Development of Synthetic Methodologies
via Catalytic Enantioselective Synthesis of
3,3-Disubstituted Oxindoles
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Introduction

Natural Products
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Bifunctional catalysis: Nucleophilic addition to isatin or isatin ketimines

The synthesis of 3-substituted-3-aminooxindoles via the Strecker reaction in catalyst-

free strategy PMP, PP
N HN o
c Solvent Cl
=0 + TMSCN —0
N 50 °C [ I S
H N
1a (1.0 eq) 2(2.0eq) 3
Entry* Solvent Additive Time/h Yield? (%)
] CH,CICH,CI no 48 no
2 MeOH no 15 84
3 EtOH no 15 64
4 i-PrOH no 15 52
5 CH,CICH,Cl MeOH (2.0 eq) 15 13
6 CH,CICH,CI MeOH (4.0 eq) 15 15
7 CH,CICH,CI MeOH (8.0 eq) 15 21
8 CH,CICH,Cl MeOH (12.0 eq) 15 64
9 CH,CICH,Cl MeOH (16.0 eq) 15 70
10 CH,CICH,Cl MeOH (20.0 eq) 15 79
11 CH,CICH,CI CF; 15 36
S
FsC ITIJJ\Il\I CF3
H H
4 (10 mol%) 5

MeOH (2.0 eq)



Proposed mechanism of the racemic reaction

=
RO— |
X NH CN
+ TMson _MeOH 5AMS ! Dule role:
0 O . . .
50°C N v" Formation and activation
8(1-1equy)  (20equiv) RO of the corresponding
ar O 1 isatin ketimines
- MeOH + TMSCN .
Rl N -H-oMe ¢ v' React with TMSCN to
MeOH,50°C O+ em release hydrogen cyanide
5AMS N
H2

The first catalytic asymmetric addition of nucleophiles to isatin ketimines.

el
Ohle
R? M -
= -H
| N7 11 {10 moiss)
NA PP
M 8 Ll
R + TMSCN - o
0 CHCILCHCI, 0 °C - N
ﬁ (2.0 equiv) O examples, 27-729%, 30-74% ee g
R 10 )

Org. Biomol. Chem. 2010, 8, 3847. 6



Bifunctional phosphoramide (phosphinamide) catalysts

. . | @ Difficult to remove
1) Readily accessed and modified I

0 ‘ 2) Tertiary amine as Brensted base or Lewis base I M the N-a ryl grOU p

) 3) Two amide substituents as shielding groups I

R € low reactivity

He 4) Tunable pKa value of amide N-H bond Q

CLE

' ;
\\(R Nu 5) P=0 bond as Lewis base

The Strecker reaction of N-Boc-substituted ketimines I_'I'he first example of asymmetric 6m-electrocyclic
catalyzed by bifunctional cinchonidine derived tertiary | reaction to construct a tetrasubstituted carbon

amine—thiourea catalyst | center
Z 7
Ar= 3.5‘(F3C)2CGH3 OMe
N Et0,C),HC Ar = 3,5-(F5C)2CgH3
- NBoc - (Et02C)2 _ N 3
- R 0oC
N AN NH CD-13 (5.0 mol%) R! T N \ / SN NH QN-22 (10 mol%) EtO,C
| O, tmscn I )\ e R! N \ | EtO,C
Z N * NF A A HAP | 0 N 2 Nz )\ A
\ H (1.0 equiv) Z N | 0 S N N
RZ > \ 5 = N H - R T (0]
12 (1.0 equiv) (2.0 equiv) CH,Clp, =70 °C, 2-4 d 14 R Yo 2 Et,0, 40 °C, 2-3 d 23
P R2

20 examples, 65-97%, 90-99% ee

control experiments

(R" =H, R?= Me) B =

/ZJ

N
F
| N N,Me C 3 CFS
H
N~ S)\N,
15 ;!Ar
56%, 70% ee (using 15) Rz_N S i
Vs \ —
93%, 98% ee (using CD-13) — V — -
Chem. Commun. 2013, 49, 4421. 7

Angew. Chem. Int. Ed. 2014, 53, 13740.



Bifunctional catalysis: 3-substituted oxindoles as nuclephiles

The asymmetric Michael addition of unprotected 3-
substituted oxindoles to nitroolefins

R1
R! ., R?
R ) .\.051 (10 mol%) R NO
R—F o by
: T - e G Cff
A} N O
X H N 11

Et,0, -20 °C, MS 5A
76-96%, 3:1-21:1 dr, 91-99% ee

3b
(10 mol%)

\ 7/

9 (1.2 equiv)

Highly enantioselective Michael addition of 3-alkylthio-
and 3-arylthiooxindoles

H L/ R?
SR! Y N R'S, NO,
R LwO R
N~ O//P‘\o
O + RT\/NOZ o)
N 3d (1-5 mol%) N

H 10

12 Et,0, -20 °C, MS 5A 80-99%

(1.2 equiv)
4:1-8:1 dr, 91-98% ee

Varying the size of the alkoxy group of phosphoramide
could effectively improve the enantiofacial control

Chem. Sci. 2011, 2, 2035.
Chem. Commun., 2014, 50, 15179.



