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Introduction

The field of enantioselective (or asymmetric) synthesis was largely dominated
by auxiliary-based synthesis or enzymatic and/or organometallic catalysis for
most of the 20™ century. It was not until the late 1990s that the fourth branch —
organocatalysis was “born”. Although, not a new concept (sporadic examples
had been reported before),' the real “kick-off” was largely inspired by a handful
of papers published around the turn of the century.? Since then, more than 3000
papers have been published dealing with the concept of “enantioselective
organocatalysis”, a remarkable number considering the fact that before the
1990s only erratic examples had been reported.

Currently, organocatalysis has become an accomplished field of organic
synthesis, utilizing a number of intrinsic activation modes.? Taking advantage of
this novel “toolkit” to construct complex molecular architectures from simple,
readily available starting materials has become a mainstream field of research.
Although achieving efficiencies close to nature’s (enzymatic catalysis) has
remained an elusive task, this apparent shortcoming can be eliminated by the
wider applicability of organocatalysis in a target-oriented synthesis. Over the
last decade or so, organocatalysis has matured to become a powerful
methodology, used in drug as well as drug-like molecule synthesis.

Oxindoles are an important class of bioactive molecules making up the core of
many natural as well as synthetic compounds. In the following literature
overview, the importance of the oxindole core structure, as well as its numerous
biological activities, will be highlighted. Synthesis of chiral 3,3’-disubstituted
oxindoles will be discussed in great detail, outlining the most relevant examples
from the literature. Organocatalytic, organometallic and miscellaneous
examples are included in this review, to provide a brief overview of the current
state of the enantioselective synthesis of oxindoles.



1. Literature overview

In general, four main strategies have been used for the asymmetric synthesis of
3,3’-disubstituted oxindoles E (including spiro-oxindoles) (Figure 1).
Methyleneindolinones A and isatines B are the most common precursors,
although oxindoles D and 3-substituted oxindoles C have been used extensively
as well. Both metal-catalyzed and organocatalytic methods have been reported,
whereas the auxiliary-induced transfer of chirality is less common, and will
therefore be excluded from further discussion.

R2T o]
Z N
D R
R! X
1 [¢]
! 2 N
R o — Rt o —> Re o)
N Z N Z N
A R E R B R
RG
2L\
R o
Z >N
C R

Figure 1. Strategies for 3,3’-disubstituted oxindoles E formation.

In metal-catalyzed methods, asymmetry is induced by chiral ligands that form
complexes with various metal salts. All the precursors discussed above (Figure
1) can coordinate to these metal-ligand complexes and participate in annulation
reactions. Alternatively, metal-ligand complexes have been used to activate the
second starting material participating in the cyclization reaction. Although no
general mechanism can be presented, various examples will be discussed in the
following sections.

Organocatalysis has found increasing use in the asymmetric synthesis of
3,3’-disubstituted oxindoles E. The three most commonly used intrinsic
activation modes in the field of enantioselective synthesis are aminocatalysis,
hydrogen bond catalysis and more recently NHC catalysis.

Chiral amines have been used widely to activate aldehydes, ketones or
corresponding unsaturated derivatives for stereospecific addition or annulation
reactions with all types of oxindole E precursors (Figure 1). In hydrogen-bond
catalysis, activation is usually achieved by means of forming hydrogen bonds
with carbonyl groups of the substrate. However, often multiple starting
materials are simultaneously coordinated by the catalyst, delivering high levels
of stereocontrol.
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NHC catalysis has been used for umpolung reactions of unsaturated aldehydes
and ketenes with isatines B. Chiral carbenes (generated in situ from bench
stable precursors) activate the unsaturated aldehydes or ketenes by means of
covalent bond formation and are released during the cyclization step.

The 3,3’-disubstituted oxindole motif makes up the core of many natural
products as well as synthetic compounds (Scheme 1).*>%7% The abundance of
this structural feature in an excessive number of bioactive molecules has
inspired an avalanche of research directed towards the development of new
methods for the synthesis of oxindole containing chiral compounds. The
biological activities attributed to oxindoles range from antimalarial,® anti-
HIV'*!" and anticancer'*" to anti-diabetes and obesity treatments.'* All of this
makes them ideal drug candidates against a variety of diseases.

The majority of these compounds can be classified as spiro-oxindoles.
However, examples of 3-hydroxy-, 3-halo- and 3-aminooxindoles showing
promising biological activities have also been reported. They can be used as
building blocks in alkaloid synthesis'> and, in many cases, as starting materials
for medicinal chemistry.'¢

Natural products \ Luminescent spirooxindole

X
=

N
Boc
Spirotryprostatin B Gelsemine Maremucin A and B |Abs/IEm = 350/480 nm
Aspergillus fumigatus ~ Gelsemium sempervirens F =039
Phar itical lead p d

R

F
1
o T E0,C h

%
o
Be

\, Z =0
HN o N I =0 NN
2 N NN \\
8 H Ar?
[¢]
NEt, - HCI H F
. . § X nanomolar activity as antitumor activity and
SM-130686 antimalarial antituberculosis an where also effective
growth hormone secretagogue ~ NF541C50 =9 nM MptpB IC50 = 320 nM HIV-1 non-nucleoside for the treatment of
EC50 =3nM reverse obesity and diabetes

transcriptase inhibitor

Scheme 1. Naturally occurring and biologically active oxindoles.
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1.1. Asymmetric synthesis of 3-substituted 3-hydroxyoxindoles

Hydroxy-bearing quaternary centers at C3 of the oxindole core can be found in
many bioactive compounds and natural products (Scheme 1).

Melchiorre and Bergonzini'’ showed that 3-hydroxyoxindoles 1 can be used as
starting materials in an aminocatalysed domino reaction with o,p-unsaturated
aldehydes 2. The corresponding lactoles 4 could be derived in high conversions
and enantioselectivities and isolated after oxidation to the corresponding
lactones 5a/5b (Scheme 2).

o
OH
Ri OTMS )
| b o " Ph 3 1 0
X N . Ph R L Nt
1 H (1 mol %) o 2) PCC (3 equiv.) V
2 —_— A~
R® ? 2-FBA (50 mol %) DCM,16 h, RT X
Rg’\) acetone, 16 h, 25 °C R2 5a
2 d.r. from1.1 to 1.5:1
X'=NH, NMe, NBn, O Yield from 63 - 98%
R' =Me, CF30, Br, H, Bu ee from 66/70% to 99/99%
R2=H, Bu \
R3 = Ph, p-MeO-CgHy, pNOy-CeHy s

R3 = 2-NO,-CgHy, p-Cl-CgH,, 2-furanyl, Me
R3 = 3-thiophenyl, CH=CHCHg, pentyl, CO,Et

R: Q
HO > OMe
DMAP
NFO MeOH
H
6 5b (or 5a) Maremycin A

Scheme 2. Synthesis of spiro-lactones 5a/5b.

Although, diastereomeric ratios remained moderate, the isomers could easily be
separated by column chromatography in the majority of cases. Furthermore, the
authors have showed that lactones 5a/5b can be converted to 3-hydroxyoxindole
esters 6 and total synthesis of the natural product Maremycin A further
demonstrated the synthetic utility of the process.

T o
S Rt oM HO
H o — e ) Ar
. O ar 11 (4.8 mol %) wo ppn, O (10mol%) Rl
KI; MeO PPh, AN O 0
N

Z N OMe  [RhCI(CzHy)zlz (2 mol %) 7 R? [RhCI(C2Hy)2lz (2.5 mol %) '
H + 10 R
10 DIPEA (5 mol %), MeOH OH KOH (15 mol %), THF/H,O (20:1) Yield up to 98%
Yield up to 99% 40°C, 3h _B. 50°C,24h e up 1093%
ee up t0 92% Ref18 Ar 8 OH Ref19
Ar = Ph, 3-MeO-CgHy, p-MeO-CeH, Ar =Ph, p-MeO-CgH,4, p-Me-CgHy
p-F-CgHy, 3-Me-CgHy, p-Me-CeHy p-F-CgHy, 3,5-(Me),-CgHg, 1-naphthyl
2-Me-CgHy, p-BnO-CgHy, p-tBu-CgHy 2-Me-CgHy, CgHs-CH=CH
3,5-(Me),-CgHg R' = CI, MeO, Me
R' =H, CI, F, Me R? = PMP, Bn, H

Scheme 3. Arylation and alkenylation of isatins 7.

Hayashi et al. '® developed a rhodium-catalyzed asymmetric addition of
arylboronic acids 8 to isatines 7, leading to biologically relevant
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3-hydroxyoxindoles 10 in high yields (Scheme 3). Excellent levels of
enantioselectivities (up to 93%) were achieved using a binaphthyl phosphine 9
derived rhodium complex as a catalyst. Most remarkably, even free N-H isatines
7 could be used as substrates without a decrease in reactivity, although
enantioselectivity was compromised (ee 49% with free N-H vs. ee 79% for
N-PMP). Using chiral sulfoxide phosphine 11 as a ligand, however, Gui et al.”’
were able to synthesize chiral 3-hydroxyoxindoles 10 with free N-H group in
high enantioselectivities and yields (Scheme 3).

In a similar effort de Vries and Minnaard used a chiral phosphite-rhodium
complex for the formation of 3-aryl-3-hydroxyoxindoles 10, but
enantioselectivities remained moderate (ee up to 55%).%

Sl ome g
0 : 1§ -8,
.l 1sortaorts N - NJ\/U\ NN
- 5> il o HNTY OBn NH /
L 2l H S
o N NH
12 H 13 OH 14 15
- . )
RiT o (e Yield up to 98% Yield up to quant Yield up to 99%
A ~N \EY o ee up to 95% ee up to 77% 6 up fo 9%
N = o
7 o R? N. ) o For aldehydes after
o R 7N Yield up to 92% NaBH3CN reduction:
sz) 15 or 17 N N NN d.r. up to 8:1 Yield up to 98%
4 —_— > 1l
RIT N ¢} N M ee up to 98% d.r. up to 98:2
R3 1 H 17 ee up to 98%

Scheme 4. Aldol reactions of isatines 7 with acetone and aldehydes.

Under enamine catalysis isatines 7 gave an aldol reaction with acetone (Scheme
4), providing ketones 12 in high yields and selectivities. 2"***

Amines 15** and 17% catalyzed the addition of aldehydes to isatines 7 (Scheme
4). With aminocatalyst 15, products 16 were isolated after reduction of
aldehydes to respective alcohols. In both cases, high selectivities were observed,
with yields reaching almost quantitative levels.

1.2. Asymmetric synthesis of 3-substituted 3-halooxindoles

O\l\/\ R Q MeO
o= p v
S 0, ¢ © FO\U
; N—.//- 20 - _N
2 W A H A o 2 R '
R \/xr o L: Ar = 2,6-(Pr) -CH3 R /Yg . . o
NN NFSI (1.2 equiv.) NN FsC H
3 H L-Sc(0Tf); (5-10 mol %) 19 1 (S)-(+)-BMS-204352
Na,COj3 (1.2 equiv.), CHCI3, 20 °C 29 \ (MaxiPost)
examples . -
R1 = Alkyl, Aryl Yield up (6 98% Y'e"’_‘ggl/%
R2=H, Cl ee up to 99% ee= °

Scheme 5. Synthesis of 3-fluorooxindoles 19.
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Feng and Li?® developed a highly efficient chiral scandium complex 20
catalyzed methodology for the fluorination of 3-alkyl- and 3-aryloxindoles 18
using N-fluorobenzenesulfonimide (NFSI) as a fluorine source (Scheme 5).
Although several examples using stoichiometric quantities of Cinchona
alkaloids as catalysts had been reported previously,”’® this represents the first
catalytic fluorination of N-unprotected oxindoles 18, offering as a proof of the
concept one step access to MaxiPost (an optically active potassium channel
opener).”’

In a more recent work, Yang and Wu showed that an (R)-BINAP derived
palladium catalyst is able to promote the same reaction with aryl oxindoles 21
with a Boc protective group (yield = 90-97%; ee = 88-99%).*°

Antilla et al.?' disclosed an enantioselective chlorination protocol of Boc-
protected oxindoles 21 (Scheme 6).

R CL R

X Ca(P1),(2.5 mol %, X

Wy SEReEsman N
v\N NCS, iPrOAc, RT, 30 min \///\N
21 Boc 2 Boc

R =Ph, p-Me-CgHy4, Me )

p-F-CgHy, 2-naphthyl Yield up to 9503%
R2 = H, 5-MeO, 5-F, 5-Me, 7-F ee up t0 >99%

Scheme 6. Asymmetric chlorination of oxindoles 21 in the presence of a Ca(P1),
catalyst.

Using a chiral calcium salt of phosphoric acid P1 and NCS
(N-chlorosuccinimide) as a chlorine source, 3-chloro-3-aryloxindoles 22 were

uniformly isolated in high yields and selectivities. With 3-methyloxindole 21,
however, significantly lower enantioselectivity was attained (ee = 62%).

NN
Y .
S \©\F L/ B2
[ =~ 26 (10 mol %) Br ). N’TS b N J
R*“—/k 0+ el D N O N AgNOj; (1.2 equiv)
A T - R 0 —————— pi o
N DCM, -40°C, 72h N TEA (1.2 equiv.) —

N
23 24 H toluene, RT H

25 27

Yield = 86%
d.r.=99:1
ee =93%

R'=R2=H

Yield up to 99%
d.r.up to 99:1
ee up to 99%

Scheme 7. Asymmetric Mannich reaction of 3-bromooxindoles 23 to N-tosyl-imines 24.
Peng et al. showed that 3-bromooxindoles 23 could be used as nucleophiles in a

Mannich reaction with N-tosyl imines 24 (Scheme 7). The corresponding
Mannich adducts 25 were synthesized in excellent enantio- and
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diastereoselectivities and high yields using a chiral thiourea catalyst 26. It was
further demonstrated, that in the presence of stoichiometric quantities of
AgNO;3, 3-bromooxindole 25 was converted to syn-aziridine 27 via an SN2- type
substitution reaction.

1.3. Asymmetric synthesis of 3-substituted 3-aminooxindoles

Yuan and co-workers™ developed a new method to synthesize optically active
quaternary 3-aminooxindoles 31 from 3-monosubstituted precursors 28 and
nitroalkenes 29 via a bifunctional thiourea 30 catalyzed Michael addition

reaction (Scheme 8).
O CFy4
O I /C\c
NXN Fs 3
H H

R
NHCO,Et EtO,CHN = NO,

N
P 30 (10 mol %

R2_~ P < 7 ( ) RZ_~..
U\ =0 4 RN N0 ) o)
Z >N DCM, 0 °C NS TN
28 1 29 31 R
R = Me, Et R3 =Ph, 2-MeO-CgH,, 3-MeO-CgH,, 19 examples
R2=H, Me, F 2-Cl-CgHy, 4-Cl-CgH, 2-Br-CgHy Yield up to 98%

d.r.up to 99:1

4-Br-CgHy, 2-naphthyl, 2-thienyl, c-hexyl,

ee up t0 92%
2-furyl, 5-(1,3-benzodioxoloyl) P °

Scheme 8. Asymmetric organocatalytic synthesis of 3-aminooxindoles 31.

Several groups have reported successful a-amination reactions of 3-aryl- and
3-alkyloxindoles 32 (Scheme 9). Feng et al.’* developed a chiral scandium
complex 20 catalyzed amination strategy of 3-substituted oxindoles 32.
Different aliphatic azodicarboxylates 33 were compatible with the reaction
conditions, as well as substitutions at C3 and the indole ring of 32. Catalyst
loadings below 1 mol % could be used without a decrease in reactivity. Most
significantly, no protective group was necessary on the N-H moiety.

Shibasaki® disclosed a similar approach to 3-aminooxindoles 34 using a chiral
nickel complex 35 as a catalyst. As a major limitation, only N-Boc protected
oxindoles 32 could be employed as substrates, although excellent selectivities
were reported.

In an organocatalytic methodology developed by Zhou,*® products 34 were
obtained in high yields and selectivities in the presence of a thiourea catalyst 36.
Substituents at the indole ring were well tolerated as well as a free N-H group
(Scheme 9).

Cinchona alkaloid derived C,-symmetric catalysts 37 and 38, developed by

Zhou *7 and Barbas III, *® respectively, successfully delivered o-aminated
oxindoles 34. Catalyst 37 was limited to 3-aryloxindoles 32, whereas catalyst 38

15



could be used with aliphatic substrates as well. In both instances high levels of
selectivity were reported with good to excellent isolated yields.

R4
O =
Rﬁ/
2 ~
R o Catalyst ] N~NHCOOR#
f O__N; 4 —_— R1C
RW‘T \/:o + R4 \”/ NJ\O’R L N ¢}
RN N e} R3
R3 R
32 33 34

N~y H
L: Ar = 2,6-(iPr),-CeH3

20 L/Sc(OTf); (7.5/5 mol %), DCM, -20°C

o 35 (1 mol %) 36 (10-20 mol %)
toluene, 50 °C DCE,MS 5A, -10°C
o "lsc(omsé%ﬁ/ %g fg‘" %), MS 4 A Yield up to 99% Yield up to 97%
! ee up to 98% ee up to 96%

Yield up to 98%
ee up to 99%

=

37 (5 mol %) 38 (10 mol %)
toluene, -70 °C DCM, -10 °C
Yield up to 96% Yield up to 98%

ee up to 98% ee up to 94%

Scheme 9. Enantioselective organocatalytic a-amination of oxindoles.

In an alternative pathway to 3-aminooxindoles, Shibata et al.’’ reported an
enantioselective decarboxylative addition of malonic acid mono-thioester 40 to
ketimines 39. Catalyzed by quinidine-derived sulfonamide 43, products were
isolated in high yields and good selectivities.

O O O
oK
RS
<— R “ /S:
43 (20 mol %) 36 10 mol %)
CPME, RT, 48 h 10Iuene RT
=~ 39 \
i = \ FsC H Yield up to 99%
Ylezldu:ptc:osgg/% JM N N H ee up to 98%
o N q
H 7]/
N. s
||~O
N o
N\
N/ N
43 36

Scheme 10. Asymmetric addition of 1,3-dicarbonyl compounds to ketimines 39.

Wang introduced a direct chiral thiourea 36 catalyzed addition of 1,3-dicarbonyl
compounds to ketimines 39.%° Malonates, keto-esters and diketones were
suitable nucleophiles. However, non-symmetrical 1,3-dicarbonyl compounds
produced products in poor diastereoselectivities (high ee was retained).
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Boc sz/ | Ar
N 47 (5 mol %), 4AMS s
P (5 mol %), NHBoc
X Et,0,0°C, 4h P\ 0.0
Ril L o + R? —= T > P
A : R o
“F N

N

\

‘_
\_/
_Z

o
Ar

4“ 45 46
R! = 5-MeO, 5-Me, 5-CF30  R2=5-MeO, 5-Br Yield up to 98% 47 Ar = 4-biphenyl
5-Br, 6-Cl, 7-F 5-Me, 2-Me ee up to 98%

Scheme 11. Asymmetric addition of indoles 45 to ketimines 44.

Chiral phosphoric acid 47 promoted an aza-Friedel-Crafts addition of indoles 45
to N-Boc ketimines 44.*' In general, 3-aminooxindoles 46 were obtained in high
yields and enantioselectivities (Scheme 11). Remarkably, when pyrrole,
4,7-dihydroindole or N-Me pyrrole was used as a nucleophile (instead of indole
derivative 45), reactions proceeded with almost quantitative yields and excellent
enantioselectivities with just 2 mol % of the catalyst 47 loading (the reaction
time was only 3 minutes).

- X
RT_~ 49 (10 mol %) R . |
o - TMSCN S ——— e N~ 49
L A~N DCE, 0°C, 112 h | 0
H N o

R'=Cl, F, Br, MeO, Me, H Yield up to 72%
R2=H, Me ee up to 74%
R3 = OMe, Me, CI

Scheme 12. Asymmetric Strecker reaction of ketimines 48.

An asymmetric Strecker reaction of ketimines 48 with TMSCN provided, under
bifunctional Cinchona alkaloid derived phosphinamide 49 catalysis, o-cyano-
3-aminooxindoles 50 in moderate yields and good selectivities (Scheme 12).*

1.4. Asymmetric synthesis of spiro-cyclopropyloxindoles and 3-
epoxyoxindoles

Bencivenni ** reported a highly enantioselective cyclopropanation of Boc-
protected alkylidene oxindoles 51 with bromonitromethane 52 and its
homologues (Scheme 13). Thiourea 54 catalyzed a sequence of Michael-
alkylation reactions delivering spiro-cyclopropyloxindoles 53 in good to
excellent yields and selectivities. A significant drop in diastereoselectivity was,
however, observed when a-bromonitroethane 52 was used as an alkylating
agent. The reaction was highly versatile, allowing substitutions at various
positions of the indole ring, and different R? groups were compatible (esters,
ketones, alkyl and aryl substituents), with only a minor influence on
enantioselectivity.
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2-Me-CgHy ee from 87-99%

Scheme 13. Cyclopropanation of alkylidene oxindoles 51.

