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[Enantioselective synthetic routes to planar chiral [n]paracyclophanes]
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Introduction

|) Enantioselective construction of aromatic ring

— (CHp) Me Me
(C/)—\ |‘| Rh(cod),BF,/(S,S)-BDPP o 2/n
Hy NR + N ;

= R 46-91% yield, 39-91% ee = PPh, PPh,

(S,S)-BDPP

Il) Enantioselective construction of ansa chain

Ar
Ar = 3,5-(CF3)206H3
Chiral PTC

X—Y\
Z Chiral PTC
20% CsOH (aq.) /Toluene
OH 15-90% vyield, 28-89% ee
O,N
F
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Introduction

Ill) Enantioselective substitution
a) Catalytic asymmetric ortho-lithiation
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Ill) Enantioselective substitution

b) Asymmetric electrophilic aromatic amination

LCOOR
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ROOC
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o)
4X\ NH, (R)-TRIP (10 mol%)
up to 99% ee
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Introduction

Axially chiral biaryls 1%
Transition-metal
catalyzed asymmetric
C-H bond functionalization
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N

) Pd(OAc), (10 mol%)

Q N (R)-STRIP (20 mol%)
o

AX|aIIy chiral
biaryls

o) DKR o)

o)
| Q C-H Olefination | O
O)\N — - T g
N
H H C\__( = N
N
Pd"/L-pGlu-OH _ H \/O Axially chiral

anilides
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’
T
Axially chiral
styrenes
AN / =
H [ [RN(C,H4),Cll, (5 mol%) Ar NP
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Project synopsis

=0

b). Electrophilic  HN~ O

a). ortho-Lithiation aromatic amination

0 -

-
SBuLi, Sparteine CPA (1)
o NH,
O
c). Asymmetric O;/N o
C-H activation
. J—
cat. Pd(ll)
Dynamic Kinetic °
Resolution
R = 2-pyridyl Planar chiral cyclophane
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Optimization of reaction conditions

7 N
o= " Pd(OAC), (10 mol%)
NQO Z “CO,Et Oxidant (2.5 eq.) _
L (20 mol%)
Me 2a Solvent, 80 °C, air
1a
Entry L Oxidant Solvent Yield (%) ee (%)
o) “ucooH L1
1 L1 AgOAc TFE 61 87 ”
2 L1 Ag,CO, TFE 73 96
o /\‘/COOH
3 L1 Cu(OAc), TFE trace - 1 L2
c
4 L2 Ag,CO, TFE 45 -56
Bu COOH
5 L3 Ag,CO, TFE 54 -22 L3
NHB
6 L4  Ag,CO, TFE 3 -66 o
7 L5 Ag,CO, TFE 45 0 Ph\‘/COOH La
8 L1 Ag,CO, EtOH 93 96 NHCbz
9 L1 Ag,CO, 'PrOH 98 (81) 96 Ls
Condition: 1a (0.1 mmol), 2a (0.2 mmol), Pd(OAc), (10 mol %), ligand (20 mol %), Oxidant (2.5 (o) N COOH
eg.) and solvent (2.0 mL). 2 Ag,CO; (0.6 eg.) was used. H
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Substrate scope

TS

Pd(OAc), (10 mol%)

R Ag,CO3 (0.6 eq.)
_ L1 (20 mol%)
a(2.0eq.) 'PrOH, 80 °C, air

Me
O

Scope of alkenes

3aa, R' = Et, cis:trans = 9:1, 81%, 96% ee

3ab, R' = Me, cis:trans = 9:1, 89%, 95% ee
3ac, R'="Bu, cis:trans = 8:1, 85%, 96% ee
3ad, R' = Bu, cis:trans = 7:1, 87%, 96% ee
3ae, R' = Cy, cis:trans = 7:1, 99%, 94% ee
3af, R' = Ph, cis:trans = 7:1, 83%, 97% ee 3a0

3ag, R' = Bn, cis:trans = 8:1, 90%, 97% ee cis:trans = 6:1, 78%, 94% ee

3ah, Ar = 4-MeOCgH,4

cis:trans = 12:1, 65%, 92% ee
3ai, Ar = Ph,

cis:trans = 11:1, 50%, 92% ee
3aj, Ar = 4-AcOCgH,4

cis:trans = 10:1, 90%, 92% ee
3ak, Ar = 3-FCgH,,

cis:trans = 11:1, 62%, 88% ee
3al, Ar = 4-CICgH,

cis:trans = 7:1, 85%, 85% ee
3am, Ar = 4-CNCgH,

cis:trans = 9:1, 75%, 90% ee

cis:trans = 7:1, 91%, 76% ee

Me
(@]

MezN

3ap
cis:trans = 7:1, 72%, 99% ee

3ar
cis:trans = 5:1, 95%, 85% ee
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Substrate scope

P

o=t
NQO +
Me
2a (2.0 eq.)
M
1a

Pd(OAG), (10 mol%)

Ag,CO;3 (0.6 eq.)

