Literature Report VI

Palladium-Catalyzed Enantioselective
Intramolecular Arylation of
Enantiotopic Secondary C-H Bonds

Reporter: Xiao-Qing Wang
Checker: Zhou-Hao Zhu
Date: 2021-4-6

Baudoin, O. et al. Angew. Chem. Int. Ed. 2021, 60, 7245.



CV of Prof. Olivier Baudoin

Education and Employment:

0O 1992-1995 B.S., Ecole Nationale Supérieure de Chimie de Paris
0O 1995-1998 Ph.D., College de France

0O 1998-1999 Postdoc., The Scripps Research Institute

O Now Professor, University of Basel

Research Interests:
» Transition-metal-catalyzed C—H functionalization and cross-coupling, and their

application to the synthesis of natural products and active ingredients.




Contents




Introduction

R! R!

, | [M] o , |

R (|: H C-H activation R (|: CRs
R3 R3

type I: desymmetrization of enantiotopic alkyl groups

stereogenic center
Z ¢ R

H H
z Pdo/L*
R y
Br HR T~ C-H activation site
H

second stereogenic center

enantiotopic alkyl groups (if R = H)

diastereotopic H atoms (if R # H)

type Il: desymmetrization of enantiotopic hydrogen atoms

., << C-H activation site
H & stereogenic center

.
L~

. Y. PdO/L* :
:r,' T \Z R - l\ .

~~.v‘¢" x
enantiotopic H atoms




Desymmetrization of Enantiotopic Alkyl Groups

Via a chiral ligand-one stereocenter

Br Pd(OAc), (5 mol%)

(R,R)-Me-DUPHOS (10 mol%) _
N > N
|

CSQCO3, tBUCOzH

\
CO,Me xylene, 140 °C COMe
> 99% yield, 93% ee

Kagan, H. B. et al. Chem. Commun. 2011, 47, 11483.

CO (balloon), mesitylene, 120 °C MeO” -0

Ar A B
0 PACI, (10 moi%), L (20mol%) g e el y
)l\ _TMB  PIVOH (30 mol%), Cs,CO; (1.5 eq.) N b OMe
NN {
\)\ " % AT Ar Bu
75% yield, 84% ee L, Ar = (3,5-CF3)-Ph

Baudoin, O. et al. Angew. Chem. Int. Ed. 2017, 56, 7218.
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Desymmetrization of Enantiotopic Alkyl Groups
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Desymmetrization of Enantiotopic Alkyl Groups

Via a chiral ligand-two stereocenters

Br
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Cs,CO3, 'BuCO,Cs, xylenes i OO | QO
\
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Br H

©: Q [Pd(n3-cinnamyl)Cl],/NHC-HI o

N N (Cs,COs, BUCO,Cs, mesitylene N k¥

CO,Me CO,Me
n=1, 0% vyield
n =2, 78% yield, 90% ee
n=3

, 94% vyield, 95% ee

Kundig, E. P. et al. Angew. Chem. Int. Ed. 2011, 50, 7438.
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Desymmetrization of Enantiotopic Alkyl Groups
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Desymmetrization of Enantiotopic Alkyl Groups

Via a chiral ligand-two stereocenters

9 Pd(dba), (5 mol%), L (10 mol%)
PMB\N)]\/CI AdCO,H (5 mol%), Cs,CO3 (1.5 eq.)

! toluene, 12 h

99% vield, 91% ee L, Ar = 3,5-'Bu-CgHj5

O
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H iz

Cramer, N. et al. Angew. Chem. Int. Ed. 2015, 54, 11826.
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Desymmetrization of Enantiotopic Alkyl Groups

Via a chiral ligand-two stereocenters

NC /Pr NC ip OO
Pd(OAC), (2.5 mol%), L (10 mol%) : Pr
0 ar T N —Bu
K,COs (2 €q.), DMSO, 140 °C Me O‘
Br H
L

up to 95% vyield
up to 80% ee

Baudoin, O. et al. Chem. Eur. J. 2012, 18, 4480.