The reaction was proposed to proceed over a transition state, where both
carbonyl groups of the alkylidene oxindole 51 were hydrogen-bonded to the
catalyst 54, and the positioning of nitroalkane 52 was controlled by a hydrogen
bond with a protonated tertiary amine of the catalyst.

Z
~
Br 1) 57 (10 mol %) “NO, Ha/N
N N /( (NH4);,CO5, toluene, RT A
R'% ¢} = R ot it I o\
% + NO, R1G /=0 X NH
N R2 2) DABCO AN i A
Boc b

THF, RT Boc N~ OAJ/\NTN CFy
55 S
56 58

R' =H, 5-Cl, 6-Cl . CF
' : Yield from 69-95% 57 3
R2=Ph, 3-Br-CgH,, 4-Br-CeHy d.r. from 3:1 to 20:1
2-F-CgHy, 4-F-CgHy, 4-Cl-CHy ee from 90-98 % for major

2-Me-CgHy, 4-Me-CgHy, 2-Br-CgHy
2-CI-CgHy, phenethyl, 1-naphthyl, 2-naphthyl
2,4-(Cl),-CgH3, isobutyl

Scheme 14. Diastereodivergent synthesis of spiro-cyclopropyloxindoles 58.

In an alternative approach, Lu and Dou* started with oxindoles 55 and
bromonitroalkenes 56 delivering a broad range of nitro-substituted spiro-
cyclopropyloxindoles 58 in moderate to high diastereoselectivities and excellent
enantioselectivities (Scheme 14). In contrast to Bencivenni’s work, the spiro-
center had an opposite configuration, further expanding the family of spiro-
cyclopropyloxindoles. Due to the acidity of the a-nitro proton, Lu was able to
show that a cis-isomer of 58 can be epimerized under basic conditions,
effectively eliminating one of the isomers generated in the first step of the
cascade, thereby increasing the yield and diastereomeric purity of the final
products.

Spiro-oxiranes 61 are the oxygen analogues of spiro-cyclopropyloxindoles. The
first asymmetric epoxidation of isatines 7 was published by Briére,* using
stoichiometric quantities of thioether 60 as a catalyst (Scheme 15). Sulfide 60
forms a sulfonium ylide intermediate with bromoacetamide 59, resulting in the
formation of epoxide 61 via a nucleophilic addition-elimination sequence.
Although sulfide 60 showed only moderate enantioselectivity (ee 30%), high
diastereoselectivity towards frans-isomer was observed. It was demonstrated by
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the authors that amides 61 could be converted to ketones using a PhLi addition
at -78 “C, with the retention of stereoselectivity.

o 0

L < o
0 ~ S
A 60 (100 mol %) g\(og EJ; "“\ oM
4 o Eme e 2 .
@E o CsCOj3 (2 equiv.) }\./;O = Nﬁ O
N\ DCM, 40°C, 2 days CaHeN 61"
Yield 61% (trans)
7 59 d.r. >96:4

ee 30%
Scheme 15. Asymmetric epoxidation of N-methyl isatine 7.

Gasperi et al. developed a more general methodology for the synthesis of spiro-
epoxyoxindoles 63 (Scheme 16).*® Starting with simple alkylidene oxindoles 51,
under non-covalent chiral catalysis, the desired epoxides were isolated in high
yields with moderate to good diastereo- and enantioselectivities. To account for
the observed selectivity, a transition state TS-1 was proposed. The proposed
transition state leads to the formation of frans-oxirane 63. However, when the
o-bond between Co—Cp rotates, a new transition state TS-2, accounts for the
formation of cis-oxirane 63. The proposed mechanism also explains the poor
enantioselectivity of cis-oxirane 63, as it is a consequence of both the less-
favored Si-face attack and the continuous interconversion between TS-1 and
TS-2 (when R? was halide, more cis-oxiran 63 formed, as TS-2 became more
stabilized by an additional H-bond between R? and OH of the catalyst 62).

B >—+Pr|:'h AN
Ph o MPh
Ph o ?‘ EtOOCm
E00C SN tN o ) o
OH ) H b H )H H /w R2 )¥
o0l o
k \ ):o >L .OH 62 (30 mol %) >( Q\O'o >( . N
hexane, RT §> / rs R!
R EtoOC NA Etooc” . \//<
~ 3
TBHP / { “~N R
51 / > . 05 i Yield from 70-95%
R' =Me, Ph, Bn, 3-NO,-CgH, o dr. from 2575 lo 71:29
1!
2,4-(Clz-CeHa TS-1 TS2 cis-63 : ee from 12-58%
R2=H, F, Cl, CF30, iPr — — trans-63 : ee from 52-88%
R3=H,F, Cl, Br

Scheme 16. Asymmetric epoxidation of alkylidene oxindoles 51.

1.5. Asymmetric synthesis of spiro-B-lactoneoxindoles

Four-membered cyclic systems are among the most strained and therefore
hardest to “construct” structures in organic synthesis. It stands to reason that
introducing a spiral center to such a system is an extremely difficult and
challenging task.

Ye and co-workers developed a general NHC 65 catalyzed method for the
addition of ketenes 64 to isatines 7 (Scheme 17),* resulting in the formation of
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spiro-P-lactoneoxindoles 66 with two adjacent quaternary centers. Although,
diastereoselectivities remained moderate for the majority of the products,
enantioselectivities were excellent.

(e}
o 0¥ O
[e] R2 =N
m o (0] Ph N
crle B e 52y
Z >N R2 O R3 Cs,CO3 (10 mol %) Z~N )
R
7

DME, -40 °C or RT R 65 BF4
64 66
R!=Me, Cbz, Bn R2=Ph, p-Cl-CgHy, p-Br-CeHg, Bn Yield up to 99%
! ’ trans:cis from 2:1 to 20:1
p-MeO-CgHy, 2-naphthyl, 2-CI-CgHy
R3 = Et, nBu, nPr, iPr ee up to 99%

Scheme 17. Enantioselective [2+2] cycloaddition of ketenes 64 to isatines 7.

Examples of spiro-cyclobutyloxindoles, with an all-carbon cyclobutane rings
are scarce. Kiindig er al. ** disclosed a palladium-catalyzed asymmetric
intermolecular o-arylation strategy, allowing for the synthesis of spiro-
cyclobutyloxindoles 67 among other related compound with larger spiral rings
(Scheme 18).

Total synthesis of (+)-welwitindolinone A 68a (promising bioactivities and
unprecedented molecular architecture) and its epimer 68b was developed by
Baran and Richter.*’

Inspired by the structure of welwitindolinone, Zhang and Liu published a four-
step sequence for the construction of spiro-oxindole 69.%°

67 68a 68b 69
(+)-welwitindolinone A 3-epi-(+)-welwitindolinone A

Kiindig et al. Baran and Richter Zheng and Liu

Scheme 18. Examples of spiro-cyclobutyloxindoles.

1.6. Asymmetric synthesis of spiro-cyclopentyloxindoles

Not surprisingly, spiro-cyclopentyloxindoles make up one of the largest
families of spiro-oxindoles. The core structure is well represented among
natural products as well as synthetic compounds. In the following section, a
brief look at the most important synthetic approaches for the construction of
both all-carbon and heteroatom-containing (N, O and S) spiro-
cyclopentyloxindoles will be discussed.
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1.6.1. Synthesis of spiro-cyclopentyloxindoles starting from isatines
and corresponding imines

Isatines 7 are commercial, readily available heterocyclic amides, making them
ideal starting materials for the construction of spiro-oxindoles.

Taking advantage of chiral NHC-catalysis, Ye et al. reported a highly diastereo-
and enantioselective [3+2] annulation of unsaturated aldehydes 2 and isatines 7
(Scheme 19). 7' Predating the work of Melchiorre, substantially higher
diastereoselectivities were observed for the spiro-lactone 5a (see Scheme 2).
Both aromatic and aliphatic substituents were tolerated as R’. However, only
modest yield was obtained for the latter (38%, R* = nPr).

The swapping of the catalyst from 73a to 74 by Scheidt et al.,”* resulted in the
formation of the enantiomer of spiro-lactone 5a. Interestingly, LiCl, as a Lewis
acid, played a crucial role in the catalytic cycle. With aromatic enals 2,
enantioselectivity was elevated in the presence of LiCl, whereas with aliphatic
aldehydes 2 it had a detrimental effect on the enantioselectivity of the reaction
(in the absence of LiCl, spiro-lactones ent-5a with aliphatic R® groups could be
obtained in high selectivities and yields).

0]

o

/\Lé*m
o R2+ (e}

73a (10 mol %) LN

Cs,CO3 (5 mol %) R1

thH2 0 THF, RT 5a
F’h N ) 73b (10 mol %) & or Yield from 38-97%
+R7©\ /_o<— 7© + N\ 1 74(5 mol %) d.r from 12:1 to 30:1
KZCO3 MeOH DBU (10 mol %) ee from 80-99%
R3

RT, 24h LiCl (2 equiv.) o
2)1M HCI MeOH 2 2 THF, 23 °C
65°C, 24h o
Yleld = 80% .
dr. 6:1 e R3
ee =T74% R2:+ [e]
AN
(e} °) R
BF, _ent-5a
SN =N Yield from 36-93%
' N BFy N_ye d.r from 1.6:1 to 20:1
\=No N ee from 13-99%
R 74
73aR4=Ph
73b R4 =Bn

Scheme 19. Enantioselective synthesis of spiro-lactones 5 and spiro-lactams 72.

By switching from isatine 7 to the corresponding ketimine 71 and NHC catalyst
73b, Jiao described®® the synthesis of spirocyclic y-lactam 72. Although only
one example of the asymmetric formation of lactam 72 was reported, the
method nevertheless provides a direct route to nitrogen analogues of 5a. The
one-pot synthesis proceeds in two steps: 1) the addition of homoenolate to
ketimine 71, followed by the esterification of the intermediate to release the
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catalyst; 2) y-lactam 72 is formed after the amidation step under acidic
conditions.

Franz and co-workers® developed a highly efficient catalytic [3+2] annulation
reaction of isatines 7 with allylsilanes (Scheme 20). Promoted by TMSCI, the
chiral cationic complex of BOX 75 enables the reaction to proceed in a highly
enantiocontrolled manner. The reaction can follow either the annulation
pathway to yield spiro-lactones 76a, or via silyl elimination (after the initial
additions step) leading to the allylation product 76b (see Scheme 20 for details).
Optimal selectivity was achieved with benzhydryl allylsilane (the allylation
pathway was remarkably persistent even with large silyl groups). Oxidation of
the products 76a resulted in a selective formation of corresponding alcohols 77.

3S|
) TBAF, THF
RZC[ 5:0 + ~SiRs ScCly(SbFg)/75 (10 mol %) CL\:O A Rz“ _o0c RZ”
TMSCI (3 equiv.) H50,, KHCO4

4AMS, DCM, RT 76b R ; R MeOH RT
‘ A minor isomer 1 '
R = Me, Bn, PMB, Ph, CH,CCH o o i Yield from 51-82% Yield up t0 93% |

P

N ' d.r.up to 95:5 eeupto 99% |

R2 = 5-Br, 5-Cl, 4-Cl, 5-F, 5-MeO ;\‘ ,\} j L ee Trom 87.99% P S

5-CF40, H 5
SiRg = Si(iPr)3 or SiMe,(CHPh,) 75

! Mechanism of allylation

O

vs X ©
annulation i
@ SiR; = TMS XH
A th A2 s, 3
SiR3 _— syl R N
= Lewis acid 1,2-silyl elimination
,,,,,,,,,,,, migration
1,3-dipole

- /SfS 1 X‘?) SiR, S\I_:‘%l: bulky R x
. : silyl group —
AR RJ\/\(D P L)
: [3+2] / ‘
iX =0, NTs, NBn, etc. - _ annulation SiRa i

Scheme 20. Asymmetric [3+2] annulation of allylsilanes with isatines 7.
Wang et al.” developed a drug-inspired synthesis of spiro-oxindoles 79,

analogues of Phytoalexin (potent antimicrobials, anti-tumor agents and
oviposition-stimulants) (Scheme 21).
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Scheme 21. Synthesis of chiral spiro-oxindoles 79.

The reaction proceeds via an aldol-type addition of a-isothiocyanato imides 78
to isatines 7, followed by intermolecular cyclization. The reaction is initiated by
the thiourea catalyst L* with tertiary amine moiety, driving the reaction towards
the formation of spiro-oxindoles 79. Several new compounds were found to
significantly reduce LPS-induced fever, using a model of acute
neuroinflammation. Using a-isothiocyanato imides 78, a similar reaction with
alkylidene oxindoles 51 was also reported.

1.6.2. Synthesis of spiro-cyclopentyloxindoles starting from
alkylidene oxindoles

Alkylidene oxindoles 51 make up the second class of important precursors for
the synthesis of spiro-oxindoles. Similarly to isatines 7, they can be used in
cascade reactions initiated by the Michael addition and followed by a
nucleophilic cyclization step. Many examples of successful annulation reactions
starting with alkylidene oxindoles 51 for the synthesis of spiro-
cyclopentyloxindoles have been developed.

Lu et al.’’ reported [3+2] annulation of fetra-substituted alkylidene oxindoles
51 with MBH carbonates 81 catalyzed by chiral phosphine 82 (Scheme 22).
Excellent levels of enantioselectivity were achieved with high yields and in
most cases, products with high diastereoselectivities were obtained.

With chiral diphosphine 84, Barbas III°7 was able to completely shift the
regioselectivity of the cycloaddion reaction, resulting in the formation of spiro-
oxindoles 85. Reactions proceeded with a high level of stereocontrol for
aromatic carbonates 81, but only moderate enantioselectivity and yield was
obtained for the aliphatic adduct (R®> = Me, 47%, ee 46%).
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Scheme 22. Phosphine-catalyzed asymmetric [3+2] annulation of alkylidene oxindoles
51.

Spiro-pyrrolidinyloxindoles constitute the core structural element found in a
huge family of natural alkaloids and synthetic compounds displaying promising
biological activities. Not surprisingly, considerable efforts have been made to
develop new synthetic methods for the construction of these structural skeletons
in enantioenriched form.

Gong et al.*® disclosed the first catalytic enantioselective three-component
synthesis of spiro-pyrrolidinyloxindoles 91. Chiral phosphoric acids have been
shown to activate imines and carbonyl compounds. The 1,3-dipolar
cycloaddition is believed to proceed over a transition state, where both imine
(formed in situ from aldehyde 92 and 2-aminomalonate 93) and
methyleneindolinone 51 are hydrogen-bonded to the catalyst 89. Theoretical
calculations supporting the proposed mechanism for the cycloaddion reaction
were in accordance with the experimental results.
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Scheme 23. Synthesis of spiro-pyrrolidinyloxindoles.

Using a copper-ferrocene 87 complex as a catalyst, Waldmann et al.*’ reported
a highly stereoselective 1,3-dipolar cycloaddion of alkylidene oxindoles 51 with
glycine ester imines 86 (Scheme 24). Interestingly, the authors observed a
non-linear dependency of copper to ligand ratio, with the dimeric complexes
leading to the highest diastereo- and enantioselectivities (copper-ligand 2:1).

Wang showed that the same reaction could also be catalyzed by silver-chiral
phosphine 88 complexes, ® although enantioselectivities fell short of
Waldmann’s results (up to 71% vs. up to 98%).

Ac
N
T oo
N N A GOH
o R20C! R1
O . Rol X o 96 (15 mol %) ‘/\\ |
Z N DCM, RT, 24h -0
\ ( Ly
94 Bn 51 95 Bn
R' = Ph, 4-F-CgH,, 3-MeO-CgH4 Yield from 56-94%
2-furanyl, 2-thiophenyl, Me d.r. from 63:37 to >99:1

o>
R2 = Ph, 4-Cl-CgHg, 2-Me-CqHg ee from 82-96%

R3=H, 5-F, 5-Br

Scheme 24. Synthesis of bispirooxindoles 95.

Barbas III and co-workers published a highly diastereoselective methodology
for the formation of bispirooxindoles 95 via a Michael-aldol cascade reaction
using thiourea catalyst 96 (Scheme 24). ®' The high stereoselectivity of the
reaction is assumed to derive from the dual-activation of both reacting partners.
The 3-subsituted oxindole 94 is believed to be coordinated by multiple
hydrogen bonds with the catalyst 96, while the alkylidene oxindole 51 is bonded
to the tertiary amine subunit of the catalyst. The importance of the latter
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interaction is further supported by the observation that when phenyl group was
directly attached to the double bond of 51 poor results were obtained.

Trost et al. found an efficient chiral palladium complex catalyzed [3+2]
cycloaddion reaction of methyleneindolinones 51 and allylsilanes 97 leading to
all-carbon spiro-cyclopentyloxindoles 98 (Scheme 25).°* Most remarkably,
ligands 99a and 99b complemented each other, making a smooth selection of
the desired diastereoisomer possible. With the latter, a cis-isomer is formed,
whereas with a 1-naphtyl substituted catalyst 99a strong trans selectivity was
observed. It should be noted that protection of the methyleneindolinone 51 was
crucial to obtaining products in high selectivities.

NC
R2 5 R Z
R ™S R ‘
/\// Pd,dbag (2.5 mol%) PdOL®, ? “LPd,,, R
RIE T \/:O - oN 222 R | IMSOAc )\/CN —— -)k/CN N | o
AN Ly, 9907 99b (10 mol %) ™ 5 Ay
c PdL* |
CO,Me toluene o
51 97 (1.5 equiv.) 98-trans

R'=H, 6-Cl, 6-MeO, 6,7-(MeO),

Yield from 90-99%

d.r. up to 95:5 for trans (with 99a)
d.rup to 14:86 for cis (with 99b)
ee from 76-99% (trans and cis)

Ar
R2/R3 = Bu, H, MeO, CO,Et, Ph, Me o OO
NP
(1
Ar
99a Ar = 1-naphthyl
99b Ar = 2-naphthyl

Scheme 25. Synthesis of spiro-cyclopentyloxindoles via a trimethylenemethane
cyclization strategy.

In a related effort, Marinetti er al.®> developed a similar annulation strategy
using allenes 100 as C; coupling partners (Scheme 26). Different aromatic
methyleneindolinones 51 were shown to react with 2,3-butadienoate 100,
yielding congested spiro-cyclopentyloxindoles 102 in good to high
stereoselectivities. The reactions were catalyzed by chiral phosphine 101, which
was able to promote the reaction under mild conditions.

COLEt

R' = 5-Br, 5-Me, 5-MeO, 6-Me
R2 = Ph, 1-naphthyl, 2-naphthyl, 4-Ph-C¢H,
4-CF3-CgHy, 4-Br-CgHy, 4-CI-CgHy

101 (10 mol %)
T,

toluene, RT

3-Br-CgH,, 4-Me-CgHy,, 2-furyl, 2-quinolyl

-CCCsHy4

RZ
N CO,Et
il
¥ \N'
Ac
102

Yield from 20-98%
d.r. up to >95:5
ee from 86-99%

Scheme 26. Phosphine-promoted [3+2] annulation of alkylidene oxindoles 51.

26



1.6.3. Miscellaneous examples of the synthesis of spiro-
cyclopentyloxindoles

A wide range of methods taking advantage of 3-subsituted oxindoles as starting
materials to construct the spiro-cyclopentyloxindole skeleton have been
devised.

Quinidine-derived catalyst 107 was able to promote a Michael-Henry cascade
between nitroolefins 29 and 3-substituted oxindoles 103, leading to the
formation of spiro-cyclopentyloxindoles 105 with four consecutive
stereocenters (Scheme 27).°* In a double Michael cascade reaction, reported by
Shao and co-workers,* uniquely designed donor-acceptor oxindoles 104 were
able to react with nitroalkenes, promoted by a thiourea catalyst with both central
and axial chiral elements (Scheme 27). In both cases high levels of stereocontrol
were achieved using a broad range of substituents in both reacting partners.

CO,Et
CO,Et HO Rr2
N0, NO,
107 (10 mol %)
DCM 0°C
R4+ or
_NO, + o or —_— 3* O orRA'
108 (10 mol %)
DCM RT
105 106
R' = Ar R = Ar, alkyl
R2 = Me, Et, Ph R#4=H, 5-MeO
R3=H, 5-Me
5-MeO, 6-Cl Yield = 72-87%
d.r. up to >30:1
Yield = 85-97% ee = 93-99%
d.r.up to 18:1

ee = 90-98%

Scheme 27. Synthesis of spiro-cyclopentyloxindoles from nitroolefins 29.

