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Abstract Transition-metal-catalyzed enantioselective C-H activation provides a straightforward strategy to syn-
thesize chiral molecules from readily available sources. In this graphical review, we summarize the progress on half-
sandwich d®-metal (Co", Rh", Ir", Ru")-catalyzed enantioselective C-H functionalization reactions. The review is
categorized according to the type of metal catalyst and chiral ligand employed. Representative enantio-determin-
ing models and catalytic cycles are presented.

Keywords enantioselectivity, C-H activation, half-sandwich, cobalt, rhodium, iridium, ruthenium, chiral carboxyl-
ic acid

Direct asymmetric C-H activation, which is a process capable of transforming C-H bonds into
C-C or C-X bonds and generating new stereocenters in a single step, is a particularly attractive
strategy for the concise synthesis of chiral molecules from readily available sources. To date,
one of the most successful methods is directing-group-assisted enantioselective C-H activa-
tion using high-valent metal catalysts. In 2008, pioneering work was reported by Yu and co-
workers on Pd(Il)-catalyzed enantioselective C-H activation using monoprotected amino acids
(MPAAs) as chiral ligands.! The use of MPAASs or related bidentate ligands realized various en-
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antioselective C(sp?)-H and C(sp?)-H functionalization reactions. Furthermore, mechanistic
studies indicated that chelation of the MPAAs or related bidentate ligands at the square planar
Pd center with four coordination sites is key to the high enantiocontrol. However, the bidentate
monoprotected amino acids and related ligands could not be applied to piano-stool Co'!, Rh',
Ir'", and Ru" catalysts as there is only one coordination site available for an external chiral li-
gand.

On the other hand, half-sandwich d® metals (e.g., Co™, Rh", Ir'!, Ru') have attracted significant
attentions due to their versatile reactivity and selectivity, good functional group tolerance, and
stability. Through the continuous efforts of chemists, three main strategies have been devel-
oped to enable half-sandwich d°-metal-catalyzed asymmetric C-H activation. The first strate-
gy involves the use of tailor-made chiral Cp* ligands to bind with Co™, Rh™, or Ir', or chiral
arene ligands to bind with Ru'l. The chiral Cp* or chiral arene pre-coordinating strategy is pow-
erful for its board substrate scope and various functionalization. Besides, several types of well-
designed monodentate chiral carboxylic acids (CCAs) have also been developed to realize half-
sandwich d®-metal-catalyzed enantioselective C-H functionalization reactions. The third strat-
egy takes advantage of a chiral transient directing group (cTDG). Some other specialized strat-
egies have also been disclosed, including enantioselective alkylation of olefins enabled by di-
sulfonates, transition-metal/organocatalyst synergetic catalysis and so on. These works has
greatly promote the development of enantioselective C-H activation and provide efficient and
convenient methods to access diverse chiral skeletons. In this graphical review, we have sum-
marized the rapid progress made on half-sandwich d®-metal-catalyzed enantioselective C-H
activation in the past years, which was categorized according to different metal catalysts. We
hope that this graphical review will stimulate further researches on the development of novel
chiral ligands and strategies in this emerging research topic.2
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Development of high-valent-metal-catalyzed enantioselective C-H functionalization Two pioneering reports on half-sandwich metal-catalyzed enantioselective C-H activation with Cp*Rh catalysts

Using a chiral Cp* ligand as the enantiocontrol element

Selected reviews on applications of C-H activation in organic synthesis +Bu
3k) Gaunt, Chem. Soc. Rev. 2011, 40, 1885. 3n) Sorensen, Chem. Soc. Rev. 2018, 47, 8925.
3l) Baran, Chem. Soc. Rev. 2011, 40, 1976. 30) Yu, Angew. Chem. Int. Ed. 2021, 60, 15767. ef?f'4

minor

3m) Yamaguchi and Itami, Angew. Chem. Int. Ed. 2012, 51, 8960.

27 :
- :
Co @\ / ! 0 0 Me
Pd! M ‘ O/y‘
3d74s? CEN vs @r ~O oS N-OBoC AR Rh1 (2 mol%), DBPO (2 mol%) N NH o \fo .
S . R4 + R+ e
44 45 46 H C-H : N H R3 EtOH, 23 °C o 5 Ph /R r{
' R ™
Ru Rh Pd square planar M =Rh" 1" co' Ru" 1 1 2 3 R Rh1
4d75s! 4d®5s' | 4d'® @ Two coordination positions avilable @ Only one coordination position ! Stereoselectivity-determining model
77 for external ligands available for an external ligand ' 59-91% yield
MPAASs and related bidentate ¢ MPAAs and related bidentate 1 = . 70-94% ee
Ir 4/ ligands ligands : Back wall: prevents attack > 20 examples
5d76s? :
: Side wall: orients substrate —~
Selected reviews on transition-metal-catalyzed asymmetric C-H activation 0
3a) Yu, Chem. Soc. Rev. 2009, 38, 3242. 3f) Ackermann, Chem. Rev. 2019, 119, 2192. 1 (—
3b) Colobert, Chem. Eur. J. 2013, 19, 14010. 3g) Cramer, Trends Chem. 2019, 1, 471. ' H I Lo H NH
3c) You, RSC Adv. 2014, 4, 6173. 3h) Yoshino and Matsunaga, Chem. Eur. J. 2020, 26, 7346. ; Ho o 1 ‘ Ho - ’
3d) Cramer, Chem. Rev. 2017, 117,8908.  3i) Shi, Acc. Chem. Res. 2021, 54, 2750. ‘ — H Rhj < Ph Ph
3e) Yu, Science 2018, 359, eaao4798. 3j) Shi, Trends Chem. 2022, 4, 220. -0 (S)-3a

Three main strategies for half-sandwich d®-metal-catalyzed enantioselective C-H activation

Strategy I: Chiral Cp* or arene ligand. (0] Rh2 (2 mol%) o) o)
Selected reviews: 3 ~OPiv MOPS buffer/MeOH, 23 °C
Strategy II: Chiral transient =S A 3p) Cramer, Angew. Chem. Int. Ed. 2021, 60,13198. | g1l ~ H + FOoR? ’ H‘—:/\ NH R ~ NH
directing gr9up (cTDG). 3q) Wang, Chem. Eur. J. 2023, 29, €202202461. = 30-95% yield, 12-86% ee \/ R2 =
Selected review: S l\\ll@ 1 5 6 6 examples 7 8 RO
3r) Shi, Angew. Chem. Int. Ed. i . .
2020, 56, 19773, CoH Xy : major minor
T Strategy llI: Chiral carboxylic acid (CCA) ligand. : Selected examples
M = Rh'" Ir' Co", Ru"  Selected review: 3s) Yoshino and Matsunaga, o) 16) o
ACS Catal. 2021, 11, 6455. 3
! NH NH NH
1 streptavidin
i COZMG 02N COgMe Br COgMe
Other selected reviews on half-sandwich metal-catalyzed asymmetric C-H activation 7a 7b 7c
' 95% yield 30% yield 80% yield
31) Cramer, Acc. Chem. Res. 2015, 48,1308 3x) You, Org. Biomol. Chem. 2021, 19, 7264, 3 Rh2 7284 2 1941 7b:8b 391 70:80 2 291
3u) Waldmann, Eur. J. Org. Chem. 2020, 6512. 3y) Liao and Shi, ACS Catal. 2022, 12, 9359 : 82% ee 86% ee 78% ee
3v) Maiti, ACS Catal. 2020, 10, 13748. 3z) Yoshino, Bull. Chem. Soc. Jpn. 2022, 95, 1280. i . X
3w) You, Sci. Bull. 2021, 66, 210. 3aa) Zhou and Shi, Synthesis 2022, 54, 4784. ; 3ac) Ward and Rovis, Science 2012, 536, 500.

For a further development of biomimetic catalysis, see: 3ad) McNaughton and Rovis, J. Am. Soc. Chem. 2019, 141, 4815.

