPPF
—
N7 N7 M N7 N" TR

R R = 2-thienyl, 75%, 97:3 e.r.

R = Me, 51%, 97:3 e.r.
= o, . o, - o, 3 ’ L]
R = CF3, 53%, 94:6 e.r.. 66%, 93:7 e.r. 74%, 98:2 e.r. R = (E)-CH=CPh, 63%, 97:3 e.r.
R = Me, 66%, 93:7 e.r.

R = OMe, 68%, 96:4 e.r.

17
O Matsunaga, S. et al. Angew. Chem., Int. Ed. 2022, 202205341.



Chiral Induction via Chiral Anion

® | Achiral Cp*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C-H Functionalization

1) H/D exchange experiments

NHH
0, ,/NH
standard N \\ D
conditions @ ©/ \©
NHCOPhH

1.2 equiv
+

2-propanol-dg, 6 h
O 7%, no D (<5%) 72%, no D (<5%) 40%, no D

o\’//
Ph— i 946 e.r. 94:6 e.r. (<5%)
NE

H H D/H H/D
O\\S/,N H standard N H
©/ \© conditions @/
2-propanol-dg, 6 h

99%, 21% D

» Mechanism

2) Parallel KIE experiments

10
standard R \\H D
N ’/ O\.’//O conditions =0 Scaii:

Ph = 1]
O/ \O _<\N’O Omin 7~ NHCOPh
Hs/Ds Hs/Ds kilkp = 3.9 e

O Matsunaga, S. et al. Angew. Chem., Int. Ed. 2022, 202205341.
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Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization
TSmajor for (l‘?)-enantiomer:lAAG1 = +0.0 kcal/mol |

'®
o

» Mechanism

Plausible Transition-State Structures
(relative Gibbs energies and noncovalent interaction plots )
Method: M06/def2TZVPP+SMD(!BuOH)//M06L/def2SVP
O Matsunaga, S. et al. Angew. Chem., Int. Ed. 2022, e202205341.
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Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

>> He, C. 2020
[Cp BUIrCl,], (5 mol%)

0 ° AgBF, (20 mol%)
o R2—<\ ! chiral acid (25 mol%) R20CHN H
N~ DCE, rt, 24 h
1.1 equiv 1

R

@COOH
N~ “Me
)\tBU

0]

selected examples

» Scope N BzHN

S R' = OMe, 80%, 95% ee
BzHN H R'=COyMe, 72%, 96% ee BzHN
R' = CF3, 75%, 96% ee
R'=F, 76%, 96% ee

2
R1 = Br, 79%, 97% ee c0 CO,Me 58%, 85% ee
R"=1,77%, 93% ee 84%, 94% ee

R = 2-MeCgHy, 44%, 94% ee

o v
\S:
R H y R=4-MeOCgH,, 42%, 94% ee R = - :
) R = 4-NO,CgH,, 80%, 93% ee “
R = 2-thienly, 86%, 96% ee
R = 2-naphthyl, 51%, 84% ee from lithocholic acid
Br Br

— 0, 0,
R—Me, 656,956 ee 58%, 97% de

Desymmetrization

O He, C. et al. ACS Catal. 2020, 10, 7207-7215.



Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

3 P

O standard
‘ ‘ N Ph_<\  conditions PPOCHN i i i i NHCOPh
1. 1 equiv

selected examples
o &
143
S
PhOCHN PhOCHN PhOCHN
» Scope
Fs;C OMe CO,Me
5% 00 ee CO Me

43%, 96% ee 6%, 98% ee
"s
% NHCOP
h
| ==

+ +
39%, 93% ee CO,Me

=/
S
% 5 NHCOPhH / \ NHCOPhH
F3C OMe

43%, 93% ee

COzMe
34%, 93% ee

Parallel Kinetic Resolution (PKR)

21
O He, C. et al. ACS Catal. 2020, 10, 7207-7215.



Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

L ‘
@.