By combining an organocatalyst in a synergistic manner with metal salts, Wang
et al. ® disclosed a novel “organo-metal” domino reaction (Scheme 28).
Enantioselectivity was achieved by a chiral amine 3 induced Michael addition
of oxindoles 109 to unsaturated aldehydes 2, followed by a palladium catalyzed
cyclization step. The cooperative catalysis used in the reaction led to the
formation of spiro-cyclopentyloxindoles 110 in good to excellent diastereo- and
enantioselectivities with two adjacent stereocenters.
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Scheme 28. Synthesis of oxindoles 110 via cooperative catalysis.

1.7. Asymmetric synthesis of spiro-cyclohexyloxindoles

The spiro-cyclohexyloxindole core structure is found in many natural bioactive
compounds. This has caused a lot of interest in developing new methods for the
synthesis of synthetic analogues based on a spiro-cyclohexyloxindole skeleton.

Methyleneindolinones 51 serve as an important precursor for many spiro-
cyclohexyloxindoles (Scheme 29). In 2009 Melchiorre et al.®” developed a
Cinchona alkaloid derived primary amine 120 catalyzed cyclisation of
alkylidene oxindoles 51 and enones 112. This highly versatile tandem reaction
allowed for the formation of spiro-oxindoles 115 with up to four stereocenters
in good to excellent diastereo- and enantioselectivities (d.r. up to >19:1; ee up to
98%). A complementary triple-cascade was also reported, where an o-
fluorobenzoic acid salt of amine 3 was used as a catalyst to construct spiro-
oxindoles 119. The cascade was initiated by a Michael addition of enamine
(generated in situ from aldehyde 114 by the catalyst) to methyleneindolinone
51, followed by a second Michael addition of the intermediate to unsaturated
aldehyde 2 and concluded by aldol condensation of the formyl groups. Products
were isolated in high selectivities (d.r. up to >19:1; ee up to >99%) and
moderate to good yields (35-74%). Both methods complement each other,
offering opportunities to synthesize a variety of spiro-cyclohexyloxindoles with
different substitution patterns on the spiral ring.

Gond and Wei® reported an asymmetric formal [4+2] cycloaddion of Nazarov
reagents 111 and methyleneindolinones 51 using a chiral urea derivative 123 as
a Lewis base/Bronsted acid catalyst. According to the proposed mechanism the
1,3-dicarbonyl fragment of 111 was activated by the Lewis acid subunit of the
catalyst (e.g. tertiary amine), while the urea formed hydrogen bonds with
methyleneindolinone 51. The dual activation ensured that the double Michael
cascade proceeded with high selectivity, yielding the expected spiro-
cyclohexyloxindoles 118 both in high diastereo- and enantioselectivities (d.r. up
to 97:3; ee up to 94%)).

Two cyclization protocols of unsaturated enones 113 with alkylidene oxindole
derivatives 51 were reported by Wang et al.®” and Zhang et al.,” respectively.
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Scheme 29. Asymmetric synthesis of spiro-cyclohexyloxindoles.

Isatylidene malononitriles 51 were reacted with o,B-unsaturated ketones 113
using a chiral counteranion catalyst 122 to form a spiro-cyclohexyloxindole
backbone 117 in optically pure form (d.r. from 94:6 to >99:1; ee from 95-99%).
Alkylidene oxindoles 51 with leaving group (OTf) as R* yielded product 116
(d.r. >20:1; ee >99%) using Cinchona alkaloid derived catalyst 121.

The methods described above (Scheme 29) constitute only a small part of all the
procedures developed for the construction of compounds bearing the spiro-
cyclohexyloxindole skeleton. Other approaches include starting with isatines,
3-substituted oxindoles etc.”"

1.8. Summary of literature overview

Oxindoles with a quaternary center at the 3™ position of the cycle are the key
structural feature in an extensive number of natural and synthetic bioactive
compounds. This has inspired a lot of research over the last decade in
developing new, efficient methods for the construction of a “molecular library”
of compounds, centered around the oxindole core structure.

The main challenge for the asymmetric synthesis of this class of compounds is
the introduction of a chiral quaternary center at C3. Fully substituted carbon
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centers are considered one of the most difficult structural features to be
incorporated into synthetic targets due to steric and electronic factors.”? To
overcome this barrier a “molecular handles” are often used (e.g. carbonyl
groups), although the removal of the activating group at a later stage is not
always a simple task. In the case of oxindoles, however, a carbonyl group at C2
provides a unique opportunity, as it can increase the negative charge on the
adjacent carbon, thereby decreasing the activation barrier associated with
quaternary center formation. To that end, commercially available isatines and
various 3-substituted oxindoles have become fundamental building blocks for
the synthesis of 3,3’-disubstituted oxindoles. Alternatively, postponing the
introduction of quaternary stereocenters, until the cyclization step offers another
possibility for spiro-center formation, making alkylidene oxindoles 51 uniquely
suitable for such a task.

Metal-, cooperative- and organocatalysis have all been used as “tools” to
construct various disubstituted oxindoles in high diastereo- and
enantioselectivities (see citations above). Nevertheless, new and elegant
synthetic approaches, to expand the “chemical space” around the oxindole
framework continue to be of high importance.
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1.9. Aims of the present work

Spiro-cyclopropyloxindoles are an exciting class of compounds with promising
biological activities and complex molecular architecture. Although different
racemic examples for the synthesis of spiro-cyclopropyloxindoles have been
reported,'®!"1213:14 only a few asymmetric examples have been published to
date.”*** The present work aims to expand the scope of methods available for
enantio- and diastereoselective synthesis of this class of compounds.
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Scheme 30. General methods available for asymmetric synthesis of spiro-
cyclopropyloxindoles.

Two approaches reported for the asymmetric formation of spiro-
cyclopropyloxindoles start with alkylidene oxindoles 51* or oxindoles 55*
(Scheme 30). Based on this, the main aims of the thesis are:

e Expand the scope of nucleophiles available for asymmetric
cyclopropanation of methyleneindolinones 51;

e Develop new starting materials for the synthesis of spiro-
cyclopropyloxindoles (in addition to alkylidene oxindoles 51 and
oxindoles 55);

e [FElaborate the use of new nucleophiles as starting materials for
3,3’-disubstituted oxindole synthesis;

e Determine the relative and absolute stereochemistry of all products
obtained.

2. Results and discussion

Developing new and efficient organocatalytic asymmetric cascade reactions has
been and continues to be a driving force in our group.”?'™ As mentioned
previously (see Introduction), organocatalysis has matured over the last couple
of decades to became an important branch of organic synthesis. The two most
prominent and oldest activation strategies, amino- and hydrogen-bond catalysis,
have become standard “tools” used in an increasing number of enantioselective
transformations.

In aminocatalysis, chiral primary and secondary amines react reversibly with
carbonyl compounds to form enamine or iminium intermediates that can
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undergo nucleophilic or electrophilic addition reactions, respectively (Scheme
31).

Enamine formation Iminium formation
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Scheme 31. Generic amine or hydrogen-bond catalyzed activation of carbonyl and
related compounds.

Saturated carbonyl compounds are therefore activated as nucleophiles (e.g.
Michael donors), whereas corresponding unsaturated analogues can be used as
Michael acceptors.

In hydrogen-bond catalysis, using weak, non-covalent interactions (e.g.
hydrogen bonds), nucleophiles (e.g. 1,3-dicarbonyl compounds) and
electrophiles (e.g. nitroolefins, enones etc.) can be activated via hydrogen-bond
formation (Scheme 31). This lowers the activation barrier for the desired
transformation to transpire. Further activation can be achieved if a basic or
acidic subunit (depending on the reaction) has been incorporated into the
structure of the catalyst itself (e.g. a bifunctional catalyst). In many cases,
combining the two activation modes under cooperative catalysis can lead to new
discoveries and expand the “chemical space”.

2.1. Synthesis of spiro-cyclopropyloxindoles via the addition of
a-chloro-1,3-dicarbonyl compounds to methyleneindolinones
(Publication I)73

Methyleneindolinones 51 and oxindoles 55 can be efficiently activated for the
formation of spiro-cyclopropyloxindoles by chiral thioureas, as was
demonstrated by Bencivenni and Lu, respectively (see Schemes 13 and 14),
although both methods were limited to nitro-substituted spiro-oxindoles. *****
This had the added advantage that the initial stereochemistry could be altered by
the epimerization of the tertiary nitro-substituted stereocenter, driving the
reaction towards thermodynamically more favored trans-geometry. At the same
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time, no reversal of stereochemistry was possible when nitro-substitution
occurred at the quaternary center.

Inspired by the results outlined above, we set out to develop a general
methodology to expand the scope of nucleophiles (with attached leaving
groups) used in the spiro-annulation of alkylidene oxindoles 51. At the outset,
we focused on developing a formal [2+1] cycloaddion of methyleneindolinones
51 with various a-chloro-B-dicarbonyl compounds for the highly stereoselective
formation of spiro-cyclopropyloxindoles (Scheme 32). A major challenge in
this synthetic strategy is to control both the enantio- and diastereoselectivity of
the reaction, as two adjacent quaternary centers are formed with no possibility
of post-synthetic epimerization, as was the case with nitro-oxindoles discussed
previously.

Both dicarbonyl compounds and alkylidene oxindoles 51 are known to be
activated by hydrogen-bonding catalysts. To investigate the model reaction
between ethyl o-chloroacetoacetate 127 and methyleneindolinone 51a a set of
four catalysts (Scheme 33) were selected for the preliminary screening.

f .
o ‘ o £,
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~N & ase (1 equi //\N > ) N
Boc \= - Boc
51a 127 \ / e 0 128a
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Michael addition Alkylation

Scheme 32. Model reaction between alkylidene oxindole 5la and ethyl
a-chloroacetoacetate 127.
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Scheme 33. Catalysts used in cyclopropanation of methyleneindolinones 51.

Using potassium carbonate as a base for the synthesis of racemate, a mixture of
all possible stereoisomers of 128a was obtained after 24 h at RT (Table 1, entry

).
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For the asymmetric version, we first tested cinchonidine 124 (Scheme 33) as a
chiral base (1 equiv., DCM, RT). The reaction produced a 3:1 mixture of the
two main diastereoisomers and a minor quantity of a third diasterecoisomer,
which could be readily separated by flash chromatography (Table 1, entry 2).
Importantly, the major product showed 96% ee. However, an attempted
reduction of the catalyst loading to a more practical 10 mol % level had a
detrimental effect on the reaction rate and selectivity. Therefore, we turned to
bifunctional thiourea catalysts 54 and 125, which proved successful in the
asymmetric spiro-cyclopropanation of 51a with bromonitromethane.*?

Quinine-derived thiourea 54 (10 mol %, DCM, RT, 24 h) combined with
NaHCOs (1 equiv.) afforded a 3:1 mixture of the same two diastereoisomers, as
with 124, in high enantioselectivity but low overall yield (Table 1, entry 3). To
optimize the reaction efficiency, various solvents and bases were examined. In
toluene (Table 1, entry 4) and MeCN (Table 1, entry 7), diastereoselectivity
dropped significantly to give mixtures of all possible isomers. The highest
enantioselectivity was attained in THF, though the yield and diastereoselectivity
were poor (Table 1, entry 6). Chloroform emerged as a clear winner, showing
the best overall performance (Table 1, entry 5). Other inorganic bases, such as
NayCOs and CsF (Table 1, entries 8 and 9), proved slightly inferior to NaHCOs.
Catalyst 125 mirrored the results shown by 54, delivering the same 3:1 mixture
of diastereoisomers of the opposite enantiomeric series (Table 1, entry 10).

Table 1. Screening of reaction conditions for the synthesis of spiro-oxindoles
128a.

Entry Catalyst  Base Solvent Yield (%) dr. (%) ee (%)
1 - K>COs DCM 86 1/1/1/1 n/a

2 12414] - DCM 72 71/24/5 96/55/12
3 54 NaHCO; DCM 48 77/23 93/95

4 54 NaHCO;  toluene n.d.l¢] n.d. n.d.

5 54 NaHCO; CHCI; 97 78/22 94/96

6 54 NaHCO;  THF 54 63/37 97/99

7 54 NaHCO; MeCN 87 9/31/52/8 n.d.

8 54 Na,CO; CHCI; 87 74/26 89/94

9 54 CsF CHCI; 76 77/23 93/95

10 125 NaHCOs;  CHCI 48 75/25 -93/-86
11 126 NaHCOs;  CHCI3 82 93/7 91/94

12 126 NaHCOs;  CHCI3 97 91/9 91/82
13 126 NaHCO3;  CHCIy 93lel 90/10 87/83

[a] Unless stated otherwise, the reactions were carried out on a 0.15 mmol scale as a 0.15 M
solution at RT for 24 h with 1 equiv. of 51a, 2 equiv. of 127, 1 equiv. of base and 10 mol %
catalyst loading; [b] determined by '"H NMR from the crude mixture; [c] determined by chiral
HPLC analyses after deprotection of Boc; [d] 1 equiv. of catalyst was used; [e] complex mixture
of all possible diastereoisomers; [f] 0.3 M solution; [g] 4 equiv. of 127 used.

It appears that the commonly used commercial catalysts under a variety of
experimental conditions exhibited a similar reactivity pattern favoring the
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formation of two diastereoisomers in a 3:1 ratio at best. Notably, the
components of this mixture cannot be easily separated by chromatography, thus
reducing the practical value of the method. Clearly, an improvement in the
catalyst design was required to break the pattern.

A set of experiments revealed that the diastereoselectivity of the catalysts was
influenced by substituents in the aromatic group of the thiourea fragment, in
particular by those restricting rotation about the C-N bond. A real step-change
improvement was achieved with a catalyst 126 with bulky iPr groups occupying
ortho positions: the diastereoselectivity soared to 13:1, while maintaining a
good yield and a respectable enantioselectivity (Table 1, entry 11). Effectively,
only one of eight possible stereoisomers was produced! The yield was further
improved by doubling the concentration of the reactants (Table 1, entry 12),
though using an excess of ethyl o-chloro acetoacetate 127 alone proved
detrimental (Table 1, entry 13).

With the optimal conditions in hand (CHCI; 0.3 M, 2 equiv. 127, 10 mol % 126,
RT) the substrate scope of the reaction was next examined (Table 2). Different
substituents at the indole ring were tolerated, and no significant correlation
between the electronic nature of the methyleneindolinones 51 and reaction rate
or selectivity emerged. All products 128a-f were isolated in high yields and
enantio- and diastereoselectivities (Table 2).

Table 2. Screening of different alkylidene oxindoles 51 for cyclopropanation.

R2

o
£
] 2 9 g
e 0 + Moa 126 (10 mol %) R1 OB
L N s NaHCO3 (1 equiv.) N/—
; \BOC

CHCI3, RT
Boc
51 (1 equiv.) 127 (2 equiv.) 128 a-f
O O O 0 O (o}
— o — o —/ o — o —4 0 —/ o
MeO,C..._ EtO,C.._ EtO,C..._ EtO,C.. EtO,C.. EtO,C..
. OEtCl . OEt ON /. OEt F3CO " okt B . OEt Ot
=0 =0 =0 =0 =0 =0
N N N N N N
Boc Boc Boc Boc Boc F Boc
128a 128b 128¢c 128d 128e 128f
Yield = 97% Yield = 90% Yield = 82% Yield = 89% Yield = 97% Yield = 86%
d.r. 91/9; ee 9u1 % dr. ;987/3; ee 9%% d.r. 93/7; ee 96% d.r. 94/6; ee 92% d.r. 95/5; ee 97% d.r. 91/9; ee 87%

To further expand the substrate scope and elaborated on the origin of the
selectivity of the reaction, we next screened symmetric 3-chloroacetoacetone
129 and dimethyl chloromalonate 130 in reaction with different alkylidene
oxindoles 51 (Table 3). In general, all products were isolated in high yields,
with 7-F methyleneindolinone 51f being the only exception (Table 3, 129f)
(possibly due to unfavorable interactions between the fluorine and #-butyl
group). With 5-nitro substituted methyleneindolinone 51c¢ only moderate
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diastereoselectivity was observed, whereas all other substrates furnished the
product with significantly better selectivities. Although, with dimethyl
chloromalonate 130 reaction times had to be increased to 48h (vs. 24h for other
examples), substantially higher diastereoselectivities emerged (d.r. from 96:4 to
99:1) while enantioselectivities remained slightly lower.

Table 3. Scope of cyclopropanation reaction.

R2 R3J/
o O
_ 126 (10mol %) _
o * R3 R3 NaHCOa (1 equiv.)
| cl HCI3, RT
Boc Boc
51 (1 equiv.) 129 R3 = Me (2 equiv.) 131 a-f
130 R3 = OMe (2 equiv.) 132 a,d,e
o) o
‘// o) -—// o] “// O
MeO,C . EtO,C... EtOZC EtOZC EtO.C/. —
. cl . F4CO Br /
=0 =0 ﬁo 7/~0
N N N
Boc Boc Boc Boc
129a 129b 129¢ 129d 129¢
Yield = 85% ) Yield = 84% Yield = 91% Yield = 83% Yield = 82%
d.r. 93/7; ee 96% d.r. 90/10; ee 98% d.r. 72/28; ee 98% d.r. 86/14; ee 96% d.r. 91/9; ee 98%
(o}
— MeO -// MeO -// MeO —//
EtO,C..

y MeO,C . EtO,C.. Etozc
OMe FsCO OMe OMe
ﬁo

Boc

E
129f 130a 130d 130e
Yield = 62% Yield = 88% Yield = 83% Yield = 82%
d.r. 92/8; ee 97% d.r. 99/1; ee 80% d.r. 98/2; ee 84% d.r. 96/4; ee 89%

Based on the experimental results with asymmetrical (127) and symmetrical
(129 and 130) nucleophiles, we propose, that the selectivity of the reaction
originated from the first Michael addition step, and the alkylation (e.g.
cyclization) was entirely controlled by the steric influence displayed by the
adjacent tertiary center (Scheme 32).
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Figure 2. X-ray structure of unprotected spiro-cyclopropyloxindole 128e.

The relative and absolute structure (Figure 2) of the product were determined by
NMR and single crystal x-ray diffraction of one of the products (after
deprotection), respectively. (It should be noted, that the initial determination of
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absolute stereochemistry was made using VCD spectroscopy, although the
result proved erroneous when the x-ray structure was obtained.) The absolute
structure of other products in the series was assigned based on analogy.

2.3. Synthesis of spiro-oxindoles from 3-chlorooxindoles (Publication
III)76

A significant limitation with alkylidene oxindoles 51 and oxindoles 55 as
starting materials for cyclopropanation is the need to attach the leaving group
(necessary for the alkylation/cyclization step) to the Michael donor or acceptor,
respectively. To further elaborate the substitution pattern of the spiral ring of
spiro-cyclopropyloxindoles, a different approach was needed. Attaching the
leaving group directly to the 3™ position of the oxindole ring might not only
facilitate the above-mentioned transformations but also increase the
nucleophilicity of C3 by lowering the pK, value.
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134a 134b 134c 134d 134e 134f 134g
Yield = 46% Yield = 47% Yield = 44% Yield = 12% Yield = 36% Yield = 27% Yield = 26%

Scheme 34. Synthesis of 3-chlorooxindoles 134.

Based on these considerations, we proposed that 3-chlorooxindoles 134 could
serve as ideal precursors for spiro-cyclopropyloxindoles (Scheme 34). Starting
from simple nitroolefins 29, seven halo- and methyl-substituted 3-
chlorooxindoles 134 were prepared according to Guillaumel et al.”” Although,
products were isolated in moderated to low yields (Scheme 34), the simplicity
of the protocol and the high availability of low-cost starting materials made it
practical. As a limitation, no nitro- or alkoxy-substituted derivatives can be
synthesized based on this procedure, as the corresponding nitroalkenes 29
decompose under the reaction conditions.

With the 3-chlorooxindoles 134 in hand, we decided to investigate a model
reaction between 134a and trans-p-methoxycinnamaldehyde (Figure 3).
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Asymmetric cyclopropanation of o,B-unsaturated aldehydes 2 under
aminocatalysis has been known for quite a while. We proposed that a similar
reaction with 3-chlorooxindoles 134 could lead to spiro-cyclopropyloxindoles
135 (Figure 3). The proposed catalytic cycle is initiated by the formation of the
iminium intermediate, followed by a Michael addition of 3-chlorooxindole 134
and intermolecular cyclization/alkylation. The product would be released after
hydrolysis, and the side product — hydrochloric acid would be consumed by
sodium bicarbonate (to form NaCl, carbon dioxide and water).

cl ) PMP Catalyst:
Catalyst (20 mol %) Y D<R
§ O * PMP_~ 20O NaHCO; (1.1 equiv.) Nﬁo N
H
H

solvent, RT H

134a 2a 135a R = (see Figure 4)

. O‘R RS\ o
1 e i i
" ‘ (\ \/’ H
aty
= el (r
H)!" R? Catalytic cycle \)N\
%0
)N
R1
-HCI /\
@

NaHCO3

R‘ H
Figure 3. Proposed reaction for cyclopropanation of unsaturated aldehydes 2.

