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1. Overview of mechanistic differentiation inTM mediated enantioselective C-H

functionalization .
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Representative example: intermolecular enantioselective hydroxylation
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Inner-sphere Mechanism
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C Transition metal C-H activation (focus of this review)
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D Diverse transformations enabled by enantioselective C-H activation

Chem. Rev. 2017, 117,8908
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手型中心在远端，手型中心在近端


A Overview of point desymmetrization C-H activation: C{sp?)-H and G{sp3)-H
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B Overview of planar and axial desymmetrization C—H activation: C(sp?)-H only

- L
DG

n
Desymmaetrizing
@7 C-H Activation @

M'=Fe, Ru
and
R DG DG
- m-L
. [M]
N
L -

Axial desymmetrization

Aryl-aryl rotation

k restricted




e

(-,

2. Enantioselective C-H activation through desymmetrization

A Initial discovery of chiral mono-N-protected amino acid (MPAA) ligands for enantioselective C-H activaton

| N Pd(OAc),
*RCO,H

A\Y
s

1 equiv. Pd(OAc), H

Racemic cyclometallated

cat. Pd(OAc),
cat. Chiral Ligand
n-Bu-B(OH),

Chiral cyclometallated

dimer, 85% dimer
Entry 1 2 3 4 5 6 &
i-Pr
WCOoH
i-Pr I-Pr i-Pr i-Pr
Chiral kl_..cozH \_.uCOEH LCoH  L_.coMe OgNH
Ligand ] +COzH
NH; N(Boc); NHBoc NHBoc i Me 0
NHBoc NHBoc )
“i-Pr
Yield (%) n.r. 74 63 86 46 58 91
ee (%) - 7 90 0 46 0 87

Angew. Chem. Int. Ed. 2008, 47, 4882.




B Stereomodels for MPAA chiral induction

| (large)

— repulsive
interaction .
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———= major product

— minor product
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C Preliminary results on enantioselective C(sp3)-H activation with strong directing groups

.
~N

(-,

cat. Pd(OAc),

cat. ligand
n-BuB(OH)»

I

Difficult to distinguish
Me and H, background

reaction gives low ee &
= M-BU -

38% yield, 37% ee
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b: 计算、核磁、质谱，给出合理解释

C：H 和Me都很小，吡啶强配体，没配体就可以发生背景反应，底物作为配体浓度远远大于额外配体浓度。


A,

10 mol% Pd(OAc),
0.5 equiv BQ, 1 equiv Ag,CO4
3 equiv Me-B(OH), or

H

COOH
@: (vield, 40-75%)

-0 ABFKPA(I) L0
K= R L LS
O: 0Oy, 1or20atm & X = OMe, NO,, CN
H Ar MeCO, CO,Me
34 entries, gram scale
H yields, 75-90%
ArBFK/Pd(]l
con MBI O N o
0,, 1 or 20 atm Xt

J. Am. Chem. Soc 2008, 130, 17636

<
0 PA(0)/PR,

O
H YLN.J:EFS _P,CSF

LY
X

X=F,Me H

CeFs
X N

RH H
Ketoprofen, Fenoprofan

Drug substrates +2 N KOH
and Flurbiprofen

Gemfibrozil, lbuprofen,

Ph(Me
- . e o (Me)
H 1 equiv Ph—B :>(ME i
equiv Ph—
COOK Y Me COOH  ioid, 28-38%)
R Rg t-BuOH, 100°C, 3h R Rg
.
2 \
H 10 mol% Pd(OAc), i
|><COOK £ =qupy Al |><COOH (yield, 42-72%)
2 equiv Ag,CO;,
R R 2 equiv NaOAc Rt Ry
t-BuOH, 100 °C, 3h Ar = Ph,
p-MePh,
p-BrPh
\_ J
J. Am. Chem. Soc 2007, 129, 3510
( 5 mol% Pd(OAC), '
3 equiv 10Ac X COOH
H Table Salt X P
COOH DCE
W = > di—selectlive X =('3—|Dgﬁﬂ Fé‘i l OM
Fy 5 mol% Pd(0Ac)y B AL Ve
i % ~COCH
BuyNCI X{I
DCE Z (81
\ mono-selective
Angew. Chem. Int. Ed. 2008, 47, 5215.
' Ty
10 mol% Pd{OAc);
Ri R, 2 equiv Ag;CO5 Ri Ry
2 equiv NaOAc
COOH T aim GO hcoon
- H
n=0,1 1,4-dioxane, 130 °C, 18 h e
i R = H, alkyl, OMe, F, CI bl
HJ“\"I/COOH 24 examples: 40-93 yield H % -COCH
Ph Ph
L% A