L

(1) KIE determined from two parallel reactions

standerd
conditions NHCOPh

- =\ 2

kHIkD =6.4 X / \\\
Hs/Ds H4/Dy

» Mechanism

TS_S (favored) TS_R (disfavored)
AAGR.s™ = 2.6 kcal/mol

O He, C. et al. ACS Catal. 2020, 10, 7207-7215.
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Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

2) [Cp*RhCl,],

[Cp*RhL][6,6'-X-(S)-BINSate]

CH3CN a, X= H, 80%
b, X = Br, 68%
(S)-BINSA
| X
catalyst (5 mol%) “N Me O
o i 0,
> Screenmg H + Me\/\mEt additive (20 mol%)
0 solvent, 35 °C, 16-18 h Et
1.2 equiv
entry catalyst additive solvent yield / % er.
1 a / toluene 21 66:34
2 a / THF 79 80:20
3 a / DCE >95 81:19
4 a / MeOH 12 63:37
5 a 2-Methylquinoline DCE 86 86:14
2-Methylquinoline ;
6 a MS3A DCE 59 90:10
2-Methylquinoline !
7 b MS3A DCE 60 92:8
ga b 2-Methylquinoline DCE 84 919

MS3A

@ 1.1 equiv of enone, 48 h; MS3A (4 mg/ 0.1 mmol)

O Matsunaga, S. et al. Nat. Catal. 2018, 1, 585-591.

>> Matsunaga, S.
2018

23
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=N i RS\/\WR‘t 2-Methylquinoline (20 mol%)
N H o MS3A, DCE, 35 °C, 36-96 h
R s
NN | 1.1-1.3 equiv

Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

[Cp*RhLy][6,6"-Br,-(S)-BINSate] s
|

catalyst b (5 mol%)

selected examples
X

|
> Scope “Ne o

Et

R
R = OMe, 89%, 90:10 e.r.
R = COsMe, 71%, 93:7 e.r.

Me

N
N

Me O
"Bu

MeOzC
95%, 95:5 e.r.

O Matsunaga, S. et al. Nat. Catal. 2018, 1, 585-591.

Et

R
R = OMe, 66%, 91:9 e.r.

R = CO5,Me, 81%, 92:7 e.r.

Me

SN

N
" Me O

Me02C
76%, 93:7 e.r.

69%, 919 e.r.

Me
| N Ph
_N o
OTBS Me
MeO,C

87%, 88:12 e.r.

24



'Q. Chiral Induction via Chiral Anion

Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

[Cp*RhLy][6,6'-Br,-(S)-BINSate]

protodemetallation

» Mechanism

O Matsunaga, S. et al. Nat. Catal. 2018, 1, 585-591.

| S
| A
* 2+
[Cp*Rh(llN)] H
|
1
coordination
T -
N i
“Rh(lll)—Cp* | O3S

: T
Br

C-H activation
Rh—Cp* — ihy

Br
” G

i A= [BrH 935

e
Br_|

B = 1 or 2-methylquinoline




'@' Chiral Induction via Chiral Anion

® | Achiral Cp*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C-H Functionalization

N
“" Me O
Et
3
protodemetallation
— -+
» Mechanism
A-
v
enantioselective ki | o T
insertion N
Me._~ Et Rh—Cp* — o
this work Br
2 O i
solvent e.r. i JA J OO
m A" = [B*-H _83:
toluene 66:34 chiral environment : OO
DCE 81:19
polarity L ~ Brl]
THF 80:20 B = 1 or 2-methylquinoline
MeOH 63:37 The first possible mechanism: unlikely

O Matsunaga, S. et al. Nat. Catal. 2018, 1, 585-591.

26



'@' Chiral Induction via Chiral Anion

3 P

» Mechanism

reversible insertion |

Me. .~ Et Rh—Cp*

2 0

The second possible mechanism: likely

O Matsunaga, S. et al. Nat. Catal. 2018, 1, 585-591.

Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

B*-H

o
"0,S
Lo

Br_|

B = 1 or 2-methylquinoline

27



Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

¢ (U
[
‘\_/'

[Cp BUCo(CH3CN)3(SbF), ? 5
S NHCOR?'! H
o L1(f(31rgol%|)/ ) )S) : JCOOH
mol% e N : | N—
- + 2 > '/, ' <
2019: O R _<\ MS13X, oDCB Q mag R ‘Bu
40°C, 24 h , i 28
yield: 50-99% |
e.r:90:10-94:6 L1
O Matsunaga, S. et al. Angew. Chem. Int. Ed. 2019, 58, 1153-1157.
[Cp*Co(CH3CN)3(SbFg)
s H Bmol%) S NHCOR?| COOH
0 | Bu
| RN v ol o) e
2019: Ar \-0 MS13X, DCE Md “Ar e
o 4°C,72h <
’ yield: 48-99% ; Bu
er.: 8515-87:13 ' L2
O Matsunaga, S. et al. Organometallics 2019, 38, 3921-3926.

[Cp*RhCl5], (4 mol%)
L3 (8 mol%)

Me H :

AgSbFg (16 mol%)

N Ag,CO3 (28 mol%) '

A X A 0] 2~V3 |

+ 1

e |// ~ D PhCI, 30 °C, 24 h !
R? :

R’ .

yield: 55-93%
e.r.. 86:14-92:8

O Matsunaga, S. et al. Org. Lett. 2020, 22, 8256-8260.
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2019:

2020:

2021:

Chiral Induction via Chiral Anion
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

O Sun, B. etal. Org. Chem. Front. 2021, 8, 6923-6930.

@)\‘ 2 (5 mol%) M NR S
o L4 (20 mol% :
AR Ar—<\0\|// ( 2l _NHCoAr |
W) EtOH, 25 °C, 12 h :
R2(CD> N > :
: OH
yield: 72-97% g
O shi, B.-F. et al. Org. Lett. 2019, 21, 1895-1899. e.r.: 67:33-76:24
H [Cp*®BUIrCly], (2.5 mol%) NHCOAr : . PMPPMP
1 L5 (30 mol%) ) : H
| NR" O i NR', |
Fe O\( AgSbFg (10 mol%) F| . 8
+ e !
RZ_@ 0] Ar_<\ -O  methyl acetate/acetone(3:1) RZ—@ o) r COO0H
0°C, 24 h : o)
yield: 60-98% ! L5
i e.r.. 91:9-98:2
O Shi, B.-F. et al. ACS Catal. 2020, 10, 7117-7122.
[Cp*IrCl,]; (4 mol%)
H L6 (30 mol%) ROZC : OMe
AgNTf (30 mol%) CO,R !
NR'R? 1oy
| COR  Ag,CO4 (10 mol%) NR'R? !
Fe + Nz_j/ > Fl '
o o o e l 1l
rI-LD CO,R  2-MeTHF, 5°C, 24 h rs . © : g g Lo
yield: 60-87% '
e.r.: 82:18-94:6 L6

More examples:
O Duan, W.-L. ACS Catal. 2022, 12, 193-199.
O Matsunaga, S. et al. Asian J. Org. Chem. 2020, 9, 368-371.

O Ackermann, L. et al. Angew. Chem., Int. Ed. 2018, 57, 15425-15429.
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2.2 Chiral Induction via Noncovalent Interaction



Chiral Induction via Noncovalent Interaction
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

>> Shi, B.-F. 2021

PhthN, COOH

MeO O O OMe
M M
e o e
CF;
N
CF;
> Scope selected examples
R
NTHex R "Hex Hex
N N R ]
DG

[Cp*Co(CO)I5] (10 mol%)
chiral acid (30 mol%)

Alkyl
\ 0, \ y
R Ny, ANTE (0 mol%) o 1 A
y + 27 Alkyl P
N DCM, 40 °C, 36 h N

\

56 4.0 equiv DG

\ \

DG DG
R =H, 75%, 90% ee (b/l = 97:3) R = OMe, 71%, 92% ee (93:7) R = OMe, 42%, 90% ee (98:2)
R =F, 93%, 91% ee (b/l = 98:2) R = NO,, 78%, 92% ee R =F, 93%, 90% ee (99:1)

F R
"Hex
H

N R = N

DG o DG
R = Br, 80%, 90% ee (95.5:4.5) from estrone 78%, 86% ee®
R = OH, 65%, 88% ee (96:4)° 72%, 95:5 dr, (94:6)°

3 3.0 equiv alkene, P 2.0 equiv alkene, € room temperature

O Shi, B.-F. et al. J. Am. Chem. Soc. 2021, 143, 19112-19120.