Figure 1 The development and challenges of half-sandwich d®-metal (Co", Rh", Ir", Ru")-catalyzed enantioselective C-H activation and two pioneering reports on Rh-catalyzed asymmetric C-H activation in 201232-2
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Enantioselective C-H activation catalyzed by planar chiral Cp*Rh'! Using an amide as the directing group

Rh6 (5 mol%) :

(0] one-pot process (0] tBu N
' N 02N o,
X N,OH /\Rz 1. Boc,O, NaOH X NH tBu ; W‘\ AgSbFg (40 mol%)
R Ho o+ L R tBu” gy, ; o * DCE, 80 °C
& R 2. Rh3 (1 mol%), AgsCO3 (2.5 mol%), Lz R L ; R : .
CsOAc (25 mol%), MeOH, 20 °C \ i 60-73% yield, 68-82% ee
9 10 ( ) 1 R3 Rh3 17 18 4 examples 19 R
fo) - B(OH) fo) 55-97% yield 89-97% yield 4e) Ellman, ACS Catal. 2017, 7, 150.
| 72-95% ee & 45-47% ee Vo T T
Br J | NH Q/ 12 N 17 cyclic examples 3 linear examples | Synthesis of hydrophenanthridinones
1 (e}
S ‘ (0]
(dppf)PdCl,, NaOH PPh, OMe - R
13, 78%, 90% ee Q. e N~ conditions
11a, 92%, 90% ee potential CDC?7 inhibitor Fe » R P H + R2
PPh, !
4a) Perekalin, Angew. Chem. Int. Ed. 2018, 57, 7714. dppf 2 : 20 O21
Further development of their Cp*Rh catalyst, see: 4b) Perekalin, Organometallics 2021, 40, 3712. i conditions A: 1 conditions B:
Developmentandapp"catlono”ascp“gands ”””””””””””””””””””” T Rh7 (5 mol%), CsOAc (30 mol%) ! Rh8 (2.5 mol%), CsOAc (50 mol%)
o M SiMeg p-BrCgH4CH>COOH, dioxane/acetone/H,O, 0 °C ! HOACc, acetone, 0 °C
0 N 3 o ° 3 28-88% yield, 23-94% ee : 43-82% yield, 90-99% ee
N N/OBoc /\F{Z conditions R (\ NH : Me\'&o Ve th ' 25 examples 25 examples
i + T ! : ‘
R'-r P H R3 K/ R Me / \ © 4f) Wang, Org. Lett. 2020, 22, 3219. 4g) Wang, Angew. Chem., Int. Ed. 2020, 59, 22436.
14 15 16 R3 i Rh5 Qﬁ 3 7777777777777777 6 77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777
2-Naph  Similar work 3 ~ AN 0PV Rho (5 o)
Rh4 (5 mol%), (BzO), (5 mol% Me : i N i
( "g‘; C), ( 210)*3((: o) Me-N-\ ! Rh5 (5 mol%), (BzO), (5 mol%) LR ) H (BzO) (5 mol%) 5710 >99% yield  EtsSi=— -
,Clp, — MeOOC : ! : 2 54-75% EtsSi— 8
i MeRh : EtOH, 23 °C ' R HFIP, 0 °C o ee 13Si ¢> |
50-93% yield, 85-93% ee e/ N : . . ! OW R3 ’ 9 examples /Rr{
21 examples Rh4 X 70-86% yield, 62-98% ee ; n - L
; 8 examples ' 23
4c) Antonchick and Waldmann, Angew. Chem., Int. Ed. 2017, 56, 2429. 4d) Cramer, Chem. Sci. 2019, 10, 781. . 4h) Wang, Chem. Eur. J. 2020, 26, 14546.
o o Intermolecular alkene insertion ' Intramolecular alkene insertion
.OMe R® conditions X -OMe Rh10 (5 mol%), (BzO), (5 mol%) 0 o
N N + — Rt N ’ 2 : -OMe  Rh12 (5 mol%) .OMe 51-94% yield
Ri-L H R? o T A H R CH,Cl,, —20 °C : YN . OO 82-92% ee
& 25 26 o 66-91% yield, 64-98% ee i Rg J " (Bz0) (5mol%) Ry [ ,H 14 examples
27 B2 RS 18 examples 3 XJ}VRZ PivOH (5 mol%) § ", _R?
4i) Cramer, J. Am. Chem. Soc. 2013, 135, 636. | CHoClp, 23 °C 29
MeOOC . B O 28 Br O
. CeHa-pBr \BCGH‘VPF Rh11/Rh11' (5 mol%), (BzO), (5 mol%) ; OMe
~ ! -
))é'? + N’é"? CHoCI,/TFE, -20 °C ! N" 1.BBrs, CH,Clp, =78 °C t0 23 °C
MeoOG P Rh H CetePBL, 65-91% yield, 79-94% ee 3 P ST———"
\/\\ \/\\ 10 examples ; -, _R? - p-1s0H,  Et 5 Ve
' : o - 49%
) F“:'" ) . th_‘ . 4c) Antonchick and Waldmann, Angew. Chem., 29a 30
Rh10, R =TIPS Rh11:Rh11" = 60:40, diastereomeric mixture s £q 2017, 56, 2429. ! 4j) Cramer, Angew. Chem. Int. Ed. 2014, 53, 507.

Figure 2 Chiral Cp*Rh-catalyzed enantioselective C-H activation with olefins*-i
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Intramolecular C-C coulping via enantioselective C-H activation

LN OFPT anOFPr

Rh13 (5 mol%) 0

R ~ o] (BzO), (5 mol%) R N () or R
0 —_— | O
/VEO CHoClp, T°C N\

o) s 45-98% yield o) s o) 5

reR 75-85% ee re" rel

31 9 examples 32 33
at23°C at 50 °C

32 could be converted into 33 under the standard conditions at 50 °C.
5a) Cramer, Synlett 2015, 26, 1490. Also see: 5b) Wang, Org. Lett. 2020, 22, 3586.

Construction of two C-stereogenic center in a single step

OH Rh14 (4 mol%)
R1©/0NH-I;S R CsOAc (2.0 equiv) R1—‘/\ OH ?
I I
Z CH,Cly, air, 0°C Lz ,‘\\J\RZ
35

36

Gram-scale preparation

Rh14 (2.5 mol%)

©/ONH-I;S CsOAc 20eqU|v) OH (Ij ’
T CHaClp, air, 0°C »“J\ph 46-81% yield

34a 86-98% ee
1 mmol 36a 43 examples
5¢) Yi and Li, Angew. Chem. Int. Ed. 2020, 59, 2890. 65%, 94% ee

Construction of compounds with different classes of chirality via kinetic resolution

o NHOMe
OH Rh15 (2 mol%) N

Ny N-OMe Ar2 Zn1 (25 mol%) RiL o /V .Arz
R'7 H 2 R Lz ‘R * F

¥ Ar! CH.Cly, air, 30 °C

s-factor up to 139 Ar'
37 rac-38 40 examples (S)-39 (R)-38
Gram-scale preparation
NHOMe
c o
. 'Ph Cl i-Pr
“tBu /\ B N~
Cl CO07Zn
(9)-39a, 0 21g (R)-38a,0.12 g a © A
44%, 82% ee 46%, 94% ee Zn1

5d) Deng and Li, Org. Lett. 2021, 23, 7038.
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Construction of two C-stereogenic centers via [2+1] annulation

R o o Rh16 (5 mol%) )O| 59-91% yield

: N BzO), (5 mol% 3 EWG 87-95% ee

: \H/ + Xy EWG _(B20)z (S mol%) _ R v’ up to > 20:1 dr

G CsOAc, TFE, 23 °C 20 examples

3 40 a4 42

3 | .