To find the optimal conditions for the reaction, seven chiral secondary amines
(Figure 4) were evaluated. Preliminary experiments revealed amine 137 with a
bulky TBS group as the most selective and reactive catalyst for the reaction
(Table 2, entry 11). Furthermore, it was noted that spiro-cyclopropyloxindole
135a was slightly unstable and prone to epimerization, therefore, isolating the
products as corresponding alcohols after in situ reduction with sodium
borohydride was preferable and was used in subsequent experiments.
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O N N NN Ph N
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3% 436 a7 131835 ﬁg'l":BS

Figure 4. Amines used as the catalysts for cyclopropanation of trans-p-
methoxycinnamaldehyde.
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Table 2. Optimization of the reaction of 3-chlorooxindole 134a and trans-p-
methoxycinnamaldehyde.!

Entry Cat.  Solvent Time[h]  Yield [%]®  drll  ee[%]9
1 136 CHCl; 3 95 3:1 -97
2 137 CHCl; 3 89 4:1 98
3 3 CHCI; 16 55 1.3:1 79
4 138 CHCI; 16 61 1.2:1 95
5 139 CHCI; 16 99 1.5:1 95
6 17 CHCI; 3 95 2.7:1 8

7 140 CHCl; 24 - n.d. n.d.
8 136 CHCI; 15l 95 2.6:1 94
9 137 toluene 3 95 7.1:1 98
10 137 toluene 5.51f 95 5.3:1 97
11 137 toluene olel 95 9:1 98

[a] Unless stated otherwise, the reactions were carried out on a 0.1 mmol scale as a 0.2 M solution
(in respect to 134a) at RT with 1 equiv. of 134a, 1.2 equiv. of 2a, 1.1 equiv. of NaHCO3 and 20
mol % catalyst loading. PMP = p-methoxyphenyl; [b] Yield of isolated product; [c] Determined
from crude product by '"H NMR. Only two diastereoisomers were detected; [d] Determined by
chiral HPLC analysis; [¢] Reaction at 4 °C; [f] 10 mol % of catalyst used; [g] Reaction mixture
0.1 M.

Under optimal conditions (toluene, RT, 1.2 or 2 equiv. aldehyde 2, 20 mol %
amine 137), several unsaturated aldehydes 2 and 3-chlorooxindoles 134 were
reacted to form spiro-cyclopropyloxindoles 135. All cinnamic-type aldehydes
2a-d yielded products with good diastereo- and high enantioselectivities. It is
noteworthy that significant enrichment in diastereoselectivity could be effected
during column chromatography, as in most cases the isomers were separable
(Table 3). When an aliphatic aldehyde (crotonaldehyde) 2g was subjected to the
reaction conditions, the product was isolated with moderate diastereoselectivity
but with good enantioselectivities for both isomers (Table 3, 135ag). Most
significantly, even prenal 2h gave a smooth conversion to the desired product,
although selectivity for the major isomer was moderate (Table 3, 135ah).
Substituents in the indol ring were well tolerated (Table 3, 135ba and 135ca), as
well as heteroatoms in unsaturated aldehydes 2e and 2f yielding the products
with high selectivities (Table 3, 135ae and 135af).
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Table 3. Substrate scope experiments for the formation of spiro-cyclopropyloxindoles
135.12

FsC
e
R cl 1) Catalyst 137 (20 mol %) HO—™ RS
X R3 O toluene, NaHCO3, R? R2 OTBS
\ o+ I J RT,4-24h X, N

Z~N  R? ‘ /=0 g

[ 2) NaBH 4, MeOH 7 N FiC 3
134 2 135xx 137

135aa 135ab 135ac 135ad 135ba
Yield = 71%[b1 Yield = 64%Ib! Yield = 44%lb] Yield = 53%!®! Yield = 66%[°1
d.r. 19:1 (19:1)ledl d.r. 5:1 (10:1)ledl d.r. 5:1 (10:1)ledl d.r. 4:1 (7:1)le0 d.r. 10:1 (14:1)ledl
ee = >99%le] ee = >99%fle] ee = 98%l¢] ee = 98%le] ee = 98%le]

135ca 135ae 135af 135ag 135ah
Yield = 76%![b1] Yield = 60%!! Yield = 69%!"! Yield = 62%[>9! Yield = 69%!-1
d.r. 19:1 (20:1)led d.r. 5:1(10:1)led d.r. 19:1 (19:1)le.d] d.r. 2:1 (2:1)led d.r. 4:1 (4:1)ledl
ee = >99%fe] ee = 96%le] ee = 98%e] ee = 75/87%e] ee = 36/89%lel

[a] Unless stated otherwise, the reactions were carried out on a 0.2 mmol scale as a 0.1 M solution
at RT with 1 equiv. of 134, 1.2 equiv. of 2, 1.1 equiv. of NaHCO3 and 20 mol % catalyst loading;
[b] Yield of isolated product after reduction to an alcohol; [c] Determined from crude product
after reduction to an alcohol by '"H NMR; [d] Diasteriomeric ratio of isolated product in brackets;
[e] Determined by chiral HPLC analysis from isolated product; [f] Reaction with 2 equiv. of 2; [g]
Reaction with 5 equiv. of 2.

The relative and absolute configurations of the products 135xx were determined
by NMR and single crystal x-ray diffraction of one of the products (Figure 5),
respectively. All other spiro-cyclopropyloxindoles 135xx were assigned based
on analogy.

Figure 5. X-ray diffraction data of spiro-cyclopropyloxindole 135ac.

Superseding our work, Melchiorre et al. recently demonstrated that a similar
reaction between 3-chlorooxindoles 134 and 2,4-dienals would result in the
formation of spiro-cyclopropyloxindoles via a 1,6-vinologous cascade
reaction.”®
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2.4. Synthesis of bispirooxindoles 141 (Publication III)7®

Inspired by the unique reactivity of 3-chlorooxindoles 134, we hypothesized
that similarly to a-chloro dicarbonyl compounds, they could undergo a formal
[2+1] spiro-annulation with alkylidene oxindoles 51 to form bispirooxindoles
141 (Scheme 35). Based on previous work, chiral thioureas and squaramides
were screened for the reaction. Preliminary experiments revealed that, although
most of the catalysts were able to promote the reaction towards high
enantioselectivity, diastereoselectivity was mainly controlled by the substituent
at C4 of 3-chlorooxindoles 134 (Table 4, entry 4 vs. 1-3), which can be
explained by sterical clashing between R' and R* during the Michael addition
step (for a detailed proposed mechanism see Kanger et al.).”®
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Scheme 35. Spiro-annulation of methyleneindolinones 51 with 3-chlorooxindoles 134.

Table 4. Preliminary screening experiments for bispirooxindoles 141 formation.

Entry  Cat. Cat. R!  Time(h) Yield drll ee (%)
loading (%o)lal
(mol %)
1 142 5 H 20 99 43:57 96/96
2 125 10 H 24 99 44:56  -83/-87
3 126 10 H 15 99 50:50 80/78
4 142 5 Cl 41 96 7:93 -/95

a] Isolated yield after chromatography for the mixture of isomers; [b] Determined by 'H NMR;
c] Determined by chiral HPLC analysis.

[
[
The highest enantioselectivity was obtained with squaramide 142, which was
chosen for substrate scope experiments (Table 5). In general, products were
isolated in high yields, and enantio- and diastereoselectivities. Ester, cyano and
ketone functional groups were tolerated as R* without significant influence on
reactivity or selectivity. With 4-Me substituted 3-chlorooxindoles reactions
were performed at elevated temperatures to ensure full conversion.

The relative stereochemistry of the products 141 was determined by NMR,
whereas the absolute configuration was assigned by VCD spectroscopy
measurements and calculations (Figure 6).
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Table 5. Synthesis of bispirooxindoles 141.[4

\ Catalyst 142 (5 mol %) RS
o+ \ A\
= NaHCOa (1.1 equiv.)
CHCl5, RT or 60 °C
B°° 24-48 h

134 51

141da 141db 141bb 141eb 141dc
Yield = 96%!®! Yield = 95%0] Yield = 91%lb! Yield = 71%b.el Yield = 95%(b!
d.r.14:10 ee = 95%M4  d.r. 30:1(c) ee = 93%[d  d.r. 10:1(%) ee = 92%[d]  d.r. 12:1¢} ee = 89%d] d.r. 12:1¢); ee = 84%ld]

141d 141ed

141dd 141de 141df g
Yield = 99%l! Yield = 81%l! Yield = 87%!bl Yield = 71%l°] Yield = 75%[b.el
d.r. 12:10; ee = 90%Id d.r. 12:1[; ee = 90%dl d.r. 20:1[; ee = 99%ll d.r. 20:1(; ee = 83%4 d.r. 20:1C; ee = 86%

[a] Unless stated otherwise, the reactions were carried out on a 0.1 mmol scale as a 0.2 M solution
at RT with 1 equiv. of 134, 1.2 equiv. of 51, 1 equiv. of NaHCO;3 and 5 mol % catalyst loading;
[b] Yield of isolated product; [c] Determined from crude product by 'H NMR; [d] Determined by
chiral HPLC analysis; [e] Reaction conditions: 1 equiv. of 134, 1.2 equiv. of 51, 2 equiv. of
NaHCOs and 10 mol % of catalyst 142 at 60 °C.

Calculated-(2'R,35,3'S)

1200 1300 1400 1500 1600 1700 1800

Frequency (cm-1)

Figure 6. Calculated and experimental VCD spectra of bispirooxindole 141 db-ne-boc.
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2.5. Asymmetric addition of 3-chlorooxindoles 134 to nitroolefins 29
(Publication IT)”

Asymmetric synthesis of 3-halo-disubstituted oxindoles has mainly been
accomplished using metal catalysis. In that respect, organocatalysis presents a
unique opportunity, as trace metals will be absent from the final products.

al -~ {Catalyst ). R2
7 N . Cl NO,
X ! o] : *

o /O_\ 0 A)*ﬁ/
N N R o
\/\u R2 o K/LN
134 29 .

143
Scheme 36. Addition of 3-chlorooxindoles 134 to nitroolefins 29.

Motivated by these considerations, we saw an opportunity to take advantage of
the enhanced reactivity of 3-chlorooxindoles 134 (compared to 2-oxindoles) in a
hydrogen-bond catalyzed Michael addition to nitroolefins 29 (Scheme 36). The
resulting products 143 would bear chlorine at the quaternary center, which
could be used to modify the final products if necessary. We envisioned that both
3-chlorooxindoles 134 and nitroolefins 29 could form hydrogen bonds with the
catalyst, thereby permitting a smooth reaction (Scheme 36).

Table 6. Substrate screening for the addition of 3-chlorooxindole 134a to nitroalkenes
29 [

N

R E.C O O/ N

al cl NO, | F3 _

Cat.142 (5 mol %) =
o . R/\/N()z;» 1) ﬂ H OMe
N CHCI3 4°C N P N
142 %
Et

2-24h
1342 29a-j 143a-j
Br F4CO oN
) ) () ) o
al NO, cl NO, cl NO, cl NO, cl NO
Crye Che L b :
N N N N N
H H H H H
143a 143b 143c 143d 143e
old = 959
Yield = 95% . Yield = 96% Yield = 90% Yield = 91% Yield = 96%
dr10:1ee =91%LT ¢ 41:1; ce = 90%!  dr. 7.7:1; ee = 86%]  dr. 67:1; e = 87%F  dr. 10:1: ee = 90%0]
‘ Br
% o/
cl NO, cl NO, cl NO, cl NO, cl NO,
Cr5s o O (L :
N N N N N
H H H H H
143f 143g 143h 143i 143]
Yield = 95% Yield = 91% Yield = 96% Yield = 91% Yield = 95%
d.r. 10:1; ee = 90%!! dr.9.1:1;ee=90%b  dr.11:1; ee =90%P  dr 11:1;ee=91%0  dr 56:1: ee = 88%!

[al Reaction conditions: 0.1 mmol (1 equiv.) 134a, 0.12 mmol (1.2 equiv.) of 29 and 0.05 mmol (5
mol %) of squaramide 142 were stirred at ambient temperature in chloroform (0.5 mL), the
reaction was monitored by TLC; ! d.r. was determined by 'H NMR and ee by chiral HPLC

analysis.

43



Gratifyingly, preliminary screening revealed squaramide 142 to as most
selective catalyst for the reaction. With the optimal conditions in hand (5 mol %
142, CHCls, 4 “C), 3-chlorooxindole 143a was subjected to the reaction with
different aromatic nitroalkenes 29 (Table 6). All products were uniformly
isolated in high yields and good to excellent diastereoselectivities, with ee-s
hovering slightly below or above 90%.

Table 7. Substrate screening for the addition of 3-chlorooxindoles 134 to nitroalkenes
29,1

R2 o o/ N
A\
Cl cl NO, FiC j:f _
X Cat. 142 (5 mol %) N
R'g o RZ/\/NOZ —_— Ri o H N oMe
Z N CHCl3 4°C AN N
H 2-24h N FoC N
134a-e 29 143k-s 142 o
MeO
c NO2 cl no, O NO; ol NO,
Br
CLye (e UL Ly
N N
cl N o y N \
143k 1431 143m 143n
Yield = 97% Yield = 99% Yield = 99% Yield = 99%(]

dr. 5:1: ee = 90%bl  d.r. 6.3:1; ee = 90%0 dr. 8.3:1; ee = 76%!! dr.=9.1:1; ee = 92%[!

= =N

S/ \_

cl NO, cl NO» cl NO, cl NO,

Br
o O (¢} o
o
N N
H H N cl N

1430 143p 143r 1435
Yield = 97%!c] Yield = 94% Yield = 90% tionld]
dr. 71:1: ee = 87%k] d.r.10:1; ee = 92%®! d.r. 8.3:1; ee = 91%!®! no reaction

[al Reaction conditions: 0.1 mmol (1 equiv.) 134 a-e, 0.12 mmol (1.2 equiv.) of 29 and 0.05 mmol
(5 mol %) of squaramide 142 were stirred at ambient temperature in chloroform (0.5 mL), and the
reaction was monitored by TLC; ! d.r. was determined by 'H NMR and ee by chiral HPLC
analysis; [ reaction conducted at ambient temperature; [l temperature was increased from 4 °C to
up to 60 °C, but no reaction occurred.

A similar trend occurred with substituted (R' # H) 3-chlorooxindoles 134,
although 3,4-dichlorooxindole 134b yielded the product 143m with slightly
lower enantioselectivity (ee = 76%) which may have been influenced by the
sterically bulky substituent at C4 (Table 7). With aliphatic cyclohexyl
nitroolefin no reaction occurred (Table 7, 143s), setting a limit on the
methodology.

To further expand the substrate scope of the reaction, 3-chlorobenzofuran 145
was prepared according to literature procedures (Scheme 37, Part A),%*8! and
reacted with trans--nitrostyrene 29b under similar conditions (2 equiv. of 29b
was used instead of 1.2 equiv.) as 3-chlorooxindoles 134 (Scheme 37, Part B).
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The reaction proceeded smoothly to yield the expected product 146 in 85%
yield and good enantio- and diastereoselectivities in just 5 hours.

The relative and absolute stereochemistry of products was assigned by single
crystal X-ray diffraction of oxindole 143m (Figure 7), other examples in the
series were assigned based on analogy.

Cl ¢l NO, —
Lo
N
H
143m

Figure 7. X-ray of oxindole 143m.

Part A
Phi(OAc); (3 equiv.)

X NO, TEA (2 equiv.)
©\/V _ BuNI@5equiv) _ mm _ ACl, ACl
OH MeCN o ®  bcwm, 9;CtoRT

91%
2 144

Part B

cl
N N0, _12(5mol%) )é/
\ o "
Z~0 toluene 4°C
5h, 85%

145 29b (2 equiv.) p :‘1%_1

ee =84%

Scheme 37. Synthesis of 3-chlorobenzofuran 145 and reaction with nitrostyrene 29b.

2.6. Asymmetric synthesis of spiro-cyclopentyloxindoles 148
(Publication V)32

The spiro-cyclopentyloxindole core structure is without a doubt one of the most
widespread structural fragments found in many natural products and bioactive
compounds. Discovering new, efficient ways to incorporate the spiro-
cyclopentyloxindole skeleton into synthetic targets has a high value.

Motivated by the work of Barbas I1I°* and Shao,® we proposed an alternative

approach for the synthesis of spiro-cyclopentyloxindole derivatives 148 from
methyleneindolinones 51 and nitroketones 147 (Scheme 38).

45



N
Michael OZ
additon -

NOZ
1 No2 by
Catalyst R‘ N o
NO, k_R3. Aldol
o 71/\/ 2 ref O\/\&O R3 4>R2‘ W roaclion

Boc

51 147 148
Scheme 38. Synthesis of spiro-cyclopentyloxindoles 148.

Based on the considerations outlined above, nitroketone 147, activated by a
hydrogen-bonding catalyst, would give a Michael addition with alkylidene
oxindole 51, and the spiral ring would form as a result of the intermolecular
aldol reaction. In total, four consecutive stereocenters would form, two of them
quaternary, providing structural analogues to oxindoles 105 and 106 (Scheme
27).

Table 8. Synthesis of spiro-cyclopentyloxindoles 148.1!

s
N
R2 OaN MeO
R2 NH
| o " OH NH
RIE o Mo~ Ca:::ﬁt 1R2: RC T =0 (s CF
! 1 —_
ZN NO, Seh Z~N N 3
51 Boc 147a 148 Boc 126 FiC
ON ON ON ON
MeOOC - OH EtOOC OH g f100C! oH FieG oo OH
. - 2 s o
~o0 ~0 =0 N
N N N 5
Boc F Boc Boc oc
148a 148b 148¢ Viensd
Yield = 87% Yield = 81% Yield = 92% dr. 201 e6 = 350/
d.r.10:1; ee = 95% d.r.10:1; ee = 97% d.r.10:1; ee = 95% : o °
ON O,N O,N
EtOOC - EtOOC - EtOOC OH
Br OH ¢ <OH - Meo ,
=0 /~o0 /=0
N N N
Boc Boc Boc
148e 148f 1489
Yield = 94% Yield = 94% Yield = 93%
d.r. 20:1; ee = 97% d.r. 20:1; ee = 97% d.r.12:1; ee = 98%

[2l Reaction conditions: 1 equiv. of alkylidene oxindole 51 (0.15 mmol), 2 equiv. of nitroketone
147a (0.3 mmol) and 10 mol % of catalyst 126 (0.015 mmol) were mixed at ambient temperature
in DCM (0.5 mL).

Preliminary screening revealed that thiourea 126 was the most active and
selective catalyst for the reaction. Under optimal conditions (DCM, RT, 2
equiv. 147) alkylidene oxindole 51a and nitroketone 147a gave the product in
87% vyield, 10:1 d.r. and 95% ee (Table 8, 148a). The electronic nature of
alkylidene oxindole 51 had little to no effect on the reactivity and selectivity of
the reaction. All other products were obtained in high yields (81-94%), and
good to excellent diastereoselectivities (from 10:1 to 20:1) and high
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enantioselectivities (Table 8). The absolute stereochemistry of the products was
unambiguously assigned by single crystal x-ray diffraction of spiro-
cyclopentyloxindole 148e after the Boc group had been cleaved (Table 9). Other
compounds in the series were assigned based on analogy.

To further extend the substrate scope of our methodology, different nitroketones
147 were synthesized and subjected to the reaction conditions (Table 9). A clear
correlation between the size of substituent R® and reaction rate, as well as
selectivity emerged. With the ethyl group as R’ only a slight drop in
diastereoselectivity was observed (d.r. 6:1) as the product was obtained in high
yield and 97% ee for the major isomer. The benzyl substituent proved more
challenging as only moderate selectivity (d.r. 2:1) and yield (51%) were
achieved (Table 9). The sterically bulkiest isobutyl group produced the product
with high d.r. 10:1 but with low yield (25 %). Finally, phenyl substituted
nitroketone 147 was prepared, but under the reaction conditions no product was
obtained. It is noteworthy, however, that in all cases high enantioselectivity was
retained.

As a further extension of the protocol, spiro-annulation of benzofuran 149 with
nitroketone 147a was attempted (Table 10).

Table 9. Substrate screening of different nitroketones 147 and X-ray structure of 148e
without a Boc group.