J. Am. Chem. Soc 2008, 130, 14082

CO,H
L

J. Am. Chem. Soc. 2009, 131, 9886.

'; A Cat. Pd(OAC), LS 3
~ H NHTf 1 equiv DMIE P
Tf
ngh‘g' g:—f Oxidant Me L
oM + OTH
CoMe. [Ce(s04), or Me—{ “N-F
CN =
NO; 1e 2g Me
L ’

J. Am. Chem. Soc. 2009, 131, 10806.
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5 mol% Pd(0OAc),
5 mol% BQ
10 mol% L
2 equiv. KHCO3 CO-H
+ ZCo,E - P
2 equiv. +AmylOH, 85 °C
1 atm O,, 48h

8-A

CO,Et

M
© CO,H

+
CO,Et

OMe
8-B

Entry Ligand

Conv. (%)* A:B Substrate

Ligand Conv.(%)* A:B

1 —

12 Formyl-lle-OH

CF4

o
H

R

= CO-H
H

1

68 14:1 Hg

43 (758 20:1

-Pro
e CO,H

MeO Hy
OMe 9

Science 2010, 327, 315

5 mol% Pd[OAGb
5 mol% BQ CF3

10 mol% Ligand
Z CO;Et

2 equiv. KHCO.
q 3 iy
1atm O, 48 h 1a

2 CO.LEt

) t-AmylOH, 90°C
(2 equiv.)

J. Am. Chem. Soc. 2010, 132, 14137

5 mol% Pd(OAc),
10 mol% Ac-lle-OH
5 mol% BQ
2 equiv. A’QzCOa
2 equiv. KHCO4

Ph-BF K
(3 equiv.) f-AmylOH, 110°C, 2 h

2

J. Am. Chem. Soc 2011, 133, 18183

15:1
23:1

— g5t
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Ligand Yield (%)

12
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G CO,H —
O Ac-lle-OH
3a

17
>99 (98)




/ A Comparative reaction coordinate
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羧酸自然界中多，后来结合计算等研究，提出弱导向基思路。
强导向基使得C-H活化产物稳定，后去的转化困难。
所以结合前期氨基酸活化例子，和他们用羧酸底物的经验，提出使用弱导向基，配合配体调控反应活性、选择性的思路。若导向基本身无背景反应


5% Pd(OAc)2
A R Ph-BPin Hir
Hoo . PG AN —A%C0s o pp O VA HF ]
H N” ~CooH NP
H NaHCO3, BQ . . N"" p /2
Me 10% ligand H BAwylgcl;I“c Me 05;“0 n-Pr
1 2= up to 93% ee CClg
J. Am. Chem. Soc. 2011, 133, 19598
L22,R=H
10 mol% Pd(OAc), @ 65% yield, 87% ee
(0] L25 (11 mol%) O L23, R =Ph
H R NPT ArBPin R AT @ @ 59% yield, 84% ee
H Ag;CO3, Na,CO3, BQ + H R o R L24,R=0Me
t-AmylOH, H,0 "Ar 43% yield, 81% ee
1 NZ- 70 =C 2 Boc-NH NHOMe LZE. R=F
L22-L25 67% yield, 88% ee