L1 (20 mol%)
'PrOH, 80 °C, air

3at

3aw
cis:trans = 4:1, 47%, 48% ee cis:trans = 9:1, 81%, 91% ee 86%, 97% ee

Scope of alkenes

Me
(e}

3av, cis:trans = 7:1
79%, 96% ee

(0]
Me
O

Fe

3ay é 3ax, cis:trans = 12:1

X-ray of 3aa, CCDC 2281385
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Substrate scope

Late-stage modification of bioactive molecules and pharmaceuticals

;Q Me
O Me

N o) o
{— Q \
</\Q/\§ O/\/M?eM:o

Me

5, cis:trans = 14:1, 64%, 99% ee

MeO from gemfibrozil

4, cis:trans = 7:1, 88%, 90% ee
from indomethacin

7, cis:trans = 5:1, 84%, 82% ee
from skimmetin

9, cis:trans = 7:1, 52%, > 20:1 dr
from cholesterol

6, cis:trans = 7:1, 45%, 94% ee )
from metronidazole Mé
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Substrate scope

o,
A ~co,cy  PAOAD), (10 mol%)

ot
NQO + Ag,CO5 (0.6 eq.)
R ) L1(20mol%)
e 'PrOH, 80 °C, air
1

linker: n =11, ;
10ie, cis:trans = 7:1, 74%, 33% ee |
linker: n =12, ;
10ge, cis:trans = 8:1, 98%, 97% ee |
linker: n =13,
10ke, cis:trans =7:1, 95%, 68% ee
linker: n = 14, :
3ae, cis:trans = 7:1, 99%, 94% ee

Q 10ce, R = ClI, cis:trans = 9:1
88%, 98% ee
Cy0,C 10de, R = 4-CNCgH,4
@ cis:trans = 12:1, 86%, 72% ee

R 10be, R = OMe, cis:trans = 9:1
@) 95%, 86% ee
N

10ee 10fe 10ge 10he
cis:trans = 7:1, 84%, 94% ee cis:trans = 3:1, 84%, 90% ee cis:trans = 16:1, 79%, 66% ee cis:trans = 3:1, 88%, 70% ee
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Substrate scope

o=

NQO +
E/T@:Iiﬁ ’
1

Z>co,cy

Pd(OAc), (10 mol%)
Ag,CO3 (0.6 eq.)

o ;Q Me
Nj '>—O
t}ﬁ\ﬁ
Cy0,C
o ;p Me
N 0]
;Stwj
Cy0,C o

Me
(@]

linker: n =15, 10le
cis:trans = 6:1, 83%, 6% ee
AG* (80 °C) = 116.2 kd/mol

t1/2(80 °C) = 121 mins

linker: n =15, 10me
cis:trans = 15:1, 70%, 83% ee
AG” (80 °C) = 117.2 kd/mol

t1/2(80 OC) =170 mins

L1 (20 mol%)
'PrOH, 80 °C, air

Scope of ansa chain

linker: n =15, 10ne
cis:trans = 12:1, 63%, 73% ee
AG* (80 °C) = 118.2 kd/mol

t1/2(80 °C) = 243 mins

linker: n =12 + 4, 100e
cis:trans = 15:1, 76%, 62% ee
AG” ,1(65 °C) = 110.3 kJ/mol

t1/2(65 OC) =90 mins

A o
linker

linker: n = 16, 10pe, cis:trans = 6:1, 78%, no planar chirality

linker: n =17, 10qe, cis:trans = 6:1, 71%, no planar chirality

linker: n =18, 10re, cis:trans = 6:1, 67%, no planar chirality

linker: n =19, 10se, cis:trans = 6:1, 69%, no planar chirality
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Scale-up reactions and synthetic application

o=

R as
Lo

1a, 0.99 g, 2.5 mmol

Fe
s

Standard
conditions

Me

Fe
ﬂ(sp)-%x

0.82 g, 54%, 88% ee

= >
2

+

TIPS——=Br

Pd(OAc),
' L1, A92CO3
'PrOH, 80 °C, air

TIPS

(Sp)-11, 40%, 76% ee

(Sp)-3aa, 96% ee

L DIBAL-H

(Sp)-12, 48%, 96% ee

(Sp)-13, 78%, 87% ee
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Mechanistic investigation