ON

RZ
/ o Catalyst 126 g O':
L o Rak/\NO " bom AT R'T D F(;{
= N 2 2.6 h = N
51 Bo° 147

148 BoC

ON ON ON
MeOOC OH MeOOC OH MeOOGC OH
-, -, Ph P
/=0 /=0 /=0
N N N
Boc Boc Boc

148h 148i  148]
Yield = 86% Yield = 51% Yield = 25%
d.r. 6:1; ee = 97% d.r. 3:1; ee =97% d.r. 10:1;ee = 96%

[al Reaction conditions: 1 equiv. of alkylidene oxindole 51 (0.15 mmol), 2 equiv. of nitroketone
147a (0.3 mmol) and 10 mol % of catalyst 126 (0.015 mmol) were mixed at ambient temperature
in DCM (0.5 mL).
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Table 10. Synthesis of spiro-cyclopentylbenzofurans 152.

N \; —_—

FiC o. 0 OQ
MeOOC NN OMe
. H H
] (0] Me%éj<o"| FsC 142 N
\ = (/Q/Et
- @
NMe,

~o0 CFs
149 1472 152 N

F3C/©\ ”J\N

Entry  Cat.  Time[h]  Yield drld  ee 125
[%]" (%] o

1 126 4 56 19:1 58 Q s N omte
2 125 3 73 101 64 Fo S
3 142 8 27 19:1 82 126 %/Et
4 150 24 73 19:1 46 o o O
5 151 19 83 151 61 )= ()
l2 Reaction conditions: 1 equiv. of benzofuran 149 (0.15 FaCQPH 150 M
mmol), 2 equiv. of nitroketone 147a (0.3 mmol) and 10 mol % (/N%
of catalyst (0.015 mmol) were mixed at ambient temperature CF3 Bt
in DCM (0.5 mL). N H

Thiourea 126 was able to promote the reaction, although the product was
isolated with moderate enantioselectivity (Table 10, entry 1). Alternative
hydrogen bonding catalysts were screened for the reaction, with the squaramide
142 providing the spiro-benzofuran 152 in the highest enantioselectivity but in
moderate yield (Table 10, entry 3). Extending the reaction time did not increase
the yield, although decomposition of the nitroketone increased over a prolonged
reaction time. With other catalysts, only minor improvements (Table 10, entries
2 and 5) in selectivity were attained (compared to catalyst 126), whereas with
catalyst 150 enantioselectivity decreased even further (Table 10, entry 4). The
difference in selectivity, compared to alkylidene oxindoles 51 can be explained
by the absence of an additional coordinative group (Boc) in benzofuran 149,
which can significantly reduce the rigidity of the transition state complex during
the annulation step.
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Conclusions

In the present study, the asymmetric spiro-annulation of alkylidene
oxindoles 51, using various a-chloro-1,3-dicarbonyl compounds under
hydrogen-bond catalysis was realized.

Under hydrogen-bond catalysis, spiro-cyclopropyloxindoles 128, 131
and 132 with two adjacent quaternary centers were synthesized in high
yields, and enantio- and diastereoselectivities.

3-Chlorooxindoles 134 were introduced as a new class of starting
materials for the formal [2+1] asymmetric cycloaddion to o.,f3-
unsaturated aldehydes 2 under aminocatalysis, and to alkylidene
oxindoles 51 promoted by the chiral squaramide catalyst 142.

The unprecedented reactivity of 3-chlorooxindoles 134 was further
elaborated by a novel reaction with nitroalkenes 29, delivering 3,3’-
disubstituted oxindoles with chlorine at the quaternary center. High
reactivity and selectivity were achieved. The method was extended to
include 3-chlorobenzofuran 145 as a Michael donor.

A new method was developed for the spiro-annulation of
methyleneindolinones 51 with simple nitroketones 147, resulting in the
formation of spiro-cyclopentyloxindoles 148 with four consecutive
stereocenters in moderate to high yields and good to excellent
selectivities. With benzofuran analogues 149, the reaction proceeded in
moderate  enantioselectivity  but  with good yield and
diastereoselectivity.
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3. Experimental

General

Full assignment of 'H and *C chemical shifts was based on the 1D and 2D FT
NMR spectra of a 400 MHz instrument. Chemical shifts were reported in ppm
with internal reference of tetramethylsilane and J values are given in Hertz. All
HPLC analyses were done using a Chiralcel OD-H column. Precoated silica gel
60 F254 plates were used for TLC. Dichloromethane was freshly distilled from
P,0s, and toluene from sodium. Commercial reagents were used as received.

(R)-3-chloro-3-((S)-2-nitro-1-phenylethyl)benzofuran-2(3 H)-one 146.
oh 3-Chlorobenzofuran-2(3H)-one 145 (17 mg, 0.1 mmol), (E)-
cl NO, (2-nitrovinyl)benzene 29b (18 mg, 0.12 mmol) and
o squaramide 142 (3.2 mg, 5.00 pmol) were dissolved in
0 toluene (0.5 mL) and stirred at RT until TLC showed full
conversion. The mixture was directly purified by silica gel
column chromatography using a mixture of heptane and ethyl aceteate as an
eluent (10:1) to yield 27 mg of product (85%). The diasteromeric ratio was
determined by '"H NMR from the crude reaction mixture before purification
(10:1) and ee by chiral HPLC of the final isolated product (84%; Chiralcel OD-
H, Hexane-iPrOH 9:1, 1 mL/min, 25 °C, 230 nm, t. (major) = 11.19 and t;
(minor) = 16.63). "H NMR (400 MHz, Chloroform-d) § 7.41 (td, J = 7.9, 1.4
Hz, 1H), 7.32 — 7.25 (m, 1H), 7.19 (m, 3H), 7.05 — 6.90 (m, 4H), 5.61 (dd, J =
13.4, 3.7 Hz, 1H), 5.15 (dd, J=13.4, 11.2 Hz, 1H), 4.36 (dd, J=11.2, 3.7 Hz,
1H). “C NMR (101 MHz, CDCl3) & 171.38, 152.38, 132.24, 131.72, 129.65,

129.48, 128.99, 125.71, 125.36, 125.26, 111.83, 75.14, 64.41, 51.23.

ON Methyl-(2'R,35,4'S,5'S)-2'-hydroxy-2'-methyl-4'-nitro-2-
oxo-2H-spiro[benzofuran-3,1'-cyclopentane]-5'-
carboxylate 152. (F)-Methyl-2-(2-oxobenzofuran-3(2H)-
ylidene)acetate 149 (31 mg, 0.15 mmol), 4-nitrobutan-2-one
147a (35 mg, 0.3 mmol) and thiourea 151 (10.4 mg, 0.015
mmol) were dissolved in dichloromethane (0.5 mL) and left stirring at RT until
TLC showed full conversion. The mixture was directly purified by silica gel
column chromatography using a mixture of heptane and ethyl aceteate as an
eluent (10:1) to yield 40 mg of product (83%). The diasteromeric ratio was
determined by '"H NMR from the crude reaction mixture before purification
(15:1) and ee by chiral HPLC of the final isolated product (61%; Chiralcel OD-
H, Hexane-iPrOH 9:1, 1 mL/min, 25 °C, 230 nm, t, (major) = 15.38 and t;
(minor) = 18.10).

'"H NMR (400 MHz, Chloroform-d) § 7.49 (dd, J= 7.5, 1.3 Hz, 1H), 7.43 (td, J
=79, 1.4 Hz, 1H), 7.28 — 7.16 (m, 2H), 5.51 (ddd, J = 10.2, 6.1, 1.8 Hz, 1H),
4.75 (d, J = 6.1 Hz, 1H), 3.61 (s, 3H), 3.17 (ddd, J = 15.5, 10.3, 1.3 Hz, 1H),
2.73 — 2.66 (m, 1H), 2.29 (s, 1H), 1.10 (s, 3H). *C NMR (101 MHz, CDCl;) &
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176.66, 169.79, 154.24, 130.30, 125.31, 125.04, 124.72, 110.99, 84.90, 82.36,
64.54, 55.04, 53.21, 43.23, 21.69.

Table 11. Supporting information pertaining to compounds discussed in the
thesis.

Compound number in publication
Compound
Engry OImDerin I 11 I v %
thesis
1 128a 11a
2 128b 11b
3 128¢ 11c
4 128d 11d
5 128e 11e
6 128f 11f
7 129a 14a
8 129b 14b
9 129¢ 14c¢
10 129d 14d
11 129¢ 14e
12 129f 14f
13 130a 15a
14 130d 15d
15 130e 15e
16 134a la
17 134b 1b
18 134¢g 1c
19 134e 1d
20 134d le
21 135a 9a
22 135aa 9aa
23 135ab 9ab
24 135ac 9ac
25 135ad 9ad
26 135ba 9ba
27 135ca 9ca
28 135ae 9ae
29 135af 9af
30 135ag 9ag
31 135ah 9ah
32 134c¢ 7b
33 134f 7e
34 141da 10da
35 141db 10db
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36 141bb 10bb

37 141eb 10eb

38 141dc 10dc

39 141dd 10dd

40 141de 10de

41 141df 10df

42 141dg 10dg

43 141ed 10ed

44 143a 3a

45 143b 3b

46 143c¢ 3¢

47 143d 3d

48 143e 3e

49 143f 3f

50 143g 3g

51 143h 3h

52 143i 3i

53 143j 3j

54 143k 3k

55 1431 31

56 143m 3m

57 143n 3n

58 1430 30

59 143p 3p

60 143r 3r

61 143s 3s

62 146

63 148a 3aa
64 148b 3ba
65 148¢ 3ca
66 148d 3da
67 148e¢ 3ea
68 148f 3fa
69 148g 3ga
70 148h 3ab
71 148i 3ac
72 148j 3ad
73 152

52



References

! Hajos, Z. G.; Parrish, D. R. J. Org. Chem. 1974, 39, 1615.

2 Berkessel, A.; Groger, H. In Asymmetric Organocatalysis; Wiley-VCH Verlag GmbH
& Co. KGaA, 2005.

3 MacMillan, D. W. C. Nature 2008, 455, 304.

4 Williams, R. M.; Cox, R. J. Acc. Chem. Res. 2003, 36, 127.

5 Lin, H.; Danishefsky, S. J. Angew. Chem. 2003, 115, 38; Angew. Chem. Int. Ed. 2003,
42, 36.

6 Mugishima, T.; Tsuda, M.; Kasai, Y.; Ishiyama, H.; Fukushi, E.; Kawabata, J.;
Watanabe, M.; Akao, K.; Kobayashi, J. J. Org. Chem. 2005, 70, 9430.

7 Marti, C.; Carreira, E. M. J. Am. Chem. Soc. 2005, 127, 11505.

8 Galliford, C. V.; Scheidt, K. A. Angew. Chem. 2007, 119, 8902; Angew. Chem. Int.
Ed. 2007, 46, 8748.

° Rottmann, M.; McNamara, C.; Yeung, B. K.; Lee, M. C.; Zou, B.; Russell, B.; Seitz,
P.; Plouffe, D. M.; Dharia, N. V.; Tan, J. Science 2010, 329, 1175.

10 Jiang, T.; Kuhen, K. L.; Wolff, K.; Yin, H.; Bieza, K.; Caldwell, J.; Bursulaya, B.;
Wu, T. Y. H.; He, Y. Bioorg. Med. Chem. Lett. 2006, 16, 2105.

' He, Y.; Jiang, T.; Kuhen, K. L.; Ellis, Y.-H.; Wu, B.; Wu, T. Y.-H.; Bursulaya, B.
Oxindoles with Anti-HIV Activity. U.S. Patent WO 2004/037247 A1, 2004.

12 Sampson, P. B.; Liu, Y.; Li, S.-W.; Forrest, B. T.; Pauls, H. W.; Edwards, L. G.;
Feher, M.; Patel, N. K. B.; Laufer, R.; Pan, G. Kinase Inhibitors and Method of Treating
Cancer with Same. U.S. Patent WO 2010/115279 A1, 2010.

13 Pauls, H. W.; Li, S.-W.; Sampson, P. B.; Forrest, B. T. Plk-4 Inhibitors and Methods
of Treating Cancer with Same. U.S. Patent WO 2012/048411 A1, 2012.

4 Chen, L.; Feng, L.; He, Y.; Huang, M.; Yun, H. Spiro Indole — Cyclopropane
Indolinones Useful as Ampk Modulators. U.S. Patent WO2011/70039 A1, 2011.

15 Marti, C.; Carreira, E. M. Eur. J. Org. Chem. 2003, 12, 2209.

16 Trost, B.; Brennan, M. Synthesis 2009, 3003.

17 Bergonzini, G.; Melchiorre, P. Angew. Chem. Int. Ed. 2012, 51, 971.

18 Shintani, R.; Inoue, M.; Hayashi, T. Angew. Chem. Int. Ed. 2006, 45, 3353.

19 Gui, J.; Chen, G.; Cao, P.; Liao, J. Tetrahedron: Asymmetry 2012, 23, 554.

20 Toullec, P. Y.; Jagt, R. B. C.; de Vries, J. G.; Feringa, B. L.; Minnaard, A. J. Org.
Lett. 2000, 8, 2715.

2l Malkov, A. V.; Kabeshov, M. A.; Bella, M.; Kysilka, O.; Malyshev, D. A,
Pluhackova, K.; Kocovsky, P. Org. Lett. 2007, 9, 5473.

22 Nakamura, S.; Hara, N.; Nakashima, H.; Kubo, K.; Shibata, N.; Toru, T. Chemistry
2008, /4, 8079.

2 Luppi, G.; Cozzi, P. G.; Monari, M.; Kaptein, B.; Broxterman, Q. B.; Tomasini, C. J.
Org. Chem. 2005, 70, 7418.

4 Hara, N.; Nakamura, S.; Shibata, N.; Toru, T. Chem. Eur. J. 2009, 15, 6790.

% Xue, F.; Zhang, S.; Liu, L.; Duan, W.; Wang, W. Chem. Asian J. 2009, 4, 1664.

26 Li, J.; Cai, Y.; Chen, W.; Liu, X,; Lin, L.; Feng, X. J. Org. Chem. 2012, 77,9148.

27 Shibata, N.; Ishimaru, T.; Suzuki, E.; Kirk, K. L. J. Org. Chem. 2003, 68, 2494.

28 Zoute, L.; Audouard, C.; Plaquevent, J.-C.; Cahard, D. Org. Biomol. Chem. 2003, 1,
1833.

2 Gribkoff, V. K.; Starrett, J. E., Jr.; Dworetzky, S. I.; Hewawasam, P.; Boissard, C. G.;
Cook, D. A.; Frantz, S. W.; Heman, K.; Hibbard, J. R.; Huston, K.; Johnson, G.;
Krishnan, B. S.; Kinney, G. G.; Lombardo, L. A.; Meanwell, N. A.; Molinoff, P. B.;

53



Myers, R. A.; Moon, S. L.; Ortiz, A.; Pajor, L.; Pieschl, R. L.; Post-Munson, D. J;
Signor, L. J.; Srinivas, N.; Taber, M. T.; Thalody, G.; Trojnacki, J. T.; Wiener, H.;
Yeleswaram, K.; Yeola, S. W. Nat. Med. (N.Y.) 2001, 7, 471.

30'Wang, F.; Li, J.; Hu, Q.; Yang, X.; Wu, X.-Y.; He, H. Eur. J. Org. Chem. 2014, 3607.
31 Zheng, W.; Zhang, Z.; Kaplan, M. J.; Antilla, J. C. J. Am. Chem. Soc. 2011, 133,
3339.

2 Li, J; Du, T.; Zhang, G.; Peng, Y. Chem. Commun. 2013, 49, 1330.

3 Cui, B.-D.; Han, W.-Y.; Wu, Z.-J.; Zhang, X.-M.; Yuan, W.-C. J. Org. Chem. 2013,
78, 8833.

3 Yang, Z.; Wang, Z.; Bai, S.; Shen, K.; Chen, D.; Liu, X.; Lin, L.; Feng, X. Chem.
FEur. J. 2010, 16, 6632.

3 Mouri, S.; Chen, Z.; Mitsunuma, H.; Furutachi, M.; Matsunaga, S.; Shibasaki, M. J.
Am. Chem. Soc. 2010, 132, 1255.

3 Zhou, F.; Ding, M.; Liu, Y.-L.; Wang, C.-H.; Ji, C.-B.; Zhang, Y.-Y.; Zhou, J. Adv.
Synth. Catal. 2011, 353, 2945.

37 Qian, Z.-Q.; Zhou, F.; Du, T.-P.; Wang, B.-L.; Ding, M.; Zhao, X.-L.; Zhou, J. Chem.
Commun. 2009, 6753.

38 Bui, T.; Hernandez-Torres, G.; Milite, C.; Barbas, C. F., IIl. Org. Lett. 2010, 12,
5696.

3 Hara, N.; Nakamura, S.; Sano, M.; Tamura, R.; Funahashi, Y.; Shibata, N. Chem.
Eur. J 2012, 18, 9276.

40Yan, W.; Wang, D.; Feng, J.; Li, P.; Zhao, D.; Wang, R. Org. Lett. 2012, 14, 2512.

4 Feng, J.; Yan, W.; Wang, D.; Li, P.; Sun, Q.; Wang, R. Chem. Commun. 2012, 48,
8003.

# Liu, Y.-L.; Zhou, F.; Cao, J.-J.; Ji, C.-B.; Ding, M.; Zhou, J. Org. Biomol. Chem.
2010, 8, 3847.

43 Pesciaioli, F.; Righi, P.; Mazzanti, A.; Bartoli, G.; Bencivenni, G. Chem. Eur. J.
2011, 17,2842.

#“ Dou, X.; Lu, Y. Chem. Eur. J. 2012, 18, 8315.

4 Schulz, V.; Davoust, M.; Lemarié, M.; Lohier, J.-F.; Sopkova de Oliveira Santos, J.;
Metzner, P.; Briére, J.-F. Org. Lett. 2007, 9, 1745.

46 Palumbo, C.; Mazzeo, G.; Mazziotta, A.; Gambacorta, A.; Loreto, M. A.; Migliorini,
A.; Superchi, S.; Tofani, D.; Gasperi, T. Org. Lett. 2011, 13, 6248.

47 Wang, X.-N.; Zhang, Y.-Y ; Ye, S. Adv. Synth. Catal. 2010, 352, 1892.

48 Katayev, D.; Jia, Y.-X.; Sharma, A. K.; Banerjee, D.; Besnard, C.; Sunoj, R. B;;
Kiindig, E. P. Chem. Eur. J. 2013, 19, 11916.

4 Baran, P. S.; Richter, J. M. J. Am. Chem. Soc. 2005, 127, 15394.

30 Liu, R.; Zhang, J. Chem. Eur. J. 2013, 19, 7319.

31 Sun, L.-H.; Shen, L.-T.; Ye, S. Chem. Commun. 2011, 47, 10136.

52 Dugal-Tessier, J.; O'Bryan, E. A.; Schroeder, T. B. H.; Cohen, D. T.; Scheidt, K. A.
Angew. Chem. Int. Ed. 2012, 51, 4963.

53 Zhang, B.; Feng, P.; Sun, L.-H.; Cui, Y.; Ye, S.; Jiao, N. Chem. Eur. J. 2012, 18,
9198.

4 Hanhan, N. V_; Ball-Jones, N. R.; Tran, N. T.; Franz, A. K. Angew. Chem. Int. Ed.
2012, 51, 989.

35 Jiang, X.; Cao, Y.; Wang, Y.; Liu, L.; Shen, F.; Wang, R. J. Am. Chem. Soc. 2010,
132, 15328.

%6 Zhong, F.; Han, X.; Wang, Y.; Lu, Y. Angew. Chem. Int. Ed. 2011, 50, 7837.

37 Tan, B.; Candeias, N. R.; Barbas, C. F., III. J. Am. Chem. Soc. 2011, 133, 4672.

54



38 Chen, X.-H.; Wei, Q.; Luo, S.-W.; Xiao, H.; Gong, L.-Z. J. Am. Chem. Soc. 2009,
131, 13819.

39 Antonchick, A. P.; Gerding-Reimers, C.; Catarinella, M.; Schiirmann, M.; Preut, H.;
Ziegler, S.; Rauh, D.; Waldmann, H. Nature Chem 2010, 2, 735.

0 Liu, T.-L.; Xue, Z.-Y.; Tao, H.-Y.; Wang, C.-J. Org. Biomol. Chem. 2011, 9, 1980.

61 Tan, B.; Candeias, N. R.; Barbas, C. F. Nature Chem 2011, 3, 473.

2 Trost, B. M.; Cramer, N.; Silverman, S. M. J. Am. Chem. Soc. 2007, 129, 12396.

9 Voituriez, A.; Pinto, N.; Neel, M.; Retailleau, P.; Marinetti, A. Chem. Eur. J. 2010,
16, 12541.

% Albertshofer, K.; Tan, B.; Barbas, C. F., III. Org. Lett. 2012, 14, 1834.