Mukaiyama aldol reaction of isatins

Highly enantioselective quinine-derived urea-catalyzed Mukaiyama
aldol reaction of isatins with difluoroenoxysilanes .

OMe /Zj
H N

) I = N/H F F
R OTMS N~ _H 1 HO
N i o)\r;l R s 4 ~COR?
| O + g R2 Ar I
P - I 36 (10 mol%) A2
R Ar = 3,5-(CF3),CeH3 L 37
32 35 (2.0 equiv) THF, 0°C, 3-6 d Up to 90%, 95% ee
Control experiments (R = Me, R' = H, R? = Ph, CH,Cl, as solvent):
1) with 38 (10 mol%): 3 d, no reaction s \ S
2) with DMAP (10 mol%): 1 d, 95% yield >\‘—NH HN—/<
. Ar—NH HN-Ar
3) 38 (10 mol%) + DMAP (10 mol%): 3 d, 94% yield, 11% ee 38

The Mukaiyama aldol reaction of isatins with monofluorinated silyl enol

ethers
R’ ? 2 OTMS
R 36 (10 mol%)
o + O‘ r
Ni:z 4 MeCN, -20 °C, 1-5 d
32 41 (n=1o0r2)

Up to 98%, 15:1 dr, 94% ee

Chem. Commun. 2012, 48, 1919.
Org. Chem. Front. 2014, 1, 742. 9



Michael Addition of isatins

Fluorine Effects gme

0
HO, Ph

Ph H

: 51
\ 0 36 (10 mol%) @f@:
Me 52 N

THF,0°C, 3d
10 af'u. 270/0 ee

O

H
Ph 53
H

OMe /%
H N

X N’H

|
NZ oA

|
36 (10 mol%) AT

H

52
8¢ (10 mol%)
95%, 85% ee THF, 50 °C, 6 d
OTMS

36 (10 mol%)

CH4CN, -20 °C, 3d

36 (10 mol%)

48%, 7:1 dr, 94% ee

56
6%, 6:1 dr, 93% ee

CH4CN, -20 °C, 3 d

32b

FF O
PR HO,
E 35b o Ph
0,
36 (10 mol%) E‘!e 37b
THF,0°C, 34 89%, 94% ee
(o]
F
Ph
L o54
8¢ (10 mol%) 37b
THF,50°C,6d no reaction
OTMS

36 (10 mol%)

(4)

CH4CN, -20°C, 3 d H 42
95%, 14:1 dr, 93% ee
o
F
% 58
36 (10 mol%)

42a
CH4CN, -20°C, 3d

trace, 8:1 dr, 87% ee

Michael addition catalyzed by chiral secondary amine phosphoramide using
fluorinated silyl enol ethers: formation of quaternary carbon stereocenters

OTMS

P R2

NC_ F ?

P-NH HN
R Bo TN N\, 44a Ar= 1-Naphthyl e Re R20
R 35 (2.0 equi OEt ~F
(2.0 equiv) 44b Ar = 1-Pyrenyl R__ ™
o OTMS (5-10 mol%) R3
N R? 0
H N

43 F Acetone, 25 °C
n
1

41 (n=1o0r2)

Angew. Chem., Int. Ed. 2015, 54, 7381.

1

H 45

Possible role of phosphoramide

10



Chiral Gold and mercury catalysis

Hg(ll)-Catalyzed Asymmetric Olefin Cyclopropanation functionalization of
oxindole-derived alkenes

=0
F o PPh,
N, e O ? Hg(OTh,
R FFo (2-5 mol%) R wAr
@C{%o AT (R)-Difluorophos (2-5 mol%) @‘\"K:o

1 N
16 R toluene, 0~25 °C R 18

Up to 99%, >20:1 dr, 99% ee

(S,S,S)-SKP-(AuCl),

N (1.1-4.4 mol%)
0,
@E«/ZO + alkenes AgBF, (1.0-4.0 mol%)
N PhF
H

R=H, Me, F, Cl

vy

PPh, Ph,P

32 examples, up to 98%, dr > 20:1, 95% ee (S.S,5)-SKP

R PhJMe Ph)x RENR

n=1,2; R'=H, Br; R?=aryl, n-C4Hg; R® = H, Me, CH,0OMe

Tetrahedron Lett. 2008, 49, 6781.
Org. Lett. 2013, 15, 42.