1 Me In situ complexation cl "‘V’COOt Bu
o [Rh(cod)OAc]s (2.5 mol%)

: 0) g 0

: Me\'& bMe N O/yﬁ TFE, 23 °C, 60 min ¢] 42a

: Me 7\ \f then

S_ \ /—7 Me (BzO); (5 mol%) Under standard conditions

3 Rh16 Cp*16 (5 mol%)  CsOAc,23°C, 16h 80%, > 20:1 dr, 90% ee
With in situ complexation

! 5e) Cramer, Chem. Sci. 2019, 10, 2773. 76%, > 20:1 dr, 89% ee

Rh17 (2.5 mol%)

3 ? MeO
! R O, . BusNOAC (2.0 equiv) e

| > EWG [e)
: W S MeOH, 23 °C 0

: o

36-88% yield RJ\/\_/ NH

95-99% ee H

20 examples 45 EWG
Suggested mechanism
‘ o]

[CpthC|z]2 o o
MeO Rh17
Yj/\ MeOH PN~ Oy
O O O OMe

(/,N 0 o’ “Rh-Cp*

49 COOEt o- 47
Ph N Ph
\UQ’O/ OMe‘/<
. Cp* # “COOEt
48 COOEt 442

+2 HOAC o)\
| —2HCl 2

45a COOEt ? Cp*Rh(OAc), *

| Me Rh17’

Cp*0= 2 HOAc 2HOAc

5f) Cramer, Angew. Chem. Int. Ed. 2020, 59, 14129.

Figure 3 Chiral Cp*Rh-catalyzed enantioselective C-H activation/nucleophilic addition with alkenes, alkynes and aldehydes®*-f
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Carboamination of 1,3-conjugated dienes
Rh6 (2.5 mol%)

o AgSbFg (20 mol%) i

Zn(OA A 1

N O A ipy 4+ g _Z0(OAD, Cu(OAC), 3
Rt H t-AmylOH, 0 °C |
50 51 51-92% yield

67-98% ee !

36 examples

via an unusual redox-neutral Rh(lll)-Rh(l)-Rh(lll) catalytic pathway

i-P)r\ E
O-N7—=0
X N \ intramolecular
R1_ RhIII_Cpx N
L~ _amide transfer
53 Ar'!

[3+2] annulation of 1,3-conjugated dienes

j\ Rh6 (5 mol%) e

O. AgSbFg (20 mol% O 23-37% yield

ql TN e AR @OMIR) -, 7/ 28-62% ee
N NaOPiv, EtOH, rt = 13 examples

55 56 57

6b) Zhou and Yi, Org. Lett. 2021, 23, 3844. Also see: 6¢) Yi and Zhou, New J. Chem. 2022, 46, 5705.

Tandem C-H alkenylation/formal [3+2] cycloaddition

Rh18 (2.5 mol%)
AgF> (20 mol%)

TFE, it Rl

24-70% yield
60-94% ee
29 examples

6d) Yi and Zhou, Chin. Chem. Lett. 2022, 33, 842.

R2 R2
X7 NN
R4 |
2 HN

58

OBoc
R4
R5

¥
Rs//
o

59

Synthesis of a-branched amides via a three-component cascade reaction OMe
I
DG = Me N
o6 J(O Rh6 (5 mol%) DG
©/ NG j)\ o AgB(CgFs)4 (40 mol%) H A With 1 equiv NaHCOs

At N CH,Cly, 30 °C hig or

59-71% yield Me O e N
61 62 63 72-84% ee 64 = -
4 examples whon

6e) Ellman, Nat. Catal. 2019, 2, 756. without additive

Figure 4 Chiral Cp*Rh-catalyzed asymmetric synthesis of chiral amides and heterocycles®

THIEME

Three-component cascade reaction of 1,3-conjugated dienes

Rh19 (4 mol%)
AgBF4 (20 mol%)
AgOPiv (50 mol%)

CHxClp, 20 °C

81-99% yield
72-84% ee
40 examples

(e}

68

Rh20 (4 mol%)
(2—MeCeH4COO)2

ﬁ,\,,ooow‘ (5 mol%) R
N TFE, 50 °C or 80 °C -
U - 5 COOR* 45-99% yield R*00C- N\‘.
56-94% ee \ 4
69 70 27 examples n NHCOOR

i C-N insertion enabled by twofold C-H activation

Rh6 (2.5 or 4 mol%)

N SO2R? AgSbFg (10 or 16 mol%) R%0,SHN — R?
R N . R? Ag>S0,4 and/or AgOAc FU—'/\ A\ N\ //
7N 4 //\ PhMe or DCT, 60 °C SN
T 73 25-95% yield, 61-99% ee Pym
34 examples 74

,SOQRS

N
DG R2
R B/
75 76

conditions

;’W\ conditions A: conditions B:
O~ "NH Rh15 (4 mol%), AgF, (2.0 equiv) y Rh15 (4 mol%), AgF, (2.0 equiv)
DG = PivOH, PhOMe/t-BUOMe, 30 0r40°C | pg. | | PivOH, MeOH, 60 °C
G 40-86% yield, 80-97% ee X 41-73% yield, 80-95% ee
27 examples ' Me 8 examples

6j) Li, Angew. Chem. Int. Ed. 2019, 58, 17666.
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Asymmetric synthesis of isoindolines via carbenoid insertion

o Ng Rh10 (5 mol%)
O,
oy JH(O py  (BZO)2 (5 mol%)
R H R T MeCN, 23 °C
Z o P 52-94% yield
-94% yie
78 & 56-93% ee
Stereoselectivity-determining model 19 examples
(0]
Carbenoid
insertion NH .
/O P
Me A \(
Me g Pr
81 Me (S)-80a

major

7a) Cramer, Angew. Chem. Int. Ed. 2014, 53, 7896. Also see: 7b) Song, ACS Catal. 2017, 7, 2392.
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Asymmetric [4+1]-annulation of acrylamides and allenes

31 examples

o i
~ ! o Rh22 (2.5 mol%)
R NH R‘j)J\N/SOQRS P AgOAc (10 mol%)
.., O e | H + E o
T Oy J Cu(OBz),, PACN, 50 °C
80 [e} i-Pr ' o1 92 51-90% yield, 58-94% ee

Rh23 (5 mol%)
R3 (BZO)Z 5 mol%)

//\/

95

Cu(OAc),, BHT, t-BuCN, 50 °C

40-84% yield, 60-98% ee
23 examples

Enantioselective C(sp®)-H activation/amidation Me Me Asymmetric synthesis of isoindolines via [4+1]-annulation
Me_ Me Rh21 (5 mol%) : . 0
AgNTf, (15 mol%), AgPFg (25 mol%) " 3 o Rh24 (2.5 mol%) N
2-F-CgH4COOH (15 mol%) % e ; .OBoc Ag2COg (7.5 mol%) i
1 (O~ Me QP 0 o . N Me : N + O R Lz NA
R LY N Me AN Ph PhCI, 10°C R1/>€ 1 AdCOOH (15 mol%) 1
e Me 36-72% yield, 80-92% ee M \—NH ! 97 98 TFE, 25°C 99 A
82 83 36 | v 84 ' .
examples O/’ﬁ_Ar1 Rh21. B = TIPS ' 23-94% yield, 2-94% ee
7¢) Liu, Chang and Li, Angew. Chem. Int. Ed. 2021, 60, 8396. T 1 Isotope-labelling experiment 35 examples
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ‘ 0
Asymmetric formation of alkynyl and alkenyl isoindolinones regulated by solvents OBoc 0
N
H standard
Q F F conditions 97a conditions NH
Ao+ KE S g A oodions S
Rt H Z D £ cl (78%D) D ),
= R j/\Ar Ar=\©i (76% D) D'
85 86 D cl 99a-dy
formed under conditions Aformed under conditions B 98a-d, (76% D)
conditions A: conditions B:

Rh7 (6 mol%)
(BzO), (6 mol%)
3 A MS, PhCOOK

Rh7 (8 mol%) :

(BzO), (8 mol%) :
5 A MS, p-EtCgH,COOK !
F-PICN, 40 °C

110
MeOH, 40 °C Rt
32-86% yield 26-93% yield R?
93-99% ee 50-86% ee

26 examples of 87 15 examples of 88

7d) Wang, Angew. Chem. Int. Ed. 2018, 57, 4048.