% Li, Y.-M.; Li, X.; Peng, F.-Z.; Li, Z.-Q.; Wu, S.-T.; Sun, Z.-W.; Zhang, H.-B.; Shao,
Z.-H. Org. Lett. 2011, 13, 6200.

% Sun, W.; Zhu, G.; Wu, C.; Hong, L.; Wang, R. Chem. Eur. J. 2012, 18, 13959.

7 Bencivenni, G.; Wu, L.-Y.; Mazzanti, A.; Giannichi, B.; Pesciaioli, F.; Song, M.-P_;
Bartoli, G.; Melchiorre, P. Angew. Chem. Int. Ed. 2009, 48, 7200.

%8 Wei, Q.; Gong, L.-Z. Org. Lett. 2010, 12, 1008.

% Lan, Y.-B.; Zhao, H.; Liu, Z.-M.; Liu, G.-G.; Tao, J.-C.; Wang, X.-W. Org. Lett.
2011, 13, 4866.

70 Qian, D.; Zhang, J. Chem. Commun. 2012, 48, 7082.

7! For reviws see: a) Ball-Jones, N. R.; Badillo, J. J.; Franz, A. K. Org. Biomol. Chem.
2012, 10, 5165. b) Hong, L.; Wang, R. Adv. Synth. Catal. 2013, 355, 1023.

72 Bella, M.; Gasperi, T. Synthesis 2009, 1583.

73 Noole, A.; Borissova, M.; Lopp, M.; Kanger, T. J. Org. Chem. 2011, 76, 1538.

74 Kriis, K.; Ausmees, K.; Pehk, T.; Lopp, M.; Kanger, T. Org. Lett. 2010, 12, 2230.

75 Noole, A.; Sucman, N. S.; Kabeshov, M. A.; Kanger, T.; Macaev, F. Z.; Malkov, A.
V. Chem. Eur. J. 2012, 18, 14929.

® Noole, A.; Oseka, M.; Pehk, T.; Oeren, M.; Jirving, 1.; Elsegood, M. R. J.; Malkov,
A. V.; Lopp, M.; Kanger, T. Adv. Synth. Catal. 2013, 355, 829.

77 Guillaumel, J., Demerseman, P., Clavel, J.-M., Royer, R. J. Heterocyclic Chem. 1980,
17,1531.

78 César da Silva, R.; Chatterjee, 1.; Escudero-Adan, E.; Weber Paixdo, M.; Melchiorre,
P. Asian Journal of Organic Chemistry 2014, 3, 466.

7 Noole, A.; Jirving, 1.; Werner, F.; Lopp, M.; Malkov, A.; Kanger, T. Org. Lett. 2012,
14,4922.

8 Ly, S.-C.; Zheng, P.-R.; Liu, G. J. Org. Chem. 2012, 77, 7711.

81 Clavel, J.-M.; Demerseman, P.; Guillaumel, J.; Platzer, N.; Royer, R. Tetrahedron 34,
1537.

82 Noole, A.; Ilmarinen, K.; Jirving, 1.; Lopp, M.; Kanger, T. J. Org. Chem. 2013, 78,
8117.

55






Reprinted with permission from Wiley

Publication I

Noole, A.; Suckman, N.; Kabeshov, M.; Kanger, T.; Macaev, F.; Malkov, A.
Highly Enantio- and Diastereoselective Generation of Two Quaternary Centers
in Spirocyclopropanation of Oxindole Derivatives. Chemistry - A European
Journal, 2012, 18, 14929 - 14933.

57






CHEMISTRY

A EUROPEAN JOURNAL

COMMUNICATION

DOI: 10.1002/chem.201203099

Highly Enantio- and Diastereoselective Generation of Two Quaternary
Centers in Spirocyclopropanation of Oxindole Derivatives.

Artur Noole,"™ " Natalia S. Sucman,! Mikhail A. Kabeshov,"”! Tonis Kanger,"!
Fliur Z. Macaev,'“! and Andrei V. Malkov*!#!

Biologically active spirocyclopropane derivatives of in-
doles emerged recently as potent drug candidates. Thus, spi-
rooxindole 1 exhibited nanomolar activity as an HIV-1 non-
nucleoside reverse transcriptase inhibitor on both wild-type
and drug-resistant mutant viruses,'”) whereas compounds of
type 2 showed promising antitumor activity®* and were also
effective for treatment of obesity and diabetes (Scheme 1).1!
The stereochemistry of these compounds plays a crucial role
in their biological activity.

Scheme 1. Biologically active spirocyclopropane derivatives of indoles.

In the past, the main strategies for the construction of spi-
rocylopropyl oxindole motif 3 relied either on transition-
metal-catalyzed cylopropanation using diazo oxindoles 4
with a suitable alkene partner!™** or addition of a carbe-
noid species to unsaturated oxindoles 5. Both strategies
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produced various degrees of diastereoselectivity, but so far
were confined to racemic series. More recently, a few exam-
ples of successful asymmetric cyclopropanation of the
parent oxindoles were reported.!!!

Organocatalytic approaches to spiro-annulation of oxin-
doles 5 offer a high degree of stereo- and enantiocontrol
and have become extremely popular for the construction of
five- and six-membered spiro-rings.'>® However, examples
of a direct spirocyclopropanation of indole derivatives
remain scarce.l'”) The major challenge in the synthesis of 3 is
to ensure a stringent control in the formation of the three
contiguous stereocenters, which, in theory, can give rise up
to eight stereoisomers (four diastercomeric pairs of enan-
tiomers). In a recent report,?” spirooxindoles 3, featuring
one quaternary center, were obtained in excellent diastereo-
and enantioselectivities by a cascade cyclopropanation of 5§
with bromonitromethane catalyzed by chiral thioureas.
However, for the next member of the homologue series,
1-bromonitroethane, in which two adjacent quaternary cen-
ters are created, the diastereocontrol dropped dramatically.
Furthermore, it has been recently revealed'! that in the
case of spirooxindoles 3, in which R*=NO, and R*=H, the
diastereomeric composition can be significantly enriched in
favor of the more thermodynamically stable isomer by a
base-catalyzed equilibration. Naturally, this option is not
available for 3 with R®, R* # H, which leaves the issue of
diastereoselectivity in the asymmetric organocatalytic cyclo-
propanation wide open.

Herein, we focused on developing a formal [2+1] cycload-
dition method for the highly enantio- and diastereoselective
construction of spirocyclopropane oxindoles 3 featuring two
quaternary centers using chiral catalysts 6-9 (Figure 1).

In recent years, a-halo-B-dicarbonyl compounds acquired
a successful track record in asymmetric organocatalytic and
metal-catalyzed cyclopropanations of o,f3-unsaturated com-
pounds including aldehydes,”"*! the related conjugated ke-
tones and esters,”?! and nitroalkenes.” The key feature of
a-halocarbonyl compounds is the dual nucleophilic/electro-
philic reactivity of the a-carbon, which is a prerequisite for
the cascade cyclopropanation.

In a background racemic run, oxindole 5a was treated
with ethyl a-chloroacetoacetate 10 in the presence of K,CO;
in CH,Cl, at room temperture to afford an equimolar mix-
ture of all four possible diastereoisomers after 24 h (Table 1,
entry 1). It is worth noting that the same reaction with un-
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Figure 1. Chiral catalysts.

Table 1. Optimization of the reaction conditions.!

MeO,C Et0—4/
/ (0] MeO,C i
N . Cat (10mol %) N\ Me
0 Me OFt Base (1 equiv), RT ©\\ o
quiv),
N cl N
Boc Boc
5a 10 11a
Entry Cat. Base Solvent  Yield dur. ee
[%]" [%]") [%]4

1 - K,CO,4 CH,Cl, 86 25:25:25:25 na.
2 [ CH,Cl, 72 71:24:5 96:55:12
3 7 NaHCO; CH,Cl, 48 77:23 93:95
4 7 NaHCO, toluene n.d!  nd. nd.
5 7 NaHCO; CHCl, 97 78:22 94:96
6 7 NaHCO; THF 54 63:37 97:99
7 7 NaHCO; MeCN 87 9:31:52:8 nd.
8 7 Na,CO,  CHCl, 87 74:26 89:94
9 7 CsF CHCl, 76 77:23 93:95
10 8 NaHCO, CHCl; 48 75:25 —93:-86
11 9 NaHCO; CHCl; 82 93:7 91:94
12 9 NaHCO, CHCl, 971 91:9 91:82
13 9 NaHCO, CHCl, 93 90:10 87:83

[a] Unless stated otherwise, the reactions were carried out on a
0.15 mmol scale as a 0.15M solution at RT for 24 h with 1 equiv of 5a,
2 equiv of 10, 1 equiv of base and 10 mol % catalyst loading. [b] Yield of
isolated product. [c] Determined by chiral HPLC analyses after deprotec-
tion of rBoc. [d] 1 Equiv of catalyst was used. [e] Complex mixture of all
possible diastereoisomers. [f] 0.3 M Solution. [g] 4 Equiv of 10 used.

protected oxindole 5 was complete in just 1h and gave a
similar outcome, but we opted for fert-butoxycarbonyl (Boc)
protection, which may benefit stereodifferentiation in the
presence of a chiral controller.

For the enantioselective version, we first tested cinchoni-
dine 6 (Figure 1) as a chiral base (1 equiv, CH,Cl,, RT).
The reaction produced a 3:1 mixture of two main diastereo-
isomers and a minor quantity of a third diastereoisomer,

14930 ——
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which could be readily separated by flash chromatography
(entry 2). Importantly, the major product showed 96% ee.
However, attempted reduction of the catalyst loading to a
more practical 10 mol% level had a detrimental effect on
the reaction rate and selectivity. Therefore, we next turned
to bifunctional thiourea catalysts 7%%) and 8,°" which
proved successful in the asymmetric spirocyclopropanation
of 5 with bromonitromethane.*”!

Quinine-derived thiourea 7 (10 mol %, CH,Cl,, RT, 24 h)
combined with NaHCO; (1 equiv) afforded a 3:1 mixture of
the same two diastereoisomers, as with 6, in high enantiose-
lectivity, but a low overall yield (entry 3). To optimize the
reaction efficiency, various solvents and bases were exam-
ined. In toluene (entry 4) and MeCN (entry 7), diastereose-
lectivity dropped significantly to give mixtures of all possible
isomers. The highest enantioselectivity was attained in THF,
though the yield and diastereoselectivity were poor
(entry 6). Chloroform emerged as a clear winner, showing
the best overall performance (entryS5). Other inorganic
bases, such as Na,CO; and CsF (entries 8 and 9), proved
slightly inferior to NaHCOs;. Catalyst 8 mirrored the results
shown by 7 delivering the same 3:1 mixture of diastereo-

o isomers of the opposite enantiomeric series (entry 10).

It appears that the commonly used commercial catalysts
6-8 under a variety of experimental conditions exhibited a
similar reactivity pattern favoring formation of two dia-
stereoisomers in a 3:1 ratio at best. Notably, the components
of this mixture cannot be easily separated by chromatogra-
phy, thus reducing the practical value of the method. Clear-
ly, improvement in the catalyst design was required to over-
come this problem.

A set of experiments revealed that diastereoselectivity
was influenced by the substituents on the aromatic group of
the thiourea catalyst, in particular by those restricting rota-
tion about the C—N bond. A major improvement was ach-
ieved with catalyst 9 with bulky iPr groups occupying the
ortho positions; the diastereoselectivity soared to 13:1 while
maintaining a good yield and a respectable enantioselectivi-
ty (entry 11). Effectively, only one of eight possible stereo-
isomers was produced! The yield was further improved by
doubling the concentration of the reactants (entry 12),
though using an excess of ethyl a-chloroacetoacetate 10
alone proved detrimental (entry 13).

The reaction scope was investigated following the opti-
mized protocol: chloroform as a solvent (0.3Mm solution), 5
(1 equiv), 10 (2 equiv), NaHCO; (1 equiv), and 9 (10 mol %)
at room temperature. Under these conditions, the reactions
were complete within 24 h (Scheme 2). The substitution pat-
tern in the aromatic ring of the starting oxindoles Sa—f did
not affect the efficacy of the process: the spirocyclopropanes
11a-f were uniformly obtained in high yields and high enan-
tio- or diastereoselectivities.

The reaction is likely to proceed by Michael addition of
the enolate of 10 to the unsaturated amide fragment in 5 to
generate two new stereogenic centers followed by cycliza-
tion to create the final spiro-stereocenter. To shed more
light on the stereoselectivity in each step, symmetrical

Chem. Eur. J. 2012, 18, 1492914933
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R2 EtO—// o R? R3\{/ o
R? 9 (10 mol %)
J/ o o 9 (10 mol %) ¢ « Y/ o o ( mol %)
i + * e e 3 5 .
" ° Meuoa RT o R o "R R NaHCOs (1 equlv) R1©\
Z N cl NaHCO; (1 equiv) Z~N ! cl oo
Boc CHCI RT Boc Boc 3,
i 8= i 14af Boc
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Scheme 2. Cyclopropanation of oxindoles 5 with 2-chloroacetoacetate

O
{10. MeO—/ o Meo—(/ o
MeO,Ca_ EtO,C
. - OMe FSCO OMe
3-chloroacetylacetone (12) and dimethyl chloromalonate ©\ o
(13) were examined (Scheme 3). N
3-Chloroacetylacetone (12) exhibited reactivity virtually 15a Boc 15d BOC
identical to 10 furnishing 14a-f in high yield and with high Yield = 88% Yield = 83%

level of stereocontrol. The lower diastereomeric ratios ob-
served in the case of 14¢ and d resulted from the reversed
diastereoselectivity in the racemic series, in which the minor
isomers were formed predominantly. Chloromalonate 13
proved the least reactive of the three halodicarbonyl re-
agents. Under identical conditions, the reaction required
48 h to reach completion. The reduced reactivity appears to
have a beneficial effect on the diastereoselectivity: the re-
spective spirooxindoles 15a, d, and e were formed as virtual-
ly single diastereoisomers, though in slightly lower enantio-
selectivity.

Dissecting the cyclopropanation cascade into two separate
steps provides a useful insight into the role of the new cata-
lyst 9 in attaining efficient stereodifferentiation. NOE NMR
experiments revealed that the two diastereoisomers of 14a
differ by configuration of their single tertiary center in the
cyclopropane ring, which is created in the first Michael addi-
tion step (for establishment of the relative configuration of
diastereoisomers, see Supporting Information). Taking into
account that catalyst 7 afforded 14a in only a 3:1 diastereo-
meric ratio (5a + 12, yield 58 %, 43 h), the new catalyst 9
appears to have significantly enhanced enantioselectivity of
the Michael addition. Similarity in the enantio- and dia-
stereoselective outcome exhibited by chiral 10 and achiral
12 also indicates that Michael addition of 10 to 5 proceeds
with remarkable diastereocontrol, since the configuration of

Chem. Eur. J. 2012, 18, 1492914933

d.r. 99:1; ee 80%

d.r. 98:2; ee 84%

d.r. 72:28; ee 98%

0
Me—/ o
Et0,Co_

I~ Me
(]
N

F \BOC
14f
Yield = 62%
d.r. 92:8; ee 97%

o
Meo—{/ o)

EtOZC
OMe

15e

Yield = 82%
d.r. 96:4; ee 89%

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Scheme 3. Cyclopropanation of oxindoles 5 with 3-chloroacetylacetone
(12; 24 h) and dimethylchloromalonate (13; 48 h).

stereogenic centers thus formed are not “adjusted” in the
later stages of the reaction. The spirocenter is created in the
second cyclization step, which in the case of 11 occurs
through intermediate A (Scheme 4). In this step, both cata-
lysts 7 and 9 proved equally competent ensuring Si facial se-
lectivity for the major diastereoisomer (the opposite enan-
tiomer was formed in the case of 8). It can be speculated
that in the C—C bond-forming event, the catalyst brings the
two reactants together: the thiourea motif binds to the oxin-

(0]
Me” " “OEt E';O\({ o
R o M
e e
]+ - _’ 0
Cat* N
N o Boc
Boc 5 A 1

Scheme 4. Facial selectivity in the spirocyclopropanation step (only nucle-
ophilic attack from the Si face takes place).
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Figure 2. VCD analysis of 14a’.

dole-Boc fragment by hydrogen-bonding, whereas the qui-
nuclidine part binds the B-dicarbonyl nucleophile. However,
a detailed computational analysis is required to build a
more accurate mechanistic picture.

The absolute configuration of the spirooxindoles was de-
termined by vibrational circular dichroism (VCD) of unpro-
tected oxindole 14a’. The carbonyl region of the compound
produced the strongest VCD signal and was therefore
chosen for the direct comparison with calculated spectra
(for details see the Supporting Information). The calculated
and experimental spectra provided an excellent match
(Figure 2); other compounds in a series were assigned analo-
gously.

In conclusion, we have developed an efficient enantio-
and diastereoselective spirocyclopropanation of alkylidene
oxindoles generating two quaternary centers. The structure
of the quinine-derived thiourea catalyst 9 was optimized to
provide high stereoselectivity in both cascade steps. With
the new catalysts, cyclopropanation of alkylidene oxindoles
with ethyl 2-chloroacetoacetate remarkably produced only
one out of eight possible stereoisomers. Mechanistic and
computational analysis to determine the mechanism of
stereodifferentiation is in progress.

Experimental Section

General procedure for spirocyclopropanation (Schemes 2 and 3): Alkyli-
dene oxindoles Sa—f (0.15 mmol), sodium hydrogen carbonate (13 mg,
0.15 mmol), thiourea 9 (8.2 mg, 10 mol %, 0.015 mmol) and substrates 10,
12 or 13 (0.3 mmol) were dissolved in chloroform (0.5 mL) and stirred at
RT until TLC showed full conversion. The reaction mixture was directly
purified by silica gel column chromatography using a mixture of petrole-
um ether and ethyl acetate as eluent. Diastereomeric ratios were deter-
mined by 'HNMR spectroscopy and enantiomeric excess by chiral
HPLC analysis.
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ABSTRACT
RZ
cl
~ Cat. 10 cl NO;

R P 0 + Rz/\/NOZ (5 mol %) R A °

N 28k CHCl,, 4 °C Z~N

Ta-e " 90-99% H

R'=H, 4-Cl, 5-Br, R? = Ph, p-CF3-Ph, 3a-r
R'=5-Me, 6-Cl  R?=p-MeO-Ph, p-NO,-Ph, (ee up to 92%)

R? = p-Br-Ph, 3-Br-Ph,
RZ = 3-Me-Ph, 2-Thiophenyl,
R? = 2-Naphthyl, 3-Pyridyl, 2-Furyl

(drupto 11:1)

17 examples

A new methodology was developed for the synthesis of enantiomerically enriched 3,3-disubstituted 3-chlorooxindoles 3 via a Michael addition of
3-chloroxindoles to nitroolefins 2, catalyzed by chiral squaramide 10. Products with adjacent quaternary—tertiary centers were isolated in
excellent yields (up to 99%), high diastereoselectivities (up to 11:1), and enantiomeric purities (up to 92%). This is the first example where

3-chloroxoindoles 1 have been used as nucleophiles in a highly stereoselective organocatalytic reaction.

Oxindoles bearing a chiral quaternary center at C3 make
up the core of many natural products and pharmaceuticals.!
These compounds are used as building blocks in alkaloid

" Tallinn University of Technology.

¥ Loughborough University.
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synthesis? and, in many cases, as starting materials in medic-
inal chemistry.>

The syntheses of biologically important chiral 3-fluoro-
oxindoles, 3-hydroxyoxindoles,* and 3-aminooxindoles have
been described;’ however, the 3,3-disubstituted 3-chloro-
oxindoles have been synthesized only via asymmetric chlor-
ination of Boc-protected 3-substituted oxindoles.® From a
synthetic point of view, use of unprotected NH oxindole
would be advantageous.” However, for oxindoles this is not
straightforward due to the high pK,, value of the C—H bond
at C3 (pK, 18.2 in DMSO)® and only a small number of
successful transformations have been reported.” This limita-
tion is usually tackled by introducing an electron-withdrawing
protective group (e.g., Boc or acetyl) to the nitrogen atom,
thus reducing the pK, value of the substrate.'® Alternatively,
the same effect can be achieved by placing an electronegative
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atom at the 3-position of the oxindole ring. This is a case of
3-chlorooxindoles where the electronegativity of chlorine
will increase the acidity of the C3 proton. This approach not
only makes the use of unprotected 3-substituted oxindoles
as nucleophiles possible but also presents an opportunity to
introduce a chlorine atom at a quaternary center.