NC Pd,dbas (5 mol%), L (15 mol%)
C82C03, DMSO

-

up to 97% yield
up to 96% ee

Baudoin, O. et al. ACS Catal. 2015, 5, 4300.
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Desymmetrization of Enantiotopic Alkyl Groups

Via a chiral acid and a chiral ligand

OTf (n3-cinnamyl)PdCp (10 mol%)
acid (10 mol%), L (20 mol%)

I

Tf

NazPO, (2 eq.), cumene, 135 °C

up to 85% yield
up to 95% ee

(R)-A (10 mol%)
81%, er=7129

OTf [Pd%] (10 mol%)
CE /O L (20 mol%)
N Na3PO4, 135 °C

|
Tf

(S)-A (10 mol%)
75%, er = 82:18

Cramer, N. et al. Angew. Chem. Int. Ed. 2012, 51, 2238.
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Desymmetrization of Enantiotopic Alkyl Groups

Via a chiral acid and a chiral ligand
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Cramer, N. et al. Angew. Chem. Int. Ed. 2012, 51, 2238.
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Desymmetrization of Enantiotopic Alkyl Groups

Via a chiral acid and a chiral ligand

OTf (n3-cinnamy!)PdCp (10 mol%)
acid (10 mol%), L (20 mol%)
ITJ NasPO, (2 eq.), cumene, 135 °C
Tf up to 85% vyield
up to 95% ee

(R)-A (10 mol%)
81%, er=7129

OTf [Pd%] (10 mol%)
CE /O L (20 mol%)
N Na3PO4, 135 °C

|
Tf

(S)-A (10 mol%)
75%, er = 82:18

Cramer, N. et al. Angew. Chem. Int. Ed. 2012, 51, 2238.
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Desymmetrization of Enantiotopic Alkyl Groups

Via a chiral phosphate and an achiral ligand

¢OMe Pd(PCys), (5 mol%) COzMe

(R)-BPA (10 mol%)
‘: \( Cs,CO5, DME, 120°C O
up to 94% vyield

up to 96% ee R= (3 5-di- CF3)Ph
R)-BPA

short contacts

k2 complex with BPA 3b DFT-optimized structure with BPA 3g2

Baudoin, O. et al. Chem. Sci. 2017, 8, 1344.
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Desymmetrization of Enantiotopic Hydrogen Atoms

O [Pd(dba),] (10 mol%), L (20 mol%)
R J\/g AdCOOH (10 mol%)
N o
) Cs,CO3, toluene, 110 °C
Ph up to 99% yield, up to 99% ee Ph

L, Ar = 3,5-Bu-4-MeO-CgH,

undesired: Sy2 pathway

O [Pd?], PR, 0 o o
RLNJ\/O R'COOH, Cs;,C05  RY NJ\/O\H/R- . RU N)]\/pRs

H R2 O R2
_ 5 _
R1 Jg O o
R2 H
J\/[Pd] — \L Rd—PRy  —>= RLN)S ] |
RZJVH o\{ R2)—[Pol] RfN 2

desired: CMD pathway
Cramer, N. et al. Angew. Chem. Int. Ed. 2014, 53, 9064.
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Desymmetrization of Enantiotopic Hydrogen Atoms

Weak monodentate directing group and bidentate ligand

Pd(OAc),, Ligand
Arl . Ar H O
o t

up to 89% yleld
up to 93% ee

Yu, J.-Q. et al. Science 2016, 353, 1023.

Strong bidentate directing group and monodentate ligand

HH O PdCI,(CH3CN), (10 mol%)
)\)]\ Ligand (20 mol%), Cs,CO5 (1.5 eq oy /,
R N X+ Ar-
H | R = Ar, up to 97% vyield
N _~ up to 80% ee

R = alkyl, 20% yield, 28% ee

Duan, W.-L. et al. Org. Lett. 2015, 17, 2458.
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Desymmetrization of Enantiotopic Hydrogen Atoms
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Duan, W.-L. et al. Org. Lett. 2015, 17, 2458.
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Desymmetrization of Enantiotopic Hydrogen Atoms

HH O PdCl; (6 mol%)

Strong bidentate directing group and monodentate ligand
Ligand (6 mol%) g0
Alkyl)\)L oY A g AIkyI/\)]\”/Plp

R F
X,
o/
K,COs (1.5 eq.) OO on
‘BUOH, 125°C, 24 h up to 89% yield R

up to 93% ee L, R =4-CF3CgH,

Shi, B.-F. et al. Angew. Chem. Int. Ed. 2018, 57, 9093.