Proposed key intermediates

0
,OMe Ot-Bu 0
N N
Rh-Cp* DRh:-O
o —_— e, \Cp
e 3 e
§\\ ‘R Dl/\AI’
89
100 101

enantioselectivity-
determining step

Figure 5 Enantioselective [4+1]-annulations of acrylamides/acids catalyzed by chiral Cp*Rh catalysts’-9
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Asymmetric access to spirocycles through C-H activation Enol-directed Cp*Rh'!-catalyzed spiroannulation

o’ N, Rh15 (4 mol%) Rh25 (5 mol%)
e AGF: 25 oau) : Rt uOAD) @ oai)_
R N\ R = O i ' + % o
R1_:<)/®1/ + Ra{j@? PVOH, NaOAG : R DMF, 50 °C
HFIP, 0°C : 22-94% yield
-96% yi -979 1 11-97% ee
18 104 24 §6yle?(lg;nfnglegs7 o ee 105 18 24 examples

via an axial-to-central chirality transfer
O s
9 J'\ O . Asymmetric synthesis of five-membered-ring spiropyrazolones
Ny Ph pp ) ;
without Rh cat.

B g Pho Y XS]
r O 103a H Br O oH AdFe (2.5 equiv)
O‘ Rh15 (4 mol%) OO HFIP, 0 °C

Rh7 (5 mol%)
R5 Cu(OAc)2 (2.0 equiv)

+ /
L [}
AgF, PivOH he R4 tAmylOH, 80 °C
104a TFE, -10°C 106 105a = 19-99% yield
25%, 94% ee 85%, 91% ee (from 106) 120 121 82-98% ee
8a) Li, Angew. Chem. Int. Ed. 2020, 59, 7188. 25 examples

[4+1] spiroannulation with N-O cleavage

N2
R? Rh14 (4 mol%) Rh12 (2 mol%)
N Sy-OPY AgSbFg (16 mol%) AgNTf, (10 mol%)
110 + 4 o,
R P N R4 DCE, 10 °C raC /R L1 (5 mol%)
. R 2-GI-1,4-Me,CgHs, 80 °C
107 35-98% yield, 75-97% ee

© Asymmetric formation of spirosultams via [3+2] annulation

48 examples 28-99% yield
8b) Li, Chem. Commun. 2021, 57, 8268. 0 36-94% ee
77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 ' 123 124 20 examples
Asymmetric C-H functionalization/dearomatization i 8g) Cramer, Chem. Eur. J. 2016, 22, 2270.
Rh12 (5 mol% P T T T T T
g1l A (Bz0) ((5 mol‘;)) +  Enantioselective annulation of o-arylidene pyrazolones with chemical or electrochemical catalysis
T 2 ° '
Z : 3
RS Cu(OAc),, KoCOg : Ar -
v Z 1 ONN ’ - pny CeHapBr
= OH 4 Z PhMe. 80 °C : \ R conditions ~ =Sy
R Y 1 Me AN 7 Z via a formal 2-Naph Rh
27 3 33-98% yield : R’ o e MeOOC AN
R 110 R 111 72-94% ee Arl Ar2 C(sp®)—H activation X
27 examples 1 126 127 128 AP Rh26
Proposed mechanism ; ‘
Ph Ph Ph Antonchick and Waldmann, 2019, chemical catalysis Lu, You and Mei, 2022
— 1 i . .
Rh/Cpx BN L TN\, Ph Rh26 (5 mol%) 32-90% yield electrochemical catalysis
0. Cof —— S Rh-cpx _\RhBCPX 3 Cu(OAc), (2.0 equiv)  34-97% ee 3 RVC(+) Pt(-)
= RH p le} ' MeOH. 0 °C 31 examples ! 45-82% vield
o 3 ’ ! Rh12 (10 mol%) 5’6?8;;/"':6
X 1o i Cl cl cl i 8h) Antonchick and Waldmann, Angew. Chem. Int. Ed. 2019, 58, 307. BPO (10 mol%) 43 exan:ples
113 114 115 116 8i) Lu, You and Mei, CCS Chem. 2022, 4, 3181. n-BuyNPFg (1.5 equiv.)
8c) You, J. Am. Chem. Soc. 2015, 137, 4880. For DFT studies, see: 8d) You, ACS Catal. 2016, 6, 262. . Also see a related work: 8j) Ackermann, Chem. Sci. 2022, 13, 2783. MeOH, U=12V,rt

Figure 6 Asymmetric construction of quaternary carbon centers in spirocyclic compounds via chiral Cp*Rh-catalyzed annulations®-

SynOpen 2023, 7, 466-485
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Asymmetric access to heterocyclic atropisomers Construction of axially and centrally chiral indenes

o o : ent-Rh28 or Rh15 (4 mol%)
Nt AN N/O Rh27 (5 mol%) /\ OH " - : g1l Xy ’}lé\ﬂz P Ar! AgSbFg (16 mol%)
e " (B20)2 (10 mol%) R-r 'd e ! O T F HOAG, CH,Clp, 23 °C :
CsOAc (1 equiv) A7 ; R T2, 5
Cottep 8] : 140 141 142 R
I GIeHaCH-ON/DGE, 0%C 4 MeooC N ' Including 3 chirali c d, both C- and axial, and both C- and C-N axial
45-95% yield R2—\ ha_/\\ i Including 3 chirality types: C-centered, (?t - and axial, and both C- and C-N axial.
N 56-93% ee ! , HO\N,CHZF{Z HO. _.Bn
R2— ‘ N
129 7 Iy 29 examples 130 ‘ HO\,\,’CH"|2 with entRh28 | R! “H  with Rh15

O H with Rh15
[ Dpr

9a) Antonchick and Waldmann, Angew. Chem. Int. Ed. 2018, 57, 14250. 36-95% yield Ar' 41-91% yield Ar' 68-91% yield

Sromseenoossessosoieesooosoooooos o ollloolllooollliooolliioooliooosioiosoiees 3 90-99% ee R3  88-99% ee N 91-95% ee
A C-H activation and nucleophilic | 26 examples 39 examples J 6 examples
cyclization combined transformation ! 142' £ N 142"

\ with 131a" ! RN

N BU' no reaction © 9d) Li, Angew. Chem. Int. Ed. 2021, 60, 16628
R 131a' Ts ettt
0 /;}\“ ' C-H Alkenylation followed by directing group migration
NHSO,R* 75 R? RS 3 Rl= o. N
- , _SOR* | . Rh15 (4 mol%) N/ “OR2
N \ RN N L RLT AT racZn2 (50 mol%) N o
Rh6 (5 mol%) Z N N s / PhMe, 40 °C N A Caees
AgOAc (20 mol%), Cu(OAc), (2-3 equiv.) Pym j\ 2+ RY / N _ R 29 examples
131 132 PivOH, MeOH, 30 °C 133 : o7 NOR N A g 0 m
28-98% yield, 47-97% ee i H iPr R3 =

9b) Li, J. Am. Chem. Soc. 2019, 141, 9527. 26 examples i 143 144 N 145

ffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff | A c00zn A OH e
Intermolecular [4+2] annulation with sterically hindered alkynes | o 2 R'— |
with unsymmetrical alkynes o : 5 // rac-Zn2 X N ar 42-82% yield

R Rh21 (3 mol%) 3 N ONHR® O B3 80-98% ee
AgOAc (30 mol%) _, 1 NH ! R‘—EQ/ Q RS Rh15 (4 mol%) OO 31 examples
§ OP|v | | PivOH (2 equiv) N R¢ NaOAc (1 equiv)
R®  MeOH,0°C R 3 146 147 MeOH, 40 °C 148
= R2 " ssosnyied Rl | 9e) Wang and Li, Angew. Chem. Int. Ed. 2022, 61, €202111860
69-99% ee = T T T
134 135 40 examples 136 ! Formation of aryloxindoles via twofold C-H activation R?
. . ' 3 P R—— 3
with symmetrical alkynes 0 R~ R RS entRh7 (5 mol%) R \\ ) R
0 R2 art Rh15 (4 mol%) N SNH 3 @—i AgNTf, (20 mol%) N
MN'OMe é PivOH (2 equiv) R+ P 1 i N (o) . P Ar! PrCOOH, Ag,0 Ar'
R | R MeOH, 5 or 10 °C g; AN e DCE, 70 °C AN Ar!
39-97% yield ! R'r 17-99% yield R
= 0CeHyR® 77 10 >99% ee ! Z 8-99% ee 7 Ar' entRh7
137 138 17 examples 139 3 149 150 39 examples 151 Af!