Chiral Induction via Noncovalent Interaction
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

1) Determination of H/D KIE

B F
standard MHex
,\T HID 4 Fnpiey conditions A\
. ky/kp=1.3 N
‘ 40 equi \
DG DG
2) Determination of natural abundance '3C KIE
F
> Mechanism N 1027 1.000 (assumed)  F
N standard 1.031
\ " / alkyl
DG conditions U~
. = NPhth  +
96 h A N
NN !
Z NPhth 0.993 DG
1.0 equiv 25% NMR recovered > 75% NMR yield
3) H/D exchange
i P H/D (46% D) F
N standard ny
g eX
ol conditiong N—H/D(38% D) + \
10 equiv CH,CO,D
DG 4.0 equiv ‘ 18 h S b N
H/D DG DG
(43% D) 12% vyield

77% NMR recovered

O Shi, B.-F. et al. J. Am. Chem. Soc. 2021, 143, 19112-19120.



Chiral Induction via Noncovalent Interaction
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

¢ (U
[
‘\_/'

a)

— :I: ~ B
co* Product Cob T
N (-12.0) N\ P /S co*
=~ - D
- & - ! O.-—N""“ Ar

TS12(T) (17.7) R TS7(S) (14.6)
Protodemetallation C—H Activation

8(3s) (6,5)1;“R2
R

o]

11(T) (-0.8)

Me
S = Singlet
TS10_—R(S) (19_.5) ot CF, 0 T = Triolet
Olefin Insertion —— utene p

rate- and enantio-
determining step

TS10-R
noncovalent interaction

Method: PBEO-D3/def2-TZVPP-SMD(DCM)//PBEQ/def2-svp
33

O Shi, B.-F. et al. J. Am. Chem. Soc. 2021, 143, 19112-19120.



Chiral Induction via Noncovalent Interaction
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

¢ (U
[
‘\_/'

a)

j— :I: N _
co* Product Cob T
N (-12.0) N\ P /S co*
e - D
@ O - o— Nas Ar

TS12(T) (17.7) R TS7(S) (14.6)
Protodemetallation C—H Activation

8(s) (Es,s);“R2
R1

0
S = Singlet
Oretiminasrtian Co" o 1-b T = Triplet
Olefin Insertion —— utene p

rate- and enantio-
determining step

TS10-R

noncovalent interaction

Method: PBEO-D3/def2-TZVPP-SMD(DCM)//PBEQ/def2-svp
34

O Shi, B.-F. et al. J. Am. Chem. Soc. 2021, 143, 19112-19120.
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2.3 Chiral Induction via Covalent Interaction



Chiral Induction via Covalent Interaction
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

» Screening

>> Wang, J.
Chiral Transient Directing Group (TDG) Strategy
[Cp*P"RhCI,], (0.5 mol%)
chiral amine (20 mol%)
CHO AgBF,4 (4 mol%) Q
Ag>,CO3 (0.7 equiv) * Ph
Dioxane, 70 °C, 36 h
OO NH, F  NH, CF3 NH, GFs NH,

NH, Et
NH, ©)\Me @J\Me Me

17%, 46% ee 20%, 62% ee
0% yield

O Wang, J. et al. Chem. Eur. J. 2019, 25, 4688-4694.

25%, 85% ee

2019



Chiral Induction via Covalent Interaction
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

~—

[Cp*P"RhCI,], (1 mol%)

TDG (20 mol%) o :

CHO AgBF, (8 mol%) 0 !

| AN A92CO3 (0.7 equiv) N | X R’ E
I Dioxane, 70°C,36h R 5

selected examples: same aldehyde

> Scope g)\. g)\‘

R =H, 64%, 92% ee R = Me, 57%, 95% ee
R=F 15%, 97% ee R = Br, 32%, 98% ee R = Me, 50%, 93% ee

R = Ph, 42%, 91% ee
R = Br, 43%, 93% ee

0 o)
. e R = CF3, 34%, 92% ee
F
LA O 1
F L)
F

61%, 87% ee 30%, 61% ee

O Wang, J. et al. Chem. Eur. J. 2019, 25, 4688-4694.
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Chiral Induction via Covalent Interaction
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