J. Am. Chem. Soc. 2014, 136, 8138




A Amino acid-derived ligand-enabled desymmetrization of cyclobutyl compounds: Pd(ll)/Pd(0) Catalysis

e ®

F_ON| . Me O D F_CN
F ej\ J'L O E F
F Me (o} H F
HN\, HN F
H HNG F OMe C-H activation, H 0
2\72: 0 cat. ligand functionalization R_/
-
R cat. Pd(OAc), Y Ry
R—BPin major product
— H — up to 77% yield
up to 95% ee
= repulsive . B
- interaction :t I
238 ¢S
minor —-— “§§ “§ §
product g g E

Disfavored

Pd(OAc); (10 mol%)
Boc-L-Val-OH (20 mol%)
P
NHTf p-iodotoluene (3.0 equiv)
R! Ag,CO; (2.0 equiv)
R? NaTFA (0.5 equiv) R
t-BuOH (1 mL) R?
80 °C, air, 18 h

J. Am. Chem. Soc. 2015, 137, 2042

NHTf

1a-"Ta

up to 99% yield
up to 99.5% ee




B summary of Pd(0)/Pd(ll) intramolecular enantioselective C—H cyclization:

ligands:
cat. Pd(0) - ) ]
/G cat. Ilgand t-Bu,, tBu 1O Dr Pr
i V@ i ."-Pr
X=1, Br, OoTf up to 97% yield ,_F,"r'
EWG = CO2Me, SO,CF3 up to 95% ee NHCs Phosphines Phosphates
Chem. Sci. 2013, 4, 1995 ACS Catal., 2015, 5, 4300

0 E anh
< Q t-Bu ' \ f j
o PAr, '

Ar = OMe ' '93"‘1

0 PATE R2
{ 0 Bu : cat. [Ir(OMe)(COD)], Zp~H
o] ligand ' cat. ligand R, X
E ' Z Sl
1. cat. [Ru(PPha);Cly] : & Ab (H2 acceptor) “Me
HO EtaSiHy NV - - up to 9?% yield

~s H
H (O-H activation) H Si ' -~ H up to 96% ee
¢ = : Ry
R1 2. cat. [RhCI(COD)], Rq R, {/‘\(ﬂ )
cat. |Igal1d up to QU% yfefd E = Si-‘ [Ir ]Ln

(C-H activation) up to 90% ee ' Me. Me

@ Angew. Chem. Int. Ed. 2016, 55, 8723 J. Am. Chem. Soc. 2017, 139, 12137
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较为难的C-H活化是在较为简单的第一步之后发生的，并且不可逆，成键强度高，可有效传递配体手型，反应为点就是导向位点，所以可以使用强导向基。

在环上，固定的构象，刚性，C-H和环的分辨，容易。写二甲基形式的各种构象，
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A Challenges in intermolecular desymmetrization C(sp®)-H activation: acyclic systems

cat. Pd(OAc),

Me
0]
Me
* ,ATF
—_— N
N O Et H
H H

cat. ligand O
t'BU\ JJ\
O
BFsK HN
N ligand “OMe 32% yield
F 29% ee
B Inspiration for desymmetrization of geminal dimethyls: diastereoselective model
I
H _H 0=PI=0 Mey, H I
cat. Pd(OAc), I'\l}ilae-

IOAC

f—B:ir t-Bu

Source of inspiration for ligand design in
isobutyramide desymmetrization

Me  Me me 10 mol% Pd(OAc), Me e
M 1 equiv I0Ac N
Me 4 ¥ ¥ Me » Me =N/ "Me
o o T CH,Cl,, 24°C, 48 h B g™
Me Ph, Me
t-Bu OTBS Me admanty!
U™ " O o
Oxa Oxa Oxa
83% yield 62% yield 62% vield 65% yield 98 % yield
d.r. 91:9 d.r. 93.7 d.r. 95:5 d.r. 99:1 d.r. 99:1

J. Am. Chem. Soc. 2014, 136, 8138

Angew. Chem. Int. Ed. 2005, 44, 2112.