9c¢) Li, Angew. Chem. Int. Ed. 2020, 59, 13288. 9f) Wang, Angew. Chem. Int. Ed. 2019, 58, 6732. Also see: 9g) Wang, Angew. Chem. Int. Ed. 2022, 61, e202201522.

Figure 7 Asymmetric construction of axially chiral compounds via chiral Cp*Rh-catalyzed annulations with alkynes®-9
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Application of JasCp Rh12 o R7 (5 mol%)
or mol%,

MeOOC (BzO)2 (5 mol%)

23 examples 23 examples

4c) Antonchick and Waldmann, Angew. Chem. Int. Ed. 2017, 56, 2429.

CeHa-p-Br CeHy-p-F :
0 HN [ o % | Cu(OAC); (20 mol%)
OMe . | + N7 v ;
X N* CeHepF RN H CeHer 8RR ' AgoCO3 MeOH, T°C
R H Me0OC /1 LA g1 ! ’
- X ! / |
152 Rh11 Rh11' CONHOMe !
4 Ny Rh11:Rh11' = 60:40, diastereomeric mixture - OH
0 P |
N Rh11/Rh11' (5 mol%), (BzO), (5 mol%), dioxane, rt 3
R | _ 154 ‘ with Rh12, 80 °C with Rh7, 25 °C
X 37-93% vyield, 86-93% ee :
153 13 examples 24-99% yield, 58-86% ee

| 19-96% yield, 58-96% ee

1
R\/ Rh29 (2.5 mol%)

| / AgNO3 (20 mol%)
N
| "Rl jij DCE, —20 °C
_N

Rh7 (5 mol%)
RS L1 (20 mol%)
AgF, NaOTf, H.O
= 2

+
63-99% yield R® MeOH, 80 °C
61-97% ee .
53-99% yield, 0-96% ee
155 156 31 examples ’
167 168 26 examples

10a) You, Angew. Chem. Int. Ed. 2021, 60, 15510.

Atroposelective functionalization of indolines and indoles
R? o
Rh30 (5 mol%) R\~ Rh31 (4 mol%)
A N=N AgOAC (3 equiv)

N !
riLL P ( In . (BzO), (7.5 mol%) CONHOMe 3 9 O 20 90
i -~ 4 ,
,OMe R2 dioxane, rt )N\ X SO.R
)\N 77-92% yield NN R 26-92% yield
Ty 60-86% ee ' U 74-97% ee
158 159 \lr th 15 examples 70 171 28 examples
e ;
MeOOC 2Naph ~ /" \ '
Rh30 S i Rh15 (4 mol%)
A : AgOTf (16 mol%)
Me ' R2 . .
§ Rh30 (5 mol%) I N, 2—ch|oroben;0|c acid
o A\ (BzO)s (7.5 mol% : : (2 equiv)
R mMe / )a ( ) CONHOMe ; N N 0
OMe R? dioxane, 17 °C R P + R8F P 1,4-F5CgHy, 0°C
)\ R2 78-90% yield | 43-90% yield
o 82-90% ee ! 173 174 85-94% ee
161 162 163 8 examples 14 examples

10b) Waldmann, Chem. Eur. J. 2022, 28, e202103365. 10f) Li, Org. Lett. 2022, 24, 3189.

Figure 8 Chiral Cp*Rh-catalyzed asymmetric formation of axially chiral compounds and chiral helicenes?<'0a-f
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Enantioselective synthesis of phosphamides via desymmetrization
R1\— CF3 Rh12 (5 mol%)
N/ R2  (BzO)z (5 mol%)

//O . | | A92003, K2C03

gl S P\H CFs +-BUOH, 90 °C R1®
L~ R®  37.86% yield NP Re
176 177 2?)46-3?(2:?;;53 R® 178
via kinetic resolution
CF3 e Rhgz (10 mol%) CF3 CFs
Bz 10 mol% 4
RO + | (A92()320(3, K2003) “ H"Fé) + R:‘P//O
il N CFq L, BuoH.s0°C Fp_:i;g/'t CFs Rl Y N CFs
= s-factor up to 50 R3 =
rac-179 180 19 examples R? 181 (5)-179

11a) Cramer, Angew. Chem. Int. Ed. 2017, 56, 364. 11b) Cramer, Chem. Sci. 2018, 9, 2981.

Enantioselective synthesis of sulfoximines via desymmetrization and parallel kinetic resolution

Rh22 (2.5 mol%)

NH 0 L2 (30 mol%)
N/ 3 o,
N S N RZJ\[(R NaSbFs (50 mol%)
1 _ p 0
R _ P R Ny +BuOH, 35 °C
61-96% yield
182 183 54-92% ee
25 examples
(0]
t-Bu
X
Z COOH
o
L2
via kinetic resolution Rh33 Me
R4 O 0 Rh33 (3 mol%) //O
4 L3 (10 mol%) [ ‘ ’/
R3 N
N SSNH + RZJH( =l
R N MeOH, 40 °C _<
2 COOH
s-factor up to >200
2 |
185 186 0 examples 187 (5)-185 3

11c) Cramer, Angew. Chem. Int. Ed. 2018, 57, 15539. 11d) Cramer, Angew. Chem. Int. Ed. 2019, 58, 8902.

Figure 9 Synthesis of P- and S-stereogenic compounds via chiral Cp*Rh-catalyzed enantioselective C-H functionalization'">-f

Rh15 (4 mol%) L Y NP,
1 Ar2 AgOTF (16 mol%) R paAr
Ar. O AgOAc, CyCOOH %
AP NP, A 2
(FPr)2 A CHCl, 60°C  y ~ Ar
10-80% yield X Ar2
20-96% ee )
188 189 up to > 19:1 dr 190 Ar
31 examples

Conversion and application of the P-chiral phosphine amides

: O N(FPr)2 H
3  .Ph O §_Ph
: R R

© PPh
o) MeOTf o) PhBr, Cs,CO;3 oh 2
Ph  then LiAlH, OO Ph DMF, 120 °C O‘
pp  DME, 100 °C pn i) HSICls, PhMe Ph
Ph Ph 120°C Ph
190a, 71% 191, 54%, 1.6:1 dr 192, 88%, 90% ee

i) Pd(OAc),, dppf

> 19:1 dr, 96% ee 90% ee (90% ee) after recrystallization 94% ee

o o
OAc o O [Pd(ally)Cl],
A~ A M 192, Cs,CO3 EtOMOEt
Ph Ph  + EtO OEft — —— v
CHClp, 10°C Ph"X"Ph

193 194 195, 81%, 90% ee

;
/
5 ; %, '
X X 3 . o AN XN
Al N RZJKWR Rh6 (2.5 mol%) FH(I/K o R
Pz Z N 2 NS
[\ AgNTf, (20 mol%) R

R2
196 197 conditions A or B (R-198 R® (5)-198 R®
conditions A conditions B
conditions A: + conditions B:
L4 (0.5 equiv) 3 L5 (2.0 equiv) OMe O
MeOH, 25 °C i TCE, 30 °C
OH ! OH

(R)-198 formed I (9198 formed ||

30-97% yield OMe | 75-94% yield Z>OMe

84-99% ee L4 3 76-92% ee L5
32 examples ' 31 examples

11f) Li, Angew. Chem. Int. Ed. 2018, 57, 15534.
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Synergized axial and central chirality via a single C—H activation

12a) Li, ACS Catal. 2021, 11, 9151.