[Cp*P'"RhCl,], (4 mol%)
TDG (0.7 equiv) o .
CHO AgBF, (32 mol%) o :
Ag,CO3; (1.4 equiv) v
X 2~3 R
iR + R X * -
R _ R'CHO Dioxane, 70 °C, 72 h R—: ;
1.0 equiv =
selected examples: different aldehyde
@) @) 0]
0] o] 0]
> s S S S
cope
R L L e L
R R R
Me BnO
R = 3,5-F,, 44% (major), 96% ee R =4-CO,Me, 37%, >99% ee R = 4-CO5Me, 42%, 92% ee
R = 4-NO,, 42%, 74% ee R = 3,5-F,, 47%, 97% ee R = 4-CF3, 33%, 96% ee
R = 4-CF3, 38%, >99% ee R = 4-CF3, 31%, 95% ee R = 3,5-F,, 40%, 93% ee
L e e el | 71577 PR, S o ot i . 1 O
0] 0] 0
o] 0]
F R'
MeO
OMe

O Wang, J. et al.

R' = CO,Et, 64%, 76% ee
R'="Bu, 13%, 93% ee
R'= Cy, 22%, 93% ee

v
o
(7
%

38

Chem. Eur. J. 2019, 25, 4688-4694.



Chiral Induction via Covalent Interaction

® | Achiral Cp*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C-H Functionalization

1) H/D exchange for C-H activtion step

CHO H/D (42% D) ! H/D (40% D) . H/D (5% D)
standard 8l.__CHO ' F CHO | FaC CHO
il N conditions : :
| . | |
= D30 (1.0 equiv), 24 h 2 H/D (46% D) H/D (40% D) . H/D (5% D)
Me : F : CFs
2) Competitive imine formation of two aldehydes F F
. Et,, Et,,
» Mechanism - D
CF,

Me CHO TDG (0.7 equiv)
+
\©/ CDCl3, 70°C, 1 h
1:1 F

3) Synthesis of rhodacycle intermediate and investigation of activity

F F
/ i ! Et/,
Bl [Cp*P"RhCl,], (1.0 equiv) :
_N CF,4 NaOAc (6.0 equiv) /N CF3
= Ny *iP
CHCN, 70°C, 72 h Rh'CP™""
N v
Cl
Me Me
Rhodium center: R-configuration
32% vyield

39
O Wang, J. et al. Chem. Eur. J. 2019, 25, 4688-4694.



Chiral Induction via Covalent Interaction
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

F

[CpP"RhCl,], Etin
AgBF,4, N CF
P 3 CHO
G AgBF4J\ AgCl

[Cp*iPrRhlll](BF4)2

Agch3 +
‘ 2 Ag I

oxidation
HBF,
Cp*iPrRhl
vil Product

. redutive
> Mechanism elimination TDG L @ ‘
H,0 [ ] i
#Proplll more reactive ]

[Cp*™"RhTH]BF, v CHO

R —

N
B-H Y0 F coordination /@\
elimination O E F
Me ‘
F

Re face attack

hIII
Rhlll Me

O O addition
Me

\
vV F \ )/
intramolecular O
v F
Me

addition

40
O Wang, J. et al. Chem. Eur. J. 2019, 25, 4688-4694.



Chiral Induction via Covalent Interaction
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

3 P

. . . A S>> M t ,S.
Chiral Lewis Base Cooperative Catalysis atsunagd

2022

: _PG : 0 :

| @H | LT

! : R X

| A : : :

: Substrate : ! Reactant :

l Cp*M } NR*3
» Design o
N_PG b
: :M/ R/\)J\NR*3
\ chiral environment
Cp
classic metallacycle intermediate well-developed base catalyst
| |
{7
_PHG
L
H
H Cp*MR NR*3
+
(0]
R/\)J\X
seven-membered intermediate
41

O Matsunaga, S. et al. J. Am. Chem. Soc. 2022, 144, 7058-7065.