O

R F
HH O R Pdl, (10 mol%) OO
>\)]\ Ligand (20 mol%) | | OH

R N >

H I K,COj3 (2.5 eq.) /\)]\ OH
PIP
N\F Br ‘AmylOH, toluene R ”/ OO
F
up to 87% yield, up to 96% ee L

Shi, B.-F. et al. J. Am. Chem. Soc. 2019, 141, 4558.
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Reaction Conditions Optimization
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Reaction Conditions Optimization
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Scope of Substrates

Z

[Pd(-allyl)CI], (5 mol%)
"Z IBioxAd-HOTf (10 mol%)
x ONR!T  CsOPiv, Cs,COs, PhCF3, 5 A MS

1a-q

m O,Me ©:>/ O,Me
COzMe COzMe

Et

\\“

2b, R = Me: 74%, e.r. 96:4

e R, e 2¢c, X = Br: 72%, e.r. 98:2
2d, R = "Bu: 61%, e.r. 99:1 X = Cl 92% or 982
2e, R ='Bu: 61%, e.r. 98:2

OzMe /©E>/ OzMe
COQMe COzMe
()2

TBSO PhthN
H ") .na .2\b
2i: 77%, e.r. 98:2 2j, 82%, e.r. 98:2%(97:3)

\\\\\
\\‘

63%,° e.r. >99:12 (95:5)?

W
A
S

2a-q

/ "CO,Me

(

e

)y

N

2f, R=F:91%, e.r. 98:2
29, R = CO,Me: 48%, e.r. 98:2
2h, R = OPMP: 59%, e.r. >99:14 (99:1)"

/ "CO,R

Et

2k, R = Et: 71%, e.r. 98:2
21, R = 'Pr: 34%, e.r. 98:2

a) After recrystallization. b) E.r. of the crude mixture. c) Performed on a gram scale. d)
Using the well-defined complex [Pd(IBioxAd)(tr-allyl)Cl)] (10 mol%). e) Using 10 mol%
[Pd(tT-allyl)Cl)],, 20 mol% IBioxAd-HOTf, 60 mol% CsOPiv and 2 equiv Cs,COs.
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Scope of Substrates

. [Pd(r-allyl)CI], (5 mol%) 2
. IBioxAd-HOTF (10 mol%)
) CsOPiv, Cs,COs, - z

X R PhCF3, 5 A MS R

1a-q 2a-q
/" "co,Me R / "CO,Me
Et Et
2m, R =F: 72%, e.r. 98:2 2a, R = F: 86%, e.r. 98:2 (84%, e.r. 98:2)¢
2n, R = NO,: 61%, e.r. 94:6 2p, R = CO,Me, X = Cl: 89%, e.r. 96:4
20, R = CF3, X = Cl: 92%, e.r. 99:1 2q, R = SO,Me, X = CI: 64%, e.r. 97:3

2r, 51%, e.r. 98:2 2s, 55%, e.r. >99:1¢

a) After recrystallization. b) E.r. of the crude mixture. c) Performed on a gram scale. d)
Using the well-defined complex [Pd(IBioxAd)(tr-allyl)Cl)] (10 mol%). e) Using 10 mol%
[Pd(tT-allyl)Cl)],, 20 mol% IBioxAd-HOTf, 60 mol% CsOPiv and 2 equiv Cs,COs.
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Scope of Substrates

CO.Me [Pd(r-allyl)Cl], (5 mol%) CO,Me
COMe IBioxAd-HOTF (10 mol%)
o) - T . 4 COzMe
Br CsOPiv, Cs,CO3, PhCF;4 P
5A MS, t (h) /=0
R R
1t-w 2t-w
Entry Product R t (h) Yield (%) e.r.
1 2t NMe, 18 94 95:5
2 2U NC,H;O 18 87 68:32
3 2u NC,H;O 8 95 97:3
4 2V N(Me)OMe 18 80 70:30
5 2V N(Me)OMe 4 75 98:2
6 2w OMe 2 n.d. 55:45