199

Previous attempt in construction of chiral ferrocenes

Rh19 (4 mol%)
AgSbFg (16 mol%)
AgOAc (30 mol%)

DCE, 50 °C

40-90% yield
81->99% ee, > 19:1 dr
52 examples

(o] Ph >ko
/ e} 205
Z DG N
@éxNH Me 203 = NJ\Ph : N
Fe Me Ph Fe Fe NHCOPh
&L e DG = CONHOMe - DG = 2-Py
204 Rh12 (5 mO|°/o), (BZO)2 (5 mol%) 202 Rh12 (5 mO|°A)), (BZO)2 (5 mol%) 206, 26%, 40% ee

37%, 40% ee NaOAc, EtsN, CHxClp, 60 °C AgNTf;, NaOAc, CHCl,, 60 °C with Rh4, 37%, 20% ee

Rh7 (5 mol%)
L6 (20 mol%)
AgF (3 equiv)

DMF, 60 °C

25-98% yield, 17-99% ee
38 examples

Rh7 (5 mol%)
L6 (20 mol%)
AgF (3 equiv)

12b) You, Organometallics 2016, 35, 1420. 12c) You, Organometallics 2017, 36, 4359. DMF, 60 °C
7777777 73-96% yield, 85-98%
Enantioselective synthesis of ferrocenecarboxamides .’;ZYIeexamples °ee
0 Rh17 (3.5 mol%) 0 126) You, J. Am. Chem. Soc. 2020, 142, 15678. 12f) You, Org. Lett. 2022, 24, 564
©)< s AgoCOz (5 mol%) A N T .
: NHOMe R EtsN (2 equiv) __NH
Fe g 4 . R2 —— R+ N-Tf
R?2 1-methylcyclohexanecarboxylic acid @\ > |
R (1 equiv), TFE, 60 °C R - Rh
207 208 S 209 =~Me Cp*
40-90% vyield, 41-99% ee 220

12d) You, ACS Catal. 2022, 12, 3083. 32 examples )
77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 Cp*Rh Catalysis
Achiral Cp*Rh/chiral organic molecule combined catalysis

N [Cp*Rh(CH3CN)3](SbFs), (15 mol%) Pl i-Pr, ,Tf

R L7 (20 mol%), KOAc (1.5 equiv) "N .
= 2 6-(t _ovridi ; R (0] . /\
H ,6-(+-Bu)-pyridine (1.0 equiv) e Ph /4 10
216 + o - : N Ngg R _'\/ “Se O---ge
3 AMS, THF, 10°C, 20 h R2 = ®/(
2 218 L7 (ICU)
R2 F 30-91%, 90-98% ee R2
217 20 examples 225 ’S// 224 Rh
Control experiment: reversible alkene insertion; probably not the enantio-determining step N/Tf { Pr /-Pr
T+ o Organocatalysis
RiT X NH o] phM standard conditions FPr, O"‘ Se
1
ZH Ph/\/\)]\F o X ~g from (E)-217a: 83%, 92% ee ® R'L I/): Ph“"</\ N@
216a (B-217a (9-217a from (2)-217a: 85%, 96% ee w Nj(Se P
Ph 218a

12g) Yoshino and Matsunaga, J. Am. Chem. Soc. 2022, 144, 7058. 218 221 222 i-Pr

Figure 10 Construction of compounds with multiple chirality using a chiral Cp*Rh complex or an achiral Cp*Rh species combined with asymmetric organocatalysis'?2-9
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Achiral Cp*Rh'/chiral carboxylic acid catalyzed C(sp?)-H activation

R3
HN” one-pot process
1. [Cp*RhCly]» (2.5 mol%)
Al Y R g L8 (12 mol%)
o = Ag>CO3 (6 mol%)
226 MeOH, 60 °C
+ 2. LiCl, H,0, DMSO, 130 °C
)Ni R®=Me | R®=H
MeO,C CO,Me 50-87% yield | 54-84% yield
227 81-97% ee 80-94% ee
13 examples | 8 examples

13a) Lin, Yoshino and Matsunaga, Angew. Chem., Int. Ed. 2018, 57, 12048.

Achiral Cp*Rh'W/chiral carboxylic acid catalyzed C(sp®)-H activation
[Cp*RhC|2]2 (4 mol%)

R2 o L9 (8 mol%) R2_ .NHCOR?
J< A92C03 (30 mol%)
o SPLN Jo\ o AgSbFg (16 mol%) o o N
N R N PhCI, 4 °C LA~
229 230 46-99% yield, 82-88% ee 231
18 examples
[Cp*RhCl]> (4 mol%)
Me L9 (8 mol%)
Ag>COj3 (28 mol%)
N Z (0] AgPFg (16 mol%)
I B /\i o
A R PhCI, 30 °C
232 233 55-93% yield, 72-84% ee 234
17 examples

13b) Yoshino and Matsunaga, Angew. Chem. Int. Ed. 2019, 58, 18154.
13c) Yoshino and Matsunaga, Org. Lett. 2020, 22, 8256.

Development of pseudo-C,-symmetric acids

[Cp**BURNCI,], or
[Cp*RhCl,], (2.5 mol%)

(6] L10 (6 mol%)
SN H Y
RIT oA AgSbFe (10 mol%) R1—:/:
+ ~ /o [o] N
R RSJ\N DCE, 4 °C N

H 31-98% yield

235 236 66-92% ee 237
20 examples

13d) Lin, Yoshino and Matsunaga, ACS Catal. 2021, 11, 4271.

L8

NHCOR® OO.

L10

tBu

COOH

478
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Enantioselective C-H activation controlled by disulfonates

DG DG R O O Br
(0] -
N conditions N R3 -
110 + 2’\)1\ 3 110 * 2+ OBS
Rg _J " R R® DcEssoc N [CP™RRLA™ s
238 239 240

I I Br

Rh34
conditions A: Rh34 (5 mol%)
2-methylquinoline (20 mol%), 3 A MS

conditions B: Rh35 (5 mol%)

3 DG= ww
T 62-95% yield PN 43-85% yield _
DG = ! N
; %N 76-90% ee L) 7asewee [Cp*RhL,2* _832
R ! 3
K/ 20 examples Fi':ll N 5 examples

Possible enantio-control mechanisms Rh35

o
R3 [B- H]+ _OSS
~03S = | l
= Br

242, B = 238 or 2-methylquinoline

(a) Chiral proton source

Co
“03S
~03S ! !
Br

241, B = 238 or 2-methylquinoline

(b) Chiral counteranion

Me

Me Me
e
e
Ao Rh__
!

R4
—
N
\//\@ R2
i+

Development of chiral disulfonate ligands for asymmetric addition of olefins

[Cp*RhCly]s (2.5 mol%)
Ag1 (5 mol%)

4't'BU-CeH4
R2
R2 OO
CuOAc (10 mol%) bw AgO3S

[B-HI

_NHSO2R
o 2

2”2 .,_~NHSO,-R
R' R°R MS13X, DCE, 60 °C o 2 AgOsS
243 244 OO
R= 37-78% yield, 82-94% ee 4-t-Bu-CgHy
le} 19 examples Ag1

13e) Yoshino and Matsunaga, Nat. Catal. 2018, 1, 585.
13f) Yoshino and Matsunaga, ACS Catal. 2021, 11, 15187.

Asymmetric C-H activation using an amine as a chiral transient directing group

[Cp**P'RhCIy], (1 or 4 mol%) o)
CHO L11 (20 or 70 mol%) Q
N AgBF, (8 or 32 mol%) N ~R?
110 + 110 ;
Ry P> RZ "H Ag,COg3 (0.7 or 1.4 equiv) - 10-73% {'eld
di 70 °C 61 to >99% ee L11
245 246 loxane, 247 52 examples

13g) Wang, Chem. Eur. J. 2019, 25, 4688.