Chiral Induction via Covalent Interaction
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

3 P

[Cp*Rh(CH3CN)3](SbFe),
(15 mol%)
Se-ICU (20 mol%)
KOAc (1.5 equiv)

N N/Tf (0] . o .
R H + /\)J\ 2,6-'Buy-Pyridine (1.0 equiv)
= H R F

: MS3A, THF, 10 °C, 20 h
1.8 equiv H

slow addition R

Pr,

! N
E ’Pr“"<//\ @
N/QSe

isochalcogenureas (ICU)

selected examples

» Scope —
N R = Me, 80%, 90% ee
O R =OMe, 62%, 94% ee
R : R = CO,Me, 78%, 94% ee
= R = Cl, 77%, 96% ee
Bn
\Qf\/\@
i S
R N R = Me, 54%, 88% ee Tt 67%,94% ee
O R=Cl 48%, 96% ee Z
¢ R = Br, 51%, 96% ee N o PN
- R =1, 58%, 96% ee
e R 79%, 92% ee

.
N.
T

S
91%, 98% ee

O Matsunaga, S. et al. J. Am. Chem. Soc. 2022, 144, 7058-7065.



Chiral Induction via Covalent Interaction
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

1) Enantioselectivity of the reaction with Z- or E-reactant

O

Tf
Bn M standard N
E

F i
NHTf conditions . 0
+ or (S)

F

ﬂ di —Bn
O same product

. from E: 83%, 94% ee
> Mechanism from Z: 85%. 96% ee

ot

2) Plausible transition-state structures for the cyclization step

==

Rh >\X< R|{1

\

N0, "0,
\ e ¢ se

3 = ; N=
Et N=Ny H N
thg// Ph’S//

iPr Pr

TS1_major (0.0 kcal/mol) = (S)-5 TS2_minor_1 (+10.7 kecal/mol) =+ (R)-5 TS2_minor_2 (+2.8 kcal/maol) =+ (R)-5

Method: M06/def2-TZVPP+SMD(THF)//M06-L/def2-SVP+SMD(THF)

O Matsunaga, S. et al. J. Am. Chem. Soc. 2022, 144, 7058-7065.
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Chiral Induction via Covalent Interaction
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

—

Cp* + substrate

Mechanism | T _
@Rh\—O\ C-H activation /N T
O Rh
\
/ I I Cp* insertion
;I'f
N\ /Cp*
@

O//,,/
"g @ | /somer/zatlon
R ® N4 protonation
VS// cu

enantio-determining
intramolecular insertion
cyclization ’Pr, Organocatalysis
O 1y ,
/,S
N/ ipru @ R/\/< @
O

ICU reactant

=1
Zal)

O Matsunaga, S. et al. J. Am. Chem. Soc. 2022, 144, 7058-7065.

ICU

\/m/nat/on
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Summary
Achiral Co*M(lll)-Catalyzed (M = Co, Rh, Ir) Asymmetric C—H Functionalization

3 P

¢ Binaphthyl Carboxylic Acids/Sulfonates

e Amino Acid Derivatives

e Diverse Structures

Chiral Anion Asymmetric CMD: Desymmetrization

e General Applicability
Parallel Kinetic Resolution

1 ' » i e Ambiguous Mechanism
Asymmetric Protodemetallation: Addition Reaction

' Shi, B.-F. .
PhthN COOH : iti
NohcovalandIntaaction MeO “, OMe through: ¢ Accurate Recognition
O n—n stacking e Hard to Design
Me Me
Me
E ' Matsunaga S.|
""""""" e Strong Interaction
Covalent Interaction E ipr, « Robust Enantiocontrol
T </\N4© e Restricted Scope
e
L
| Se

Chiral Amine TDG Chiral Lewis base (ICU)
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Outlook

Achiral Co*M(Ill)-Catalyzed (M = Co, Rh, Ir) Asymmetric C-H Functionalization

Further developments to understand the adaptabilities among
metal catalyst, ligand, and directing group

Further mechanistic studies to further understand the process of
chiral induction via chiral anion

DFT calculations can be used to improve the effect of ligand design
for chiral induction via noncovalent interaction



O s i . ., ®
THANK§ FOR YOUR ATTENTIO