J. Am. Chem. Soc. 2013, 135, 8197.



Hg(ll)-Catalyzed asymmetric allylation of isatins or isatin ketemines

1) Hg(ClO,),*3H,0
(1-5 mol%)

RS Y
=
A~NTMS q%:o
Z N
\

R4
32 or 4 (1.0 equiv)
(12 examples, each)
Proposed Mechanism

2) H*, HCI/EtOAc
31a (2.0 equiv)

31a Hg*
HoX, ——» A _TMS — Hg\/\/TMS
-TMSX
(X = ClO, or OTf) l
_~HX 31a

TMSO
R

f

HY _

o}

AR
Z =N

R4

33:Y =0, in air, 83-99%
34:Y = NPMP, 82-87%

H
(9,9 + Megsix

R3 // 32
“SIMG—I X

N

RS A,

The allylation of unprotected |sat|ns W|th allyltrimethylsilane by Hg(Il)

R R O (S)-Difluorophos/Hg(OTf),
}\/TMS N |\\ (0.5-1.0 mol%)
31 (2.0 equiv) 7 H CH2?|2, -10°C
32 then H”, HCI/EtOAc

One-pot strategy

R! o) 1) Hg(OTf); (1.0 mol%)
R @f@zo (S)-Difluorophos (1.1 mol%)
A+ o N THF, -30 °C, then H*
31 (2.0 equiv) 32 OMTr 2) 10% TFA in CH,Cl,

PhOMe, rt, overnight

Org. Biomol. Chem. 2016, 14, 5500.

R
HQ

R1
I\\
>

(S)-33

75-98%, 78-92% ee

56-95%, 86-97% ee
12



Activation of spirocyclopropyl oxindoles

1) Stabilize the negative charge developed at C3

2) Enable chelation control for enantiofacial control

3) Easily installed and removed

The first example based on unactivated
ketonitrones

Ar o.
Ar - N7 e
dn *
RV H O.N-Me 30 (11 mol%) R e ar
| =0 + A o Ni(OTf), (10 mol%) \\\ o
4 5 r e N 29
_p? 28 Toluene, 3A MS /p:’o
Et0” “OEt (0.2 mmol) 0%C 2d Et0” “OEt

(£)-19 (2.2 equiv) Up to 88%, 18:1 dr, 98% ee

Highly stereoselective [3 + 3] cycloaddition
with nitrone

R1
O,
R o N-Me

R (11 mol% XL e R2
[\ B “=0 0.5 Me o (1R,25)-19

N Ni(OTf), (10 mol%) 7 B

O RZ H p/ 40-52%
Et10°" ~OEt THF, 3A MS,1-3 d EtO” “OEt 70-99% ee
20 21
(£)-19 .
©3mmol)  (0-54-0.57 equiv) 31-48%, >20:1 dr, 90-98% ee

Others: the first highly enantioselective
desymmetric Cu-catalyzed alkyne-azide
cycloaddition of oxindole-based 1,6-
heptadiynes

PR 73 (18 mol%)
CuCl (15 mol%)

Ph

2,5-hexadione, 0 °C, 96 h

Angew. Chem., Int. Ed. 1999, 38, 3186. Nat. Commun. 2017, 8, 1619.

Angew. Chem., Int. Ed. 2015, 54,11205. Nat. Commun. 2017, 8, 1619.

J. Am. Chem. Soc. 2013, 135, 10994.

13



Sequential tandem reaction

The one-pot Strecker reaction of ketimines formed in situ from achiral
ketones: tandem aza-Wittig/ Strecker reaction of isatins

R! O ,Boc V%
.Boc 1 HN _
= N R = oCN Ar = 3,5-(F3C)2CgHg
| O + I_  + TMSCN Strecker X i)
Z~N PPh3 ‘ 0
\ F N
R i? NH C
78 N JAr
N
H

=
32 76 | P
R! NBoc
X 8b (5 mol%)
‘ toluene, 120 °C | N 0o HFIP, TMSCN [
77 R CICH,CH,Cl, -30 °C

Novel MBH/bromination/annulation sequence consisting of three

intermolecular reactions
OHCQR
W' /R1
- O
N
Me

? HBr
o
@E&O X
N CHO R R?