J. Am. Chem. Soc. 2012, 134, 14118

~Me
p— "f’,{
.....--Pd.,‘_N' O.—-H — {Bu t-Bu

83% yre,‘d
91:9 dr

5 ; H
g, ? 207 j2263 Me Oxa
le THL
# Bu “OAc

one gauche {-Bu/H
repulsion

Me. @Oﬂ
He Ha
'/I-B u-\

two gauche -Bu/H
repulsions

14a-tsl
AAG* = 5.0 keal/mol

14a-ts2
AAG* = 0.0 keal/mol

e : Me ~OAc
14a-ts3 14a-ts4 two gauche -Bu/H

AAG* = 3.8 keal/mol AAG* = 2.3 keal/mol repulsions /

one gauche t-Bu/H
repulsion




C Enantioselective C—H activation of geminal dimethyls enabled by bidentate APAO ligands

AI‘F

I_A_\
CF,

F F

F F cat. Pd(MeCN),Cl,
or Pd(OAc),
cat. APAO ligand

Me
Me

APAO Ligand

Ra

Ros

up to 85% yield
up to 96% ee

repulsive

repulsive

__ interaction

interacti
Jtnction.
4 3
H R,

N (3,
minor —-&— Q N.Pdf KH y |
product N7 Me

H HeosX £
A Me
N Me
repuisive -,
- interaction _
Disfavored

(-

J. Am. Chem. Soc. 2017, 139, 3344

Science 2017, 355, 499

up to 62% y.'efa'
up to 94% ee

repulsive
inter 3rr;nn

repulsi w—
interaction

Favored

o
N

IIS«I’F I'e
NH H
. M \j = TIPS
> H A", A /\rR4 /}"/
H H

up to 68% yield
up to 89% ee

D Proposed stereomodel for the desymmetrization of geminal dimethyl amides

—= major
product




/ 3. Enantioselective methylene C-H activation

A Overview of enantioselective methylene C-H activation

H H
3 R
SN
Prochiral
secondary
carbon

Challenges:
» Reactivity of 2° C—H bond

\ = Ry DG/\)\R1 << 1° C-H bond

* As R4 size decreases, chiral
differentiation difficulty increases

nf [)_‘AH rR, HH H H
N~ H
ég | =
n=0-3
a-to-heteroatom benzylic unbiased

B Examples of enantioselective methylene C-H activation a-to-heteroatom

Eq. 2

R1 1 53
\y\h.!)\'ﬁg ,;/’\R3 OI'//;’,/RS
Rs

cat. [Ir(cod);]BF,4

cat. ligand
g =

b, oH cat. Pd,(dba),
N H cat. ligand
i-Pr —
S \ B(OH)
-Pr RX_7 ’

l'_‘.*":',,._.| Qe
‘1./*1\1 o e (Ar)z
Ri—= 5

R,
L--..l'.

up to 89% yield

up to 99% ee

up to 87% yield
up to 97% ee

Nat. Chem. 2016, 353, 1023.




/ C Examples of enantioselective benzylic methylene C-H activation

t-Bu

cat. Pd(OAc),
cat. ligand

- _ up to 88% yield
up to 96% ee
(major product)

repulsive  { \ T
interaction ¥

Me

Me s> Me

R -Pd-0
H. O

O
H _‘Me

Science 2016, 351, 252

cat. Pd(MeCN),Cl,

cat. Ilgand
Eq 4 R1

R//

up to 97% yield ligand
up to 80% ee

A Bidentate directing group/monodentate ligand for electronically unbiased methylene C-H activation

cat. Pd(MeCN),Cl, ”
cat. Ilgand 0 Pitfall: Bidentate
}\)]\ ‘.o substrate promotes
P‘."- T 0
CQ N reaction in absence of