Figure 11 Cp*Rh"-catalyzed enantioselective C-H functionalization enabled by chiral carboxylic acids/disulfonates as ligands or by a chiral amide as a chiral transient directing group'32-9
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Enantioselective C—H amidations of phosphine oxides Access to P- and axially chiral biaryl phosphine oxides

A cooperative effect of a chiral Cp*Ir'/chiral carboxylic acid pair | 0
: Ir1 (3 mol%) tBu
‘ ﬁ L12 (15 mol%) .
) . : E .: AgSbFg (12 mol%) COOH
enantiotopic O ! dioxane, 15 °C 0
C—H groups ;
/_\ HO™ | :) : Selocted L12
b O h 6 QO H ; Delected scope R' R? Yield [%] ee[%]
i;',\ Cooperative Effect f p\* A H Me 74 37 Ar1 o a2 O MeOT# A@@
' r= i 1% I . «
R i} Enantioselective C—H Functionalization R : OH H #Pr % 89 Fi'"Ph _Mel, K,COs P\”'Ph _thenLiAlf, > P\"’t—Bu
248 249, P-Chirality ' H tBu 98 95 " BU acetone “Bu DME Ph
o < C H Ad o4 9 261a 262
0 I (2 mol%) “wH O H N(-Pr)2 69 71 P-chiral phosphme ligand
@/Pl o L12 (24 mol%) B ! 4-Me tBu 85 96 ato MO OO
+ 3 L 1
C RN AgNTf (8.5 mol%) é/ R2 ! 14b) Cramer, Angew. Chem. Int. Ed. 2018, 57, 12901,
R? R! tAmOH/1,4-dioxane \FU \R1 e
250 251 0°C 252 ! Atroposelective oxidation-enabled C—H arylation Selected scope, MBn = 4-methyl benzyl
o-Ns BH 1 OMe
NUYe) Ts, 3 ' 2
NH 2, NH SNH NH ; _OR O . O
P:, step 20 x ? . T . 1 H N 265 Ir2 (5 mol%) Q N/OR N,OMBn .OMBn
| P é/ é/ \ P —— \ Pho 1 RO AL B(OR%, AgNTf, B0mol%) gio cl N
f‘BU +Bu tBu | - BnO BnO
252a 253 252b 254 : Z Cu(CF5C00),H,0 (1.0 equiv) O‘ O‘
P'-chiral phosphine ! 264 AgF (2.2 equiv), PhCF3
Selected scope : 45°C reductive | 266 266a, 84%, 94% ee 266b, 82%, 93% ee
Ts. o Ns elimination
“NH ||* ||* ||* NH n* 3 X x
IO é LQ é LI ﬁ Lo =y 2y
Ad +-B } R'O R1o
: _AdlD BnO
252b, 95%, 97% ee 252c, 91%, 96% ee 252a, 92%, 96% ee 252d, 81%, 96% ee :
' oxidation
Key intermediates in the proposed catalytic cycle 266¢, 83%, 92% ee 266d. 80%. 92% ee
' R= Ir2 Reductive elimination from a hlgh-valent o vere ) EY 70, Jedo
X ® : Me iridium complex is more likely to occur, E
Cp Cp* N2 Cp~ Cp* ; providing the axially chiral products
| ® PL® | p 3 @/ '
o--IrS Ir~ SN-.. ~yells, '
*/4\ / I R3 |I’\O i _OMBn
R (@) 1 —_— P Ph—> e —— 11 % ! MB .OMBnN N
A RyPh NPh n-OMBn N BnO
~\ R \ \ ; H NHOMBn BnO n
[ A R R ‘ BnO. "
H ; HO O Me
; (0]
255 256 257 258 i 266a i
! 266e, 87%, 95% ee 266f, 66%, 85% ee
C—-H bond cleavage: The rate-determining and enantio-determining step 14c) Cramer, Angew. Chem. Int Ed 20216018532 777777777777777777777777777777777777777777777777777777777777777777777777777777777777777
14a) Cramer, Angew. Chem. Int. Ed. 2017, 56, 15088. For an application of Cp*Ir'-biomimetic catalysis in asymmetric hydrogenation, see: 14d) Ward, J. Am. Soc. Chem. 2013, 135, 5384.

Figure 12 Ir'-catalyzed enantioselective C-H functionalization with chiral Cpx'42-d
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An initial attempt using chiral carboxylic acids (CCAs) as ligands in high-valent Enantioselective C-H amidation of ferrocenes

: i - ! R3
d*-metal- catalyzed enantioselective C-H activation ; o . O:< PMP
‘ «t o
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' 0 C D)
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,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ' 278 279 280
Asymmetric C-H activation of biaryl phosphine oxides Selected scope Moo
1 MeO e
SN Ar' ' 0 0
Af-P_ [Co"IHMeCN)SI(SbFe); (15 moi%) R % 3 NH | O NH NH O NH S
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THF, 90 °C v A2 : Fe 5 Fe o) Fe S Ph Fe o Fe o)
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,Ph 280a, 85%, 92% ee 280b, 67%, 90% ee  280c, 71%, 92% ee 280d, 60%, 95% ee 280e, 98%, 92% ee
~Ad ' :
’»tBu \rBu R A a0, O T ]
Ph Enantioselective C-H activation assisted by hydrogen bonding
|OO ; O. ,R!
274a 274b Ph | 0. NH o [Cp*IrCl,], or [Cp*Ir(CH3CN)3](SbFg), (2.5 mol%) f.\sf
Ar Ar = 4-MeCeH, Ph Ar=4-CICqH, oh 3 Sary g 21%( EWG AgSbFg (10 mol%) ‘ N
69%, 15:1 dr, 92% ee 56%, > 20:1 dr, 90% ee 274c, 70% N L16 or L17 (10 mol%), 10 to 45 °C Pz EWG
15b) Duan, ACS Catal. 2022, 12, 193. 18:1 dr, 96% ee | 281 2 282 283 R2
Dual-ligand-enabled enantioselective C—H amidation : o 7 % R
11 R3 o ?* i s \‘?\S\ = OO
S o [Cp**BUIrCly, (5 mol%) s 3 R Ny COH
. OJ< N-Piv-Me-Pro-OH (25 mol%) HN : 'r\CI R
= : -
RO ¢ 3R P AgBF; (20 mol%) R ) ¢ 5F ; N
N\ - RS N DCE, rt N S : R2
275 276 277 ! chiral iridacycle intermediates 1+ o
Derivatization of amidated sulfoxides | Stereocontrol model 284 285a, R = 4-Cl, 67%, 95% ee L16, R' =R" = J-Pr
: ) : 285b, R = 3-Ac, 81%, 98% ee L17, R!, R2 = (CH,)s
Br ! \ I 1 Selected scope
| —— ~{~ : Me
' -
' N N Q
! TR . IFD 3
' _ ’zsA— I , -7»251& - i N M
: 2. P ; Ss N 5 e
92%, 98% ee 1 l ‘2“{\\ './:ﬂ’l“'{‘ 3
o, ] | 1.35 136 '
3 , ! Me 283a Me 2g3ph Me  2g3¢
277a S-chiral tridentate ligand TS_R (disfavored) | CO.Et  92%, 96% ee COzEt  84%, 97% ee COzEt  88%, 94% ee

15c) He, ACS Catal. 2020, 10, 7207. TS_S (favored)  AGg.s*= 2.6 kcal/mol

15€e) Zhou, Hong and Shi, ACS Catal. 2022, 12, 9083.