To the best of our knowledge, no examples of using
3-chlorooxindoles as nucleophiles in asymmetric 1,4-
Michael addition reactions have been reported. This chemistry
will provide unconventional access to 3-chlorooxindoles
with a chiral quaternary center. A number of successful
examples of conjugated addition reactions to nitroolefins
using both protected and unprotected 3-aryl- and 3-alkyl-
oxindoles have been described previously by Barbas II1,'!
Shibasaki,'® Maruoka,'? Zhou,”® Enders,'”® and others.
More recently, Melchiorre and co-workers reported a
similar transformation of 3-hydroxyoxindoles.'?

The addition of oxindoles to nitroolefins serves as a
potent source of precursors in the synthesis of alkaloids
and their derivatives. Also, a number of pharmaceutical
agents contain chiral centers with chloro-substitution.'*

Chiral thioureas'>'® and, more recently, squaramides'” are
widely used as catalysts to activate nitroolefins for Michael
addition reactions. In the conjugated addition reaction de-
scribed in the present work, the reactivity of both substrates,
3-chlorooxindole 1 and nitroolefin 2, can be tuned by the
appropriate catalyst.

S I:IH

I}IH
Ar

4 (Ar=26-(iPr);Ph) 6 (Ar =3,5-(CF3),Ph) 7 (Ar = 3,5-(CF3),Ph)

5 (Ar = 3,5-(CF3),Ph)
Et
OMe Zj
N

Py NN
7 NH N H
N,
o R
[¢]
FaC CFs 9 (R=35(CFy),Ph-CHy)
8 10 (R = 3,5-(CF3),Ph)

Figure 1. Catalysts used.

It was conjured that bifunctional thioureas or squaramides
represent an ideal choice for this role, where the H-bond
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Scheme 1. Model Reaction between 3-Chloroxoindole 1a and

[B-Nitrostyrene 2a“

Cl Cl NO,
NO,
SN N
Cre O™ (L
N N
H H
1a 2a 3a

“Reaction conditions: 0.1 mmol (1 equiv) of 1a, 0.12 mmol (1.2 equiv)
of 2a, and 0.05 or 0.1 mmol (5 or 10 mol %) of catalyst.

donor part of the catalyst would serve as an activator
to nitroolefin 2, whereas the tertiary amine subunit, as a
chiral base, would facilitate deprotonation/enolization of the
3-chlorooxindole 1, thus holding both reactants together and
promoting the C—C bond formation.

Our initial studies were focused on the reaction of
3-chlorooxindole 1a with S-nitrostyrene 2a (Scheme 1),
catalyzed by a thiourea or squaramide catalyst (Figure 1).

Preliminary screening of the catalysts was conducted in
chloroform at ambient temperature using 10 mol % of the
appropriate catalyst (4—10, Figure 1) (for details see
Supporting Information (SI)). This revealed that, although
thioureas 5 and 8 (introduced by Soés'® and Takemoto!®
respectively) provide high levels of diastereo- and enantio-
control, squaramides 9 and 10 proved superior in every
respect. Catalysts 9 and 10 yielded products with similar
enantioselectivities (93% and 90% ee respectively); how-
ever, the latter provided a slightly better diastereocontrol
(3:1 to 6:1, respectively) and was therefore chosen for
optimization studies. Screening of the temperature, cata-
lyst loading, and solvent identified the optimal conditions
for the reaction as follows: chloroform as a solvent (0.5 M),
1 equiv of 1, 1.2 equiv of 2, and 5 mol % of catalyst 10 at
4 °C. Under these conditions, 3a was obtained in 95%
yield, 91% ee, and 10:1 dr (Table 1).

With optimal reaction conditions in hand, the substrate
scope was explored by reacting 3-chlorooxindole 1a with
different nitroolefins (Table 1). All the reactions were
complete within 24 h (Table 1). The substitution pattern
in the aromatic ring of the starting nitroolefin 2a—j did not
affect the efficacy of the process: the 3-chlorooxindoles
3a—j were uniformly obtained in high yields (90—96%)
and high enantio- or diastereoselectivities (ee up to 91%
and drup to 11:1).
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2007; pp 189—254.
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Table 1. Substrate Scope for the Reaction of 3-Chlorooxindole
1a with Different Nitroolefins®

R

cl Cat. 10 cl NO,

(5 mol %)
E:[\/Ng:o © RN CHC5 4°C N °
H 2-24h H
1a 2a-j 3a-j

2 3 R time (h)  yield (%)  dr®  ee (%)°
2a 3a Ph 15 95 10:1 91
2b 3b 4-Br-Ph 24 96 11:1 90
2¢ 3¢ 4-CF30-Ph 5 90 7.7:1 86
2d 3d 4-NO,-Ph 23 91 6.7:1 87
2e 3e  2-thiophenyl 3 96 10:1 90
2f 3f 2-naphthyl 18 95 10:1 90
2g 3g 3-pyridyl 7 91 9.1:1 90
2h 3h 3-Br-Ph 5 96 11:1 90
2i 3i 3-Me-Ph 24 91 11:1 91
2 3 2-furyl 2 95 5.6:1 88

“Reaction conditions: 0.1 mmol (lequiv) of 1a, 0.12 mmol (1.2 equiv)
of 2, and 0.05 mmol (5 mol %) of squaramide 10 were stirred at ambient
temperature in chloroform (0.5 mL); the reaction was monitored by TLC.
®dr was determined by "H NMR, and ee by chiral HPLC analysis.

To further expand the substrate scope, a series of sub-
stituted 3-chlorooxindoles 1a—e were synthesized (for de-
tails, see SI). Electronegative substituents at the C5 and C6
of the oxindole core were well tolerated (Table 2, 3k, 31, 3n,
and 3o0), yielding products with nearly quantitative yields,
high enantioselectivities (up to 92%), and dr’s ranging
from 5:1 to 9.1:1 (isomers were inseparable by column
chromatography). 5-Methyl substituted 3-chlorooxindole
1d provided the products (Table 2, 3p and 3r) with ee’s of
91% and 92%, respectively, and excellent diastereocon-
trol. 3,4-Dichlorooxindole 1b proved to be a more challeng-
ing substrate, as the product was isolated with high dr but
slightly lower ee (Table 2, 3m). This can be explained by
the close proximity of chlorine at the 4-position, which
may have influenced the formation of the transition state
complex.

As a limitation to the method, aliphatic nitroolefin 21
failed to react with 3-chlorooxindole 1a under the reaction
conditions, even at elevated temperatures (Table 2, 3s).

The relative and absolute stereochemistry of 3-chloro-
oxindole 3m was unambiguously assigned by single
crystal X-ray diffraction (Figure 2).

Other compounds in the series were assigned based on
the analogy. According to the observed syn geometry of
the product, the following transition state for the 1.,4-
addition to nitroolefins was proposed (Figure 3).

It can be assumed that nitroalkene 2 was activated by the
H-bonding to squaramide 10 whereas deprotonation/en-
olization of 3-chorooxindole 1 was facilitated by the
tertiary amine moiety of the catalyst. The re-face attack
of enolate to the re-face of nitroolefin led to the formation
of the product with adjacent quaternary—tertiary centers.

These results are in agreement with the literature ob-
servations, where 3-alkyloxindoles or 3-aryloxindoles have
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Table 2. Expanding the Substrate Scope”

Ry
cl Cat. 10 cl NO;
X o
i . NO. (5 mol %) X
Rt _ N O+ RN oG aee T R N o
ta-e ) 2-24h ke 1
1a (R'=H); 1b (R'=4-Cl)
1c (R'=5-Br); 1d (R'=5-Me)
1e (R'=6-Cl)
2 3 R! R? yield (%)  dr®  ee (%)
2a 3k 6-Cl Ph 97 5:1 90
2k 31 6-Cl 4-MeO-Ph 99 6.3:1 90
2a 3m 4-Cl Ph 99 8.3:1 76
2a 3n 5-Br Ph 99¢ 9.1:1 92
2e 3o 5-Br 2-thiophenyl 97¢ 7.1:1 87
2a 3p 5-Me Ph 94 10:1 92
2g 3r 5-Me  3-pyridyl 90 8.3:1 91

c-hexyl —d - -

21 3s 6-Cl

“Reaction conditions: 0.1 mmol (lequiv) of la—e, 0.12 mmol
(1.2 equiv) of 2, and 0.05 mmol (5 mol %) of squaramide 10 were stirred
atambient temperature in chloroform (0.5 mL); the reaction was monitored
by TLC. ” dr was determined by 'H NMR, and ee by chiral HPLC analysis.
¢ Reaction conducted at ambient temperature.  Temperature was increased
from 4 °C to up to 60 °C, but no reaction occurred.

Figure 2. Molecular moiety in the crystal structure of oxindole
3m. For clarity, only one formula unit is shown (Z' = 3).
Displacement ellipsoids are drawn at the 50% probability level.

been used as nucleophiles in a conjugated addition to
nitroalkenes under H-bond catalysis.”®> 1011

The introduction of a chlorine atom at the quaternary
center of oxindole presents a distinctive advantage, as
chlorine can serve as a leaving group in nucleophilic
substitution reactions. Indeed, it has been shown that in
similar 3-chlorooxindoles the chlorine can be substituted
by a number of C-nucleophiles, as well as being dehaloge-
nated stereospecifically.?

Although under the catalysis of squaramide 10 no
cyclopropanation or formation of a five-membered ring
by the attack of nitronate oxygen was observed, we envi-
sioned that the utility of 3-chlorooxindoles could be ex-
panded by using them as starting materials in a novel cascade
reaction, resulting in the formation of spiro-bisoxindoles 12
(Scheme 2).

(20) Grant, C. D.; Krische, M. J. Org. Lett. 2009, 11, 4485-4487.
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Figure 3. Proposed transition state for the conjugated addition
of 3-chlorooxindoles to nitroolefins.

Scheme 2. Synthesis of Spiro-bisoxindoles 10

. MeOOC
R ¢ p Cat. 10
(5 mol %)
N N0 T cHo
N \ NaHCO;
s 48h
1a (R'=H) 1 H
A6(R.= 4G 12a (yield = 99%; dr = 1.4:1; ee = 96 %)
(R'=4-C)) 12b (yield = 96; dr = 14:1; ee = 95%)

To investigate the proposed cascade outlined in Scheme 2,
a model reaction between oxindole 11 and 3-chlorooxindole
la was chosen. Much to our delight, a high level of
enantiocontrol (ee 96% for both isomers) was observed
with a moderate level of diastereoselectivity (Scheme 2, 12a).

As a likely scenario of the process, oxindole 11 is
activated by the H-bonding to catalyst 10, whereas 3-chloro-
oxindole 1 is coordinated by the tertiary amine, resulting
in a stereospecific Michael addition followed by the in-
tramolecular cyclization, where chlorine acts as the leaving
group. As a result of this cascade of reactions, three
contiguous stereogenic centers are formed, two of them
being quaternary. From a practical viewpoint, sodium
hydrogen carbonate was used as a scavenging agent to
neutralize the hydrogen chloride released during the reac-
tion, as excess HCI could render the catalyst inactive.

Of eight possible stereoisomers, only two were formed.
The observed similar levels of enantiomeric purity of both

Org. Lett, Vol. 14, No. 18, 2012

diastereoisomers lead us to speculate that, as a likely
scenario, diastereoselectivity could be determined by the
first Michael addition step, although without knowing the
relative stereochemisty of both isomers we cannot really
unambiguously determine where the diastereoselectivity is
derived. Further support of this hypothesis, however, was
received when a sterically bulky substituent within 3-chloro-
oxindole 1b caused a remarkable increase in diastereo-
selectivity (Scheme 2, 12b). These results present an impor-
tant avenue for further studies. The substrate scope, as well
as the stereochemistry of the reaction, will be further
investigated by our group and reported in due course.

In conclusion, we have developed a novel methodology
for the synthesis of 3.,3-disubstituted 3-chlorooxindoles
3a—r via a conjugated addition of 3-chlorooxindoles to
nitroolefins under organocatalytic conditions. High levels
of diastereoselectivity (dr up to 11:1) and enantioselectivity
(eeup to 92%) were observed, with the yields ranging from
90 to 99%. Both electron-donating and -withdrawing
groups were well tolerated at the aromatic ring of nitroal-
kenes as well as the heteroaromatic substituents. To the best
of our knowledge, this represents the first catalytic asym-
metric reaction where 3-chlorooxindoles 1 have been used as
nucleophiles to yield products with adjacent quaternary—
tertiary stereocenters. It was further demonstrated that,
under similar reaction conditions, oxindoles 11 could be
also used as Michael acceptors resulting in the formation of
spiro-bisoxindoles 12 with high levels of diastereo- and
enantiocontrol. Elaboration of this method will be reported
in due course.
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Abstract: 3-Chlorooxoindoles have emerged as ver-
satile precursors in the synthesis of spirocyclopropyl
oxindoles. High enantio- and diastereoselectivity
was attained under conditions of both iminium/en-
amine and H-bonding catalysis.

Keywords: asymmetric synthesis; organocatalysis;

oxindoles; spiro compounds

Spirocyclic oxindole scaffolds in recent years have
continued to draw attention as important and chal-
lenging structural motifs featuring in many natural
and synthetic compounds."*! The core structure can
be found in many bioactive molecules exhibiting a di-
verse range of biological activities. For instance, spi-
rooxindole 1 showed nanomolar activity as an HIV-
1 non-nucleoside reverse transcriptase inhibitor,*”!
whereas compounds of type 2 exhibited promising an-
titumor activity!®”! and were also effective for the
treatment of obesity and diabetes (Figure 1).*! Tt is
worth noting that the compounds in question were
tested as racemates, making them highly desirable tar-
gets for asymmetric synthesis and subsequent biologi-

ae

Figure 1. Bioactive spirooxindoles.
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cal evaluation in the enantiopure form. Recently, spi-
roindolone 3 showed good antimalarial activity at low
nanomolar concentrations making this class of com-
pounds potential drug candidates against malaria.”!

Generation of a chiral quaternary center at the 3-
position of the oxindole ring remains a major chal-
lenge in the synthesis of spirooxindoles. Furthermore,
it is often followed by sequential formation of arrays
of other quaternary/tertiary centers, adding to the
complexity of diastereo- and enantioselective synthe-
sis. In general, the construction of even a single qua-
ternary center is considered a challenge in asymmetric
synthesis.!""]

Organocatalytic asymmetric cascades represent
a promising strategy for the formation of spirooxin-
doles with efficient diastereo- and enantiocontrol, as
the chirality generated in the first step of the se-
quence further influences the formation of the adja-
cent centers.

Currently, there are two main organocatalytic strat-
egies for setting up a spiro stereocenter at the 3-posi-
tion of the oxindole ring. The first one relies on Mi-
chael addition to exocyclic o,B-unsaturated oxindoles
followed by spirocyclization.'""1 Alternatively, the
nucleophilicity of C-3 of oxindoles as enhanced by an
electron-withdrawing group at this position, is exploit-
ed. The latter approach was recently employed by
Melchiorre et al.'® in a cascade addition of 3-hydrox-
yoxindoles to unsaturated aldehydes leading to spiro-
lactones, and by us!'"! using 3-chlorooxindoles. It is
worth noting that 3-hydroxyoxindoles experienced
a rather poor diastereocontrol resulting in nearly
equimolar quantities of two diastereoisomers.*!

The dual nucleophilic/electrophilic character of C-3
in 3-chlorooxindoles 7 provides an excellent opportu-
nity for constructing an all-carbon quaternary center
at this position by organocatalytic cascade reactions.
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Scheme 1. Previous and present work.!"?")

Thus, increased acidity of the C—H bond due to the
presence of chlorine renders the 3-position more nu-
cleophilic, while the chloride serves as a good leaving
group for the subsequent cyclization step.

We recently also reported a novel domino reaction
between methyleneindolinones 4 and 2-chloro-1,3-di-
carbonyl compounds 5 leading to the highly stereose-
lective formation of spirooxindoles 6 under H-bond
catalysis (Scheme 1).2”) In an effort to diversify the
substitution pattern of the cyclopropane ring, 3-
chlorooxindoles 7 were shown to lead to the forma-
tion of bis-spirooxindoles 10.1'"!

Herein, we present a new reaction of 3-chlorooxin-
doles 7 with a,p-unsaturated aldehydes 8 leading to
the formation of spirooxindoles 9, and also disclose
an expanded substrate scope for the synthesis of bis-
spirooxindoles 10.

Motivated by the pronounced biological activity of
the spirooxidole-containing compounds, in association
with diversity oriented synthesis,”"! we set out to de-
velop a general methodology to access the core spiro-
cyclopropane motif?*! starting from 3-chlorooxin-
doles 7. Two different strategies were envisioned: (i)
aminocatalysis, for the reaction with o,(-unsaturated
aldehydes 8 and (ii) H-bond catalysis, for the reaction
with methyleneindolinones 4 (Scheme 1). The
common feature of both strategies is the generation
of two stereogenic centers in the initial Michael addi-
tion, followed by diastereoselective cyclization.
During the course of the cascade, three stereogenic
centers are formed and, therefore, a high level of ste-
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reocontrol has to be effected to ensure that the result-
ing products are formed with high enantio- and dia-
stereoselectivities.

We have demonstrated earlier that 3-chlorooxin-
doles 7 can undergo a Michael addition to nitroole-
fines under H-bond catalysis."”! Therefore, we envi-
sioned that under conditions of aminocatalysis a simi-
lar reaction with a,f-unsaturated aldehydes 8 would
give rise to spirooxindoles 9.

Preliminary optimization experiments were carried
out employing model substrates — 3-chlorooxindole 7a
and para-methoxycinnamaldehyde 8a (Table 1).

Catalyst screening revealed the catalyst 12
(Figure 2) to be the most selective and active for the
reaction, resulting in a smooth conversion within
three hours (Table 1, entry 2). The diastereoselectivity
was further improved by changing the solvent from
chloroform to toluene (Table 1, entry 9) and by reduc-
ing the concentration of oxindole 7a (Table 1,
entry 11). Both changes, lowering the temperature
(Table 1, entry8) and catalyst loading (Table 1,
entry 10) had a detrimental effect on the reaction rate
and diastereoselectivity.

The reaction product, aldehyde 9a, turned out to be
relatively unstable and prone to epimerization, thus
complicating purification. Therefore, throughout the
investigation, the products were in situ reduced to the
corresponding alcohols with sodium borohydride.

With optimal conditions in hand (Table 1, entry 11),
the reaction scope was examined next (Table 2). Grat-
ifyingly, the diastereomeric ratios using 3-chlorooxin-
doles 7 were much higher than those observed for 3-
hydroxyoxindoles. In the case of 7a, using a two-fold
excess of 8a not only increased the reaction rate but
also significantly improved the diastereoselectivity

Adpv. Synth. Catal. 2013, 355, 829835
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Table 1. Optimization of reaction conditions.”!
Cl o= PMP
Catalyst (20 mol%) -,
O * PMP__~ 20O NaHCO; (1.1 equiv.) N;=O
N solvent, r.t. N
7a 8a 9a-major
Entry Catalyst Solvent Time [h] Yield [%]™ dr'! ee %]
1 11 CHCl, 3 95 3:1 -97
2 12 CHCl, 3 89 4:1 98
3 13 CHCl, 16 55 1.3:1 79
4 14 CHCl, 16 61 1.2:1 95
5 15 CHCl, 16 99 1.5:1 95
6 16 CHCl, 3 95 2.7:1 8
7 17 CHCl, 24 - n.d. n.d.
8 11 CHCl,4 156! 95 2.6:1 94
9 12 toluene 3 95 7.1:1 98
10 12 toluene 5.511 95 5.3:1 97
11 12 toluene 9tel 95 9:1 98

[} Unless stated otherwise, the reactions were carried out on a 0.1-mmol scale as a 0.2M solution (in respect to 7a) at room
temperature with 1 equiv. of 7a, 1.2 equiv. of 8a, 1.1 equiv. of NaHCO; and 20 mol% catalyst loading. PMP = p-methoxy-
phenyl.

Yield of isolated product.

[l Determined from crude product by '"H NMR. Only two diastereoisomers were detected.

4" Determined by chiral HPLC analysis.

[l Reaction at 4°C.