O NH chiral ligand

= i-Pr, n-Pr R = i-Pr, 20% vyield, 28% ee ligand
R = n-Pr, 68% vyield, 26% ee

Org. Lett., 2015, 17, 2458
Angew. Chem. Int. Ed. 2016, 55, 15387




B Inspiration for bidentate chiral ligands for enantioselective methylene C—H activation

cat. Pd(TFA),

/I\H.I\ cat. Ilgand

Cf\jQN

n=0,1.2
Iigand J\

Ar
] up to 93% yield Source of inspiration for

bidentate chiral ligand design for
J. Am. Chem. Soc. 2012’ 134’ 18570. unbiased methylene C-H activation

cat. Pd(OAc), L
)\)L cat. ligand -
A
R N
' H
R, = alkyl, a | An up to 89% yield
k yhan i up to 92% ee

ligand

Science 2016, 353, 1023
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NHAc

=

|
N

AcHN

L9, 46% yield

X | =
® P
AcHN AcHN” “Ph

L10, 58% yield L17, 76% yield, 29:71 er

n-Pr
~Pr
OMe
Bn

L34, 86% yield, 90:10 er
L35, 82% vield, 92.5:7.5 er
L36, 71% yield, 90.5:9.5 er
L37, 48% vield, 78:22 er
L38, 69% yield, 84:16 er
L39, 75% vyield, 88:12 er

t-Bu

=Bu

L40, 13% vyield, 31:69 er

+Bu

20.8 kcal/mol
22.1 keal/mol

27
26.5 keal/mol
29.8 keal/mol

Acc. Chem.

28 29
20.0 keal/mol 22.6 kcal/mol
22.8 keal/mol 29.3 keal/mol

Res. 2017, 50, 2853




D Proposed stereomodel for APAQ-enabled enantioselective methylene C—H activation

TS_R
AAG = 0.0 kecal/mol

repulsive
interaction
— repuisive . » | e
interaction 'r Me
Me (:_Me
H )
—~N = Me | ——3m major
el ""Me product
H., .. Me
R 0 ME‘H
repulsive
inte(g{:ﬁon
§ . repulsive
{ repulsive™. interaction
_;'Fnteractfq& y
£ 5 % Me ¥

—— minor
product

TS_S
AAG = 1.2 kealimol

/
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3. Kinetic resolution

A Kinetic resolution and paraliel kinetic resolution

X ML H “L[M] X

Rs R3 R \ Rs Rs s
R”* R, X, Y R, - R, *L[M] Ry”+ R, *L[M] Ry + Ry X R« R,

+y - fr— + — + — %
+ ML H H H

R:i’. R% S R:‘j'" R-a’_’. R%"
R, « Ry R2;R1 Ry« R R+ Ry Ry * Ry

| - — - -
Paralle! kinetic resolution 1.1 ratio of enantiomers Kinetic resolution
B Initial report of MPAA-enabled C(sp?)-H kinetic resolution
Q\Sfp cat. Pd(OAc), Q.\E:P C%P Me
H HN” “CF,4 cat. ligand H HN” "CFj

s + Me

* @]

R I i 07 N
®) " oH
up to 49 yield up to 50% conv. ligand
up to 99% ee up to 97% ee
o
P

N (o]
NHTF 10 mol% Pd(OAc),

Ar
“ 20 mol% Bz-Leu-OM Naog;_joj,pc'.w;lo C-H activation ' Science 2014, 346, 451
L .; L ' ‘i | ‘

a=w 3. Am. Chem. Soc. 2017, 139, 9238

@ Up to 99% ee

Supported by kinetic and mechanistic studies




e

C Intramolecular Pd(0)/Pd(ll) Parallel Kinetic Resolution and Kinetic Resolution

H cat. [Pd(n?-cinnamyl)ClI],

Br
cat. ligand
ot (LK 0 -0~ @E\m«e
N

PG H

(%), PG = CO,Et up to 68% yield up to 44% yield
up to 95% ee up to 99% ee

cat. Pd{PCY3}2

. Br

- QL& —== 0" X
N N

PG !

(), PG = CO,Et 31% yield yield not given
46% ee purity not given

Chem. Sci. 2012, 3, 1422
Chem. Sci. 2017, 8, 1344

(-

ligand CF;
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3. Summary and outlook

A. Detailed aspect: more general substrates

B.Transformation aspect: various C-X formation

C. Concept aspect: concept combination
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