2 Yield of isolated product.
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Proposed Mechanism

Pd''(allyl)(CI)L*
Z
catalyst i
z activationlCSOP'V mz
[ Z Br R
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Post-functionalizations

H2NNH2'H20

EtOH, -78t0 24°C, 16 h
95% yield

Y

1. urea, ‘BuOK, DMSO, 24 °C, 2 h

2. Mel, K,CO3, DMF, 24 °C, 18 h

44% yield

2ja
(e.r. >99:1)
@) Me
N
\ =0
s~ O Me

NPhth
2jb
(e.r.>99:1)
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Summary
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The first paragraph

Enantioselective organometallic C-H activation is a current topic of great
interest, providing a straightforward access to high value-added scalemic
intermediates from easily accessible precursors. Indeed, the replacement of a
hydrogen atom by a carbon or heteroatom on a C(sp?) center is arguably one of
the simplest ways to construct stereogenic centers. Of course, this is far from
trivial to achieve in practice, due to the lack of reactivity of C(sp®-H bonds
towards cleavage by transition metals. To tackle this challenge, a variety of
directing group and oxidative addition based strategies have been deployed to
render the C-H activation step intramolecular and hence Kkinetically more
accessible. In particular, Pd°-catalyzed C(sp?®)-H activation induced by C(sp?)-X
oxidative addition has proven a general and effective method to construct a

variety of cyclic systems.
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The first paragraph

In the past decade, enantioselective versions have been developed, which
can be classified in two main categories: Type |. the desymmetrization of two
enantiotopic alkyl groups, leading to the generation of a stereogenic center
remote to the activated C-H bond. If the activation site is secondary, then the two
hydrogen atoms at this site are also diastereotopic and two adjacent
stereocenters are generated. As an extension, parallel kinetic resolution may
occur when the two alkyl groups are different, thereby leading to the formation of
two enantioenriched regioisomeric products. Type II: the desymmetrization of
enantiotopic hydrogen atoms on secondary carbons, creating a stereogenic
center at the activated site. To date, type | reactions, which are enabled by a
variety of chiral ancillary ligands or chiral anions, are by far the most developed.

An application in natural product synthesis was recently reported by our group.
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The first paragraph

The prevalence of type | reactions over type Il can be explained by the high
density of C-H bonds on substrates bearing two alkyl groups, that strongly favors
the C-H activation step. In contrast, despite the conceptual simplicity and the
potentially greater applicability of type Il reactions, only one example was
reported so far, i.e. the synthesis of B-lactams from a-chloroamides by Cramer
and co-workers, using chiral phosphoramidite ligands. However, this
transformation is so far limited to activated secondary C-H bonds on benzylic
positions. Nonetheless, it should be noted that in contrast to Pd° catalysis, the
Pd'-catalyzed enantioselective intermolecular functionalization of nonbenzylic
enantiotopic secondary C-H bonds has been recently reported using a directing
group strategy. However, such reactions are less suited to the construction of

scalemic carbo- and heterocycles.
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The last paragraph
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The last paragraph

In conclusion, the enantioselective intramolecular arylation of enantiotopic
secondary C-H bonds via Pd° catalysis was developed. The IBiox family of
NHC ligands displayed a unique reactivity among all ligand classes tested for
the arylation of nonactivated C-H bonds. The reaction showed high
enantioselectivities across a broad range of indanes. Moreover, the arylation
of secondary C-H bonds adjacent to amides provided indanes with a
sensitive tertiary stereocenter upon careful control of the reaction time. The
current method should streamline the access to complex molecules

containing a chiral indane motif.
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Representative examples

Analysis of the steric maps of the IBiox ligands indicated that the level
of enantioselectivity correlates with the difference between the two most
occupied and the two less occupied space quadrants, and provided a
blueprint for the design of even more efficient ligands. Ch--F ¥4 T
[743))

Of note, indane 2c was obtained in good yield and enantioselectivity
from both the aryl bromide and aryl chloride precursors, thereby
establishing the latter as competent substrates. ({E5EE K Z)

However, we surmised that the current basic conditions, i.e. the
combination of Cs,CO; and CsOPIv in an apolar solvent, could be mild

enough to escape racemization. (FEl)
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