Figure 13 Achiral Cp*Ir'-catalyzed enantioselective C-H functionalization using chiral carboxylic acids as ligands'>*-¢
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Chiral Cp*Co'-catalyzed enantioselective C—H alkylation i Three-component asymmetric C—H activation/functionalization

o Co6 (5 mol%) o \ 4/—\\
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2:1-10:1 dr, 29 examples
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Comparison of Co1 and Co6:
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Co5 (R'=0Me, R?=i-Pr, R®= R* = H)
Co6 (R'=0OMe, R?= +Bu, R®=R*=H)

MeOQC

Co6 possesses a greater 6 angle and a swapped CO ligand %

Selected scope: \ NH

298a, 66% yield 298b, 64% vyield 298c, 72% yield 298d, 60% vyield
92% ee, 7:1 dr 88% ee, 6:1 dr 90% ee, 7:1 dr 60% ee, 7:1 dr
. (41% yield, 88% ee, 7:1 dr, 5 mmol scale)

0 % (\/\( | 160) Cramer, ACS Catal. 2021, 11, 11938.
NH NH 288d, 73% yield, 9% ee | Enantioselective C-H alkylation enabled by a chiral carboxylic acid
-, ~OtBu - Me '
r & |
o) @i; i RH- P [Cp*Co(CO)l2] (10 mol%) (\IH
288a, 75% , 98% ee 288b, 86%, 91% ee 288c, 53% yield, 75% ee . N o
on | Sy, L18 (20 mol%) ZN /\: »—COOH
: D Ph

X A Ph
+
16a) Cramer, J. Am. Chem. Soc. 2019, 141, 5675. 288e, 49% yield, 96% ee 7 ';l Amberlyst 15 G
77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 299 \_ 300 DCE. 50 °C 301 )\Ph
Asymmetric intermolecular amidation with different alkenes M 34-73% vield, 34-84% ee L18
e ,
0 , 75:25 to 98:2 rr,* 27 examples
O/NHR2 \)]\ 3 Co5 (5 mol%) OH OR Enantio-determining step: A\ Ph
OR AgOTF (10 mol%) Me
N + 290 pil A o or N H CCA concerted N
gL o x 4 AMS, CsOAc o NHR2 " A N-Ch O%O proto-demetalation N Ar
= o * —_—A = {
R4—/ | | HF|P, 30 C 292 293 \ Cp Ph e . DG 301
289 s up to 84% yield, up to 99% ee N Co Reversible " favored
291 P /o —_— AAG* = 7.2 keal/mol
Selected scope: ‘N
OH o} X
OH o OH (0] OH (0] Mo CCA concerted N Ve
Q ‘ P OBu OH oH 302 proto-demetalation _ NN Ar
AcHN NHAc NHTFA oNHs o e
) ) TFAO ent-301
293a, 99% yield, 68% ee  292a, 84% yield, 99% ee 292b, 49% yield, 99% ee 294, 81% yield Me 303'
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16b) Cramer, Angew. Chem. Int. Ed. 2021, 60, 655. 16d) Ackermann, Angew. Chem. Int. Ed. 2018, 57, 15425. *Markovnikov:anti-Markovnikov

Figure 14 Cp*Co"-catalyzed enantioselective C-H functionalization via asymmetric alkylation'6-4
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Enantioselective C(sp®)-H amidation of thioamides

s [Cp**BUCO(CH3CN)3](SbFg), S NHCOR2 >/
Me (5 mol%) "
N L19 (10 mol%) N )
Mé \—R md —r! g
MS13X, 0-DCB, 40 °C
304 305 306
50-99% yield, 78-88% ee L19
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Enantio-determining step: + Non-cyclic thioamides are also compatible.
' (0]
S—ICol ! S 0J< S NHBz
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. N~ ; ‘ Ph™ >N" 305a . -
Me R' Irreversible | md —R' ! EtMe Me — — “— . EtMé Bn 306a
307 : 304a Standard conditions 50, yield, 78% ee

17a) Yoshino and Matsunaga, Angew. Chem. Int. Ed. 2019, 58, 1153.

Using 2-arylferrocene carboxylic acids as chiral ligands

0 [Cp*Co(CH3CN)3](SbFe)2 S NHCOR?2
R M (5 mol%) Rt
N - ?\ o L20 (10 mol%) NT
1Me Ar =\ R!' Ar Me
R " N MS13X, DCE, 4 °C
308, R" = Bn, -Bu 309 310
48 to >99% vyield, 72-74% ee
17b) Yoshino and Matsunaga, Organometallics 2019, 38, 3921. 10 examples
Using monoprotected amino acids as chiral ligands
S S
;
NR'z o  [CPCO(CHCN):I(SbFe)2 N
/[< (5 mol%) NHCOR?
X . 0, L21 (10 mol%) g co
e
> -~ 7 ° 2
R~ :é: R N EtOH, 25 °C R @
a1 312 48-98%yield, 34-55% ee 313
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Selected scope:

};NEtZ ?:
NH NHCOPh

s
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B Ow FPr s C :
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NEt,
& I-Pl')g
NHCOPh
<= NHCOPh

@
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R
R —

313d, 1 mmol scale
91% yield, 50% ee

482

THIEME

NHBz
o0
CO.H

L21

NEt,
d, NHCOPh

Fe

314, 76% yield

*EtOH was observed to offer a significant ligand-accelerating effect, which is critical for good enantioselectivity.

17c¢) Shi, Org. Lett. 2019, 21, 1895.

Figure 15 Achiral Cp*Co"-catalyzed enantioselective C-H functionalization using chiral carboxylic acids as ligands'”>-f

Enantioselective hydroarylation of unactived terminal alkenes

1 Ar 0. .
Rgf [Cp*Co(CO)lz] (10 mol%) R'-Z ™
+ P Akl L22 (30 mol%) . N\ Akyl Me N
AgNT, (20 mol%) N Me Com OH
315 DG 316 CHCly, 40 °C DG ar CO2
317 L22
Ar = 3-Me-4-MeO-CgH3z-
N CFs 38-95% yield, N M= orviea-lMet-Lels
- 50-92% ee
[DIEi= \_/ 36 examples 0
N\ Me \
CF3 N : '}‘ T
! n-Hex
t Selected scope: DG DG
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be 318 | COOH
Noncovalent-interaction-assisted Olefin |nsert|.on as the rate-determing
enantio-determining step step was confirmed by a '3C KIE study. !
17d) Hong and Shi, J. Am. Chem. Soc. 2021, 143, 19112 L23
Cp*Co''-catalyzed asymmetric amidation
&
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Enantio-determining step: so°C

—t

L 323 —
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C—H activation transition state with L16

322
Favored TSp;jor of C—H activation

C-H--m -

7e) Yoshino and Matsunaga, Angew. Chem. Int. Ed. 2022, 61, €202205341.
7f) Zhou, Hong and Shi, ACS Catal. 2022, 12, 9806.

The same transformation achieved with L16 or L24

CO.H
C(O)N(i-Pr),

L24

35-86% yield, 83-97% ee
28 examples
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Synthesis of chiral arene ligands

= =
2-3 steps m 2 steps <>
<> R”Ru
Ccl—/
OHC" 324 R 325 cl
2
Applications in asymmetric C-H activation
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326 ‘ ‘ 327

18a) Wang, Angew. Chem. Int. Ed. 2022, 61, e202204926.

Cui's work using a chiral transient directing group (cTDG) strategy

CHO
H
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18b) Cui, J. Am. Chem. Soc. 2019, 141, 15730.

Wang's work using a chiral transient directing group (cTDG) strategy
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25 examples
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One-pot asymmetric synthesis with Ru'’/cinchonine dual catalysis
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18d) Dethe, J. Org. Chem. 2022, 87, 4617.

Figure 16 Ru'-catalyzed enantioselective C-H functionalization'8-
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Enantioselective C-H activation enabled by chiral carboxylic acids
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18e) Shi, J. Am. Chem. Soc. 2021, 143, 6810.
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18i) Ackermann, Angew. Chem. Int. Ed. 2022, 61, e202212595. *Markovnikov:anti-Markovnikov
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