Deuterium exchange experiments

=
Lo

Z > COOEt

o;j
N @)
'
Standard conditions, 12 h Me

S$1, 90% recoverd

O
@)

NQ—O
Me
S1
7 N\
—N Me
S
2/@
1a

7 N\ 96% D
ﬁgﬁe
Pd(OAc), (10 mol%) O \ S

Ag,CO; (0.6 eq.) Q

L1 (20 mol%) D °

i o i
PrOH-dg, 80 °C, air >99% D @

D-1a
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Mechanistic investigation

Kinetic studies
Pd(OAc), (10 mol%)

7 N
=N
o)
N—< \>—O Ag,CO; (0.6 eq.
+ P COOoEt g2C0s3 ( q.) _
Me L1 (20 mol%)
@ 2a 'PrOH, 60 °C, air

1a (0.1 mmol)

( KH/KD-H exchange = 3'7\

7 N\ 0
e 96% D
,  Me Pd(OAc), (10 mol%)
o Ag,COs (0.6 eq.)

N O

D ° L1 (20 mol%)
i o ;
> 99% D @ PrOH, 60 °C, air

D-1a
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Mechanistic investigation

Kinetic studies

/ \
Pd(OAc), (10 mol%)

Ag>CO; (0.6 eq.)

:; Z > COOEt " e
L1 (20 mol%)
DCE, 60 °C, air

1a (0.1 mmol)

( KylKp=1.2<2

Ag,CO3 (0.6 eq.)

2a >
L1 (20 mol%)
DCE, 60 °C, air
> 99% D @

D-1a

/ 96% D
f fMe Pd(OAc), (10 mol%)




Proposed mechanism

migratory
insertion
R/\
2

/\
Pd° [O]

L1+3
S-H
elimination

NH

L1+1
Pd'
HOAc
C-H
activation

7N\

!
7 N\
—=N Me
o, 0 H-shift
) { \Pd@ ©
O/
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0 Asymmetric C-H activation

A >
N Q cat. Pd(Il)
Dynamic Kinetic Resolution

Planar chiral cyclophane

& Pd'-catalyzed enantioselective C-H olefination by DKR process
& Approach to the late-stage modification of bioactive molecules

& Investigation of ansa chain length scope planar chirality and configurational stability
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The first paragraph

Writing strategy

O Cyclophanes are molecules containing an

The characteristic and
application of cyclophanes

The synthetic methodology
the of cyclophanes

Introduction of this work O

aromatic ring bearing a cross-linked alkyl chain,
also called ansa chain... moieties are present in
naturally occurring compounds endowed with
distinguished biological activities. For instance,
configurationally stable planar-chiral macrocycle
Lorlatinib.

Previous strategy for the synthesis of chiral
molecules via Pd-catalyzed C-H activation,
Enantioselective synthesis of cyclophanes via
C-H functionalization of benzene ring.

Herein, we reported the first Pd-catalyzed
asymmetric C-H bond activation of prochiral
cyclophanes.
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The last paragraph

Writing strategy

O In conclusion, we developed a Pd(ll)-catalyzed
Summary of this work enantioselective C-H olefination of prochiral
cyclophanes by DKR process, providing a wide
range of planar-chiral cyclophanes in high yields
and with excellent enantioselectivities.

Investigation the origin of _ L :
planar chirality and O An investigation of ansa chain length scope

configurational stability provides details for the origin of planar chirality
and configurational stability of cyclophanes.

O An application of these planar-chiral scaffolds
for library inclusion and asymmetric catalysis is
under investigation in our lab.

Outlook of this work

29



Representative examples

Cyclophane with a bulky aromatic ring and suitable ansa chain exhibits
planar chirality, which arises from locked configurational flip of the aromatic
ring around the macrocycle plane. (arise from: [EJ, £ FF, &£+, BT
MR AY, - Er 2 AY; stem from, originate from)

Rh-catalyzed de novo benzene ring formation by asymmetric [2+2+2]
cycloaddition. (de novo: M3& )

The C-H activation approach is also applicable to the late-stage
modification of bioactive molecules and pharmaceuticals. (late-stage
modification, f5 HA 1& i ; late-stage C-H functionalization, late-Stage
diversification)
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