Me (
| 59

32b

MBH
Reaction

[3+2]
Annulation

Bromination

One-pot sequential! (>99:1 dr)
Br
/
BnO Ho ¢HO 7 CHO o
Qs | o | O | e
60 (10 mol%) Ne: Ne 0 K2CO,
(3.2 equiv)

Chem. Commun. 2013, 49, 4421.
J. Am. Chem. Soc. 2010, 132, 15176.
Angew. Chem. Int. Ed. 2013, 52, 13735. 14



Sequential tandem reaction

Novel Pd/Brgnsted acid/Brgnsted base sequential catalysis

CH(CO,EY), 1 o]

R
NNO, AR Brensted \/ Bronsted
| + | P> o acid base
X 62 N catalysis /\ catalysis
R 32 R?
H, (1 atm)
(EtO,C),HC
PA/C (10 wt%) CH(COLEY, 32 N@
H, (1 atm) é/m_b p-TsOH (4 mol%) Eé[‘gz }?
/ ——————————————
Et,0, t, 3 h Rt | | o
X 63 Z>N e
R2

R N2 R-H
(5-10 equiv) - Bifunctional g ™
Ny —  catalysis tertiary amine R! X
H catalysis
I o
N
16 (0.25 mmol) H

66 (1.0-1.1 equiv)

R
PhyPAUOTF R Chiral Cat. (10 mol%)?
(1.0 mol%) @\/S: o 66
N

CH,Cly, -10~0 °C H Et,0, -40~0 °C, 5A MS

Angew. Chem., Int. Ed. 2014, 53,13740.
Chem. Commun. 2016, 52, 2537. 15



Conclusion

1. Developed a variety of efficient protocols based on six approaches classified by
the oxindole synthons involved, allowing facile access to oxindole derivatives with
broad structural diversity.

X

€ Nucleophilic addition to isatin ketimines @f&:o @‘io
@ 3-substituted oxindoles as nucleophiles ‘X=°°’H”Pg’wi y i

&€ Functionalization of oxindole-derived alkenes

€ Desymmetrization of oxindole-based diynes [:(g:o _@ @\%ﬁo L= @[z

@ Spirocyclopropyl oxindoles as
donor-acceptor cyclopropanes

\\
@ Sequential tandem reaction \ /4

2. These new catalysts, activation models, and methodologies can be utilized by
synthetic chemist.

16
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Backup

Control experiment

F Tl C1 (10 mol%) PMP v
G + A el ELO, MS5A, 20°C | ez
” 4f (1.1 equivs) Ar = 4-BrCgH, m ©
1b (0.20 mmol) Control experiments:

1) no PhaPAUOTf: 3 d, 82%, 6:1 dr, 97% ee

2) Ph3PAUOTf (1.0 mol%): 3 d, 80%, 6:1 dr, 97% ee
3) PhsPAUOTTf (2.0 mol%): 4 d, 82%, 5:1 dr, 72% ee
4) PhsPAuUOTf (5 mol%): 4 d, 73%, 4:1 dr, 69% ee
5) PhsPAUOTf (10 mol%): 4 d, 38%, 2:1 dr, 33% ee

H. .CHj \j\ g /[/ \'z
o O

Cl
1(10 equivs)

=t

1. (HCHO), (1.5 equivs)
MeOH, reflux

2. NaBH, (1.1 equivs) Et;N (3.0 equivs), CH,Cl,, rt

18



scheme 1. Qutline of Plausible Mechanisms for the Cu(1) Catalyzed Reaction between Organic Azides and Terminal Alkynes

R—=——H
: lC\I'-lrnl-n
Cup.ily=—= Guan] ==
1 IGI-'rnl-n
~L
+ Cu .
-Cu 2
N | Ry
Y . .
N E R Ro—N
E* 1 2
Ro .-N N N, Ry
rir | OR N~
5 N Ry /Nl (_'; (l:'*u |
N’ | Rz Cl..l i :L‘Ci; \‘C
N - (=R L
Cu- L L N
Rz |_—'CU -
5 A 3 8
N F|1 ,.N H]
ol X
N - ~N--
Rs” Cu-. LCu— Rz - F’u Cu—|_
i L. L [‘
Sy i
4

19



Bifunctional phosphoramide (phosphinamide) catalysts

1) Readily accessed and modified

ﬁ 2) Tertiary amine as Bronsted base or Lewis base
R
R p\N 3) Two amide substituents as shielding groups
H. : 4) Tunable pKa value of amide N-H bond
X 7 i
s Nu 5) P=0 bond as Lewis base
N et '
RZ
—
X X =H or OMe
HayN 0 EtsN (3.0 equiv)
-P
+ 3 ~
R |
ST TN, R c CH,Cly, 0 °C-rt \
N._=
1 (1.0 equiv) 2 (1.2 equiv)
(R® = OEt, Ph, commercial source)
POCI; (2.5 equiv) o 1 (1.0 equiv) 3
Et3N (5.0 equiv) ":', Et3N (3.0 equiv)
R4'OH Rdo/! \CI
CHCly, -10 °C~rt RYO o
(5.0 equiv) CH,Cl,, 0 °C~rt
- = e —
OMe
H N H N H N H N L
.H
o I\I‘I’HF'h B N’HOEI B rl“J’Hofpr ) Vo
\ | ! !
ot Y Pt N__ = Py
N o*PSpn N o"PNore N orPNomr o] ““o—<:
3a (57%) 3b (57%) 3c (77%) 3d (49%)

20