" 10 mol% of catalyst used.

e} Reaction mixture 0.1 M.

b

Table 2. Cyclopropanation of o.,B-unsaturated aldehydes 8a-h with 3-chlorooxindoles 7a—c.[*!

c 1) catalyst 12 (20 mol%) HO, R3
1 | toluene, NaHCOg, 1 Q2
R R® 0 rt, 4-24h R 2 R

| _ N o+ RZJ\) 2) NaBHj, MeOH | N/—O

7 H 8 9 H

9 7 8 R!; R*; R? Yield [% ] drled! ee [%]¢
9aa 7a 8a H/4-MeO-C,H,/H 7110 19:1 (19:1) >99
9ab 7a 8b H/Ph/H 64 5:1 (10:1) >99
9ac 7a 8c H/4-Br-C.H/H 44 5:1 (10:1) 98
9ad Ta 8d H/4-NO,-C;H/H 53 4:1(7:1) 98
9ba 7b 8a 4-Br/4-MeO-C4H,/H 66! 10:1 (14:1) 98
9ca 7e 8a 5-Br/4-MeO-C,H,/H 76! 19:1 (20:1) >99
9ae 7a 8e H/thiophen-2-yl/H 60 5:1 (10:1) 96
9af 7a 8t H/turan-2-yl/H 69 19:1 (19:1) 98
9ag 7a 8g H/Me/H 621! 2:1 (2:1) 75187
9ah 7a 8h H/Me/Me 691 4:1 (4:1) 36/89

[a

Unless stated otherwise, the reactions were carried out on a 0.2-mmol scale as a 0.1 M solution at room temperature with
1 equiv. of 7, 1.2 equiv. of 8, 1.1 equiv. of NaHCO; and 20 mol% catalyst loading.

" Yield of isolated product after reduction to an alcohol.

[l Determined from crude product after reduction to an alcohol by '"H NMR.

4" Diastereomeric ratio of isolated product in the brackets.

[} Determined by chiral HPLC analysis from isolated product.

" Reaction with 2 equiv. of 8.

e} Reaction with 5 equiv. of 8.

Adv. Synth. Catal. 2013, 355, 829835 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 831
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Scheme 2. Proposed catalytic cycle for the synthesis of spirooxindoles 9.
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Scheme 3. Proposed transition state for the synthesis of bis-spirooxindoles 10.

(Table 1, entry 11 and Table 2, entry 1). Unfortunate-
ly, this trend did not prove to be general with other
a,B-unsaturated aldehydes 8. Therefore, to maximize
the atom economy and the reaction selectivity,
1.2 equivalents of aldehyde 8 were used in most cases
(Table 2, see footnotes).

All cinnamic-type aldehydes 8a-d yielded products
with good diastereo- and high enantioselectivities. It
is noteworthy that significant enrichments in diaste-
reoselectivity could be effected during column chro-
matography, as the isomers were separable in most
cases (Table 2).

When an aliphatic aldehyde, crotonaldehyde (8g),
was subjected to the reaction conditions, the product

832 asc.wiley-vch.de
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was isolated with moderate diastereoselectivity but
with good enantioselectivities for both isomers
(Table 2, 9ag). Most significantly, even prenal 8h gave
a smooth conversion to the desired product, although
selectivity for the major isomer was moderate
(Table 2, 9ah). Substituents in the indole ring were
well tolerated (Table2, 9ba and 9ca), as well as
heteroatoms in unsaturated aldehydes 8e and 8f yield-
ing the products with high selectivities (Table 2, 9ae
and 9af).

The reaction is believed to proceed over the cas-
cade of initial Michael addition followed by cycliza-
tion (Scheme 2). That assumption was supported by
the fact that in the case of spirooxindole 9ba the un-

Adpv. Synth. Catal. 2013, 355, 829835
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Table 3. Synthesis of bis-spirooxindoles.!

R ¢ N R!
RS R
o AN catalyst 18 (5 mol%)
N L N NaHCOs (1.1 equiv.)
H \ CHCl, rt.
7 4 Boc 24-48h
10 7 4 R'; R*; R® Yield [% ] dr' ee [%]9
10aa Ta 4a H/COOMe/H 99 1.4:1 96
10da 7d 4a Cl/COOMe/H 96 14:1 95
10 db 7d 4b Cl/COOEt/H 95 30:1 93
10bb 7b 4b Br/COOEt/H 91 10:1 92
10eb Te 4b Me/COOEt/H 719 12:1 89
10dc 7d 4c Cl/COOEL/5-NO, 95 12:1 84
10dd 7d 4d Cl/COOEY/7-F 99 12:1 90
10de 7d 4e Cl/COOEL/5-CF;0 81 12:1 90
10df 7d 4t Cl/CN/5-Br 87 20:1 99
10dg 7d 4g Cl/4-NO,-C¢H,CO/5-Br 71 20:1 83
10ed Te 4d Me/COOE/7-F 75te] 20:1 86

[ Unless stated otherwise, the reactions were carried out on a 0.1-mmol scale as a 0.2M solution at room temperature with
1 equiv. of 7, 1.2 equiv. of 4, 1 equiv. of NaHCO; and 5 mol% catalyst loading.

" Yield of isolated product.
[l Determined from crude product by '"H NMR.
' Determined by chiral HPLC analysis.

I Reaction conditions: 1 equiv. of 7, 1.2 equiv. of 4, 2 equiv. of NaHCO; and 10 mol% of catalyst 18 at 60°C.

cyclizised intermediate of the Michael addition was
also isolated as a minor product (for details see the
Supporting Information).

Next, we turned our attention to the cascade spiro-
cyclization to furnish bis-spirooxindoles 10. We envi-
sioned that a similar domino reaction, involving Mi-
chael addition followed by an intramolecular nucleo-
philic substitution of chloride could be catalyzed by
a bifunctional catalyst, incorporating both H-bond
donor and acceptor groups. The use of a bifunctional
catalyst did indeed allow for simultaneous activation
of Michael donor 7 and acceptor 4 (Scheme 3). Based
on our previous results®! and preliminary screening,
a number of Cinchona alkaloid-derived thioureas and
squaramides were tested in the reaction. Squaramide
18 was found to be the most selective catalyst for this
cascade (for details see the Supporting Information).

Under optimal reaction conditions, unsubstituted 3-
chlorooxindole 7a and methyleneindolinone 4a pro-
vided the product in nearly quantitative yield and
with high enantioselectivity, although the diastereose-
lectivity remained low (Table 3, 10aa). However, a sig-
nificant improvement in diastereoselectivity was ob-
served when a substituent was introduced in the 4-po-
sition of the oxindole ring (Table 3, 10da). Chlorine,
bromine and methyl groups were well tolerated as R',
although higher temperature and increased catalyst
loading proved necessary in the latter instance for
complete conversion. The electronic properties of the

Adv. Synth. Catal. 2013, 355, 829835
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oxindole ring in 4 had little or no effect on the selec-
tivity of the reaction.

The substrate scope was broadened by replacing
the ester functionality with nitrile or ketone. Both re-

cl3y  Bri2

Figure 3. X-ray structure of spirooxindole 9ac (one of two
similar molecules in the asymmetric unit).**!
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acted smoothly, almost with no changes in reactivity
and selectivity (Table 3, 10df and 10dg).

The relative stereochemistry of spirooxindoles 7
(both major and minor isomer) and bis-spirooxindoles
10 was established by NMR NOE experiments, the
absolute stereochemistry by X-ray diffraction
(Figure 3) and VCD experiments, respectively (for de-
tails see the Supporting Information).

In summary, we have demonstrated that 3-chloro-
oxindoles 7 can serve as useful precursors in the syn-
thesis of spirocyclopropyl oxindoles under conditions
of two different activation modes and, hence, employ-
ing two different classes of catalysts. We have devel-
oped a general methodology to access both spirooxin-
doles 9 and bis-spirooxindoles 10 in good to excellent
yields and high diastereo- and enantioselectivities.
Both reaction pathways feature a wide substrate
scope including various substitution patterns at the
indole ring.

Experimental Section

General Procedure for Spirocyclopropanation
(Table 2)

o,p-Unsaturated aldehyde 8 (0.40 mmol), oxindole 7
(0.20 mmol), amine 12 (26 mg, 20 mol%, 0.04 mmol), and
NaHCO; (1.1 equiv., 18 mg, 0.22 mmol) were dissolved in
toluene (2 mL) and stirred at room temperature. The reac-
tion was monitored by TLC. Upon completion, the mixture
was diluted with MeOH (2 mL) and cooled in an ice bath.
NaBH, (2 equiv., 15 mg, 0.40 mmol) was added and the re-
action mixture stirred for 30 min. The mixture was poured
into 10 mL of saturated aqueous NH,CI solution, extracted
with DCM (3x10 mL). The organics were combined, con-
centrated and directly purified by silica gel column chroma-
tography using a mixture of heptane and EtOAc as eluent.
Diastereomeric ratios were determined from the crude reac-
tion mixture by "H NMR and enantiomeric purity by chiral
HPLC analysis.

General Procedure for the Formation of Bis-spiroox-
indoles (Table 3)

3-Chlorooxindole 7 (1 equiv., 0.1 mmol), methyleneindoli-
none 4 (1.2 equiv., 0.12 mmol), NaHCO; (1 equiv., 8.4 mg,
0.1 mmol) and squaramide 18 (5 mol%, 3.2 mg) were dis-
solved in chloroform (0.5 mL) and stirred at room tempera-
ture. The reaction was monitored by TLC. Upon completion
of the reaction, the mixture was directly purified by silica
gel column chromatography using a mixture of heptane and
EtOAc as eluent. The diastereomeric ratio was determined
by 'HNMR and the enantiomeric purity by chiral HPLC
analysis.

Supporting Information

Experimental details, NMR spectral characterization data
for all compounds are given in the Supporting Information.
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Abstract: Straightforward cascade reactions for the synthesis of spiro-cyclopropaneoxindoles are described. The target compounds are ob-
tained in high yields and in good enantio- and diastereoselectivities via hydrogen bonding or iminium catalysis.

Key words: spiro compounds, organocatalysis, oxindoles, 3-chlorooxindoles, asymmetric synthesis
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Scheme 1 General approaches toward spiro-cyclopropaneoxindoles; Im = iminium catalysis, En = enamine catalysis

Enantiomerically pure spiro-cyclopropancoxindoles are
challenging synthetic targets due to their strained three-
membered rings with three contiguous stereogenic cen-
ters, at least one of which is quaternary.! The main syn-
thetic routes to these compounds are based on reactions of
alkylidene oxindoles, or additions to 3-substituted oxin-
dole derivatives followed by cyclization of the formed
3,3-disubstituted oxindole. Both approaches can be car-
ried out organocatalytically with high levels of asymmet-
ric induction. Taking into account their wide spectrum of
biological activities,”™ the enantioselective synthesis of
spiro-cyclopropaneoxindoles is of high practical value.

To the best of our knowledge, only a few asymmetric or-
ganocatalytic procedures for the formation of spiro-cyclo-
propaneoxindoles have been reported, which employed
the chiral thiourea catalyzed addition of o-bromoni-
troalkenes to alkylidene oxindoles. High enantio- and
diastereoselectivity was reported in the case of bromoni-
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tromethane, whereas the introduction of a second quater-
nary center by employing 2-bromonitroethane resulted in
poor diastereoselectivity.” The method proposed by Lu®
afforded spiro-cyclopropaneoxindoles in high diastereo-
and enantioselectivities, however, the scope of the reac-
tion was limited to nitro compounds. Although the nitro
functionality is versatile and susceptible to a number of
transformations, the direct introduction of different func-
tional groups would be preferable, and thus a more gener-
al approach to access the spiro-cyclopropane core
structure asymmetrically is needed.

Alternatively, cyclopropanation of o,-unsaturated alde-
hydes with a-chloro-1,3-dicarbonyl compounds under
aminocatalysis has been described in the literature.” We
envisioned that 3-chlorooxindoles 6% would react in a sim-
ilar manner, resulting in the formation of spiro-cyclopro-
paneoxindoles.

Herein, we report three general procedures for the synthe-
sis of spiro-cyclopropaneoxindoles in high enantio- and
diastereoselectivities, with up to two adjacent quaternary
centers.’

Downloaded by: IP-Proxy Tallinn University Tech, Tallinn University of Technology Library. Copyrighted material.
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Scope and Limitations

Procedure 1

The starting materials, alkylidene oxindoles 1 and a-chlo-
rodicarbonyl compounds 2—4, were either commercially
available or could easily be prepared using simple, inex-
pensive reagents (for details, see the Supporting Informa-
tion).

Chiral thioureas are well known to activate alkylidene ox-
indoles as well as 1,3-dicarbonyl compounds.'® The cas-
cade reaction involving Michael addition of the enolate of
the 1,3-dicarbonyl compound, followed by the formation
of the spirocenter via substitution of chloride occurred in
the presence of a chiral bifunctional thiourea catalyst,
leading to spiro-cyclopropaneoxindoles with two adjacent
quaternary centers.

During reaction optimization experiments (see the Sup-
porting Information), thiourea-based catalyst 10 emerged
as the most suitable, providing the spiro-cyclopropaneox-
indole Sa in excellent enantio- and diastereoselectivity
and in almost quantitative yield (Scheme 2).

d: J\HL NaHCOs3 (1 equiv)

Bnc CHCl3, r.t.
1 (1 equiv) 2 X =Me; Y = OEt (2 equiv)
3 X =Y =Me (2 equiv)
4 X=Y = OMe (2 equiv)

iPrS \l

Aogomosy W Aer (AEt

Next, the substrate scope was investigated under the opti-
mized conditions. When ethyl 2-chloro-3-oxobutanoate
(2) was used as the nucleophile, all the reactions were
complete within 24 hours. Substituents on the aromatic
ring had only a minor influence on the reaction outcome,
as all the products were isolated in high yields and stereo-
selectivities (Scheme 2, products Sa—f). Similarly, when
3-chloropentane-2,4-dione (3) or dimethyl 2-chloromalo-
nate (4) (which required 48 h for complete conversion)
were used as the nucleophiles, the corresponding spiro-
cyclopropaneoxindoles 5g—o0 were isolated in good to ex-
cellent enantio- and diastereoselectivities, and chemical
yields. All the reactions were conducted at ambient tem-
perature with no special precautions taken to avoid air or
moisture. As a limitation, an ester functionality on the al-
kylidene oxindole was essential to provide the products in
good stereoselectivities. When the R? group was cyano or
carbonyl, a mixture of all the possible diastereoisomers
was formed. The absolute stereochemistry of product Se
(following removal of the Boc group) was determined un-
ambiguously by single crystal X-ray diffraction (Scheme
2), and the remaining products by analogy (see the Sup-
porting Information).

OMe

97% yield 90% yield 82% yield
dr91:9; ee 91% dr 97:3; ee 96%

dr 93:7; ee 96%

89% yield 97% yield
dr 94:6; ee 94% dr 95:5; ee 97%

86% yield
dr91:9; ee 87%

85% vield
dr 93:7; ee 96%

\
sk Boc

82% yield 62% yield 88% yield
dr 99:1; ee 80%

dr 91:9; ee 98% dr 92:8; ee 97%

Scheme 2 Organocatalytic cyclopropanation of alkylidene oxindoles
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84% yield
dr 90:10; ee 98%

MeO—// o

91% yield
dr 72:28; ee 98%

83% yield
dr 86:14; ee 96%

83% yield 82% yield

dr 98:2; ee 84% dr 96:4; ee 89%
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Procedure 2

To further expand the substitution pattern on the cyclopro-
pane ring, 3-chlorooxindoles 6 were shown to react with
alkylidene oxindoles 1 leading to the formation of bis-spi-
rooxindoles 7 (Table 1).

Under squaramide 11 catalysis, the products were ob-
tained in good to excellent yields as well as enantio- and
diastereoselectivities. It was shown that the diastereose-
lectivity of the reaction was under substrate control, as
only 3-chlorooxindoles 6 with a bulky substituent at C-4
produced products with excellent stereocontrol. In the
case of an unsubstituted 3-chlorooxindole, only moderate
diastereoselectivity was observed (Table 1, product 7a).

Table 1 Synthesis of Bis-Spirooxindoles 7*

N,
Fgc o, 0/\
_

N
catalyst 11 KF/
(5 mol%)
NaHCO3 (1.1 equiv)

CHClg, r.t.

24-48h
Product R! R? R} Yield dr* ee

(%)° (%)

Ta H COOMe H 99 1.4:1 96
Tb H COOMe Cl 96 14:1 95
Te H COOEt Cl 95 30:1 93
7d H COOEt Br 91 10:1 92
Te H COOEt Me 71¢ 12:1 89
7f 5-O,N COOEt Cl 95 12:1 84
7g 7-F COOEt Cl 99 12:1 90
7h 5-F;CO  COOEt Cl 81 12:1 90
7i 5-Br CN Cl 87 20:1 99
7 5Br  4-O,NCH,CO Cl 71 201 83
7k 7-F COOEt Me 75¢ 20:1 86

2 Unless stated otherwise, the reactions were carried out on a 0.1 mmol
scale (0.2 M soln) atr.t., with 6 (1 equiv), 1 (1.2 equiv), NaHCO; (1.1
equiv) and a 5 mol% catalyst loading.

® Yield of isolated product.

¢ Determined from the '"H NMR spectrum of the crude product.

4 Determined by chiral HPLC analysis.

¢ Reaction conditions: 6 (1 equiv), 1 (1.2 equiv), NaHCO; (2 equiv),
catalyst 11 (10 mol%), 60 °C.

The substrate scope was broadened by replacing the ester
functionality of alkylidene oxindole 1 with a nitrile or ke-
tone (Table 1, products 7i and 7j). The relative stereo-
chemistry of the products was established by NOE
experiments, and the absolute stereochemistry by vibra-
tional circular dichroism (VCD) spectroscopy (see the
Supporting Information).

Synthesis 2013, 45, 2520-2524

Procedure 3

This approach is based on the iminium-catalyzed reaction
of 3-chlorooxindoles with o,f-unsaturated aldehydes. The
screening identified amine 12 as the catalyst of choice
providing high activity, good selectivity and a smooth
conversion within 4-24 hours (Table 2, product 9a).

Table 2 Cyclopropanation of a,B-Unsaturated Aldehydes 8 with 3-
Chlorooxindoles 6*

N mmas HO—~,  ps b TN O
o A >
[ P R3 ~ R4 o g ’::\“—CM
. N 1)catalyst 12 N, 4
b, (20 mol%) o
B o Ar=35(FClCaHs R

toluene, NaHCO3z
rt,4-24h
2) NaBH,, MeOH

Product R® R* R’ Yield dre¢ ee
(%)° (%)
9a  H  4McOCH, H 71" 19:1(19:1) >99
9b H Ph H 64 5:1(10:1) >99
9¢ H  4BiCH, H 44 5:1(10:1) 98
9d H  4ONCH, H 53 41(7:1) 98
9e 4-Br 4-McOCH, H  66°  10:1(14:1) 98
of 5-Br  4-MeOC¢H, H 76" 19:1 (20:1) >99
9  H  thien2-yl H 60 S1(10:1) 96
9h H furan-2-yl H 69 19:1 (19:1) 98
9i H Me H 628 2:1(2:1) 75/87
9 H  Me Me 69" 41(41)  36/89

2 Unless stated otherwise, the reactions were carried out on a 0.2 mmol
scale (0.1 M soln) at r.t., with 6 (1 equiv), 8 (1.2 equiv), NaHCO; (1.1
equiv) and a 20 mol% catalyst loading.

Yield of isolated product after reduction into the corresponding al-
cohol.

¢ Determined from the 'H NMR spectrum of the crude product after
reduction into the corresponding alcohol.

4 Diasterecomeric ratio of the isolated product in brackets.

¢ Determined by chiral HPLC analysis of the isolated product; ee val-
ues for both diastereoisomers were determined by chiral HPLC anal-
ysis as the minor isomer was formed in significant quantities.
fReaction with 8 (2 equiv).

¢ Reaction with 8 (5 equiv).

All cinnamic-type aldehydes 8 yielded products with
good diastereoselectivities and high enantioselectivities.
It is noteworthy that significant enrichment of the diaste-
reoselectivity could be effected during column chroma-
tography, as the isomers were separable in most cases
(Table 2). When an aliphatic crotonaldehyde was subject-
ed to the reaction conditions, the product was isolated
with moderate diastereoselectivity, but with good enantio-
selectivities for both isomers (Table 2, product 9i). Most
significantly, even prenal gave a smooth conversion into
the desired product, although the selectivity for the major

© Georg Thieme Verlag Stuttgart - New York
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isomer was moderate (Table 2, product 9j). The presence
of substituents on the indole ring were well tolerated (Ta-
ble 2, products 9e and 9f), as were heterocycle-derived
unsaturated aldehydes, which yielded the expected prod-
ucts with high selectivities (Table 2, products 9g and 9h).

The absolute stereochemistry of spirooxindole 9¢ (Table
2) was determined by single crystal X-ray diffraction,'!
and those of the other products 9 were assigned based on
analogy (see the Supporting Information).

In conclusion, three new procedures have been developed
which provide a general access to the spiro-cyclopropane
scaffold. The starting materials used in the syntheses were
either commercially available or could be prepared using
one-pot procedures. Different substituents were intro-
duced to all the positions of the cyclopropane ring, as well
as various positions of the indole ring. High yields, and
good to excellent enantioselectivities and diastereoselec-
tivities were observed. The reactions were operationally
simple and could be carried out on a bench-top without the
need to avoid air or moisture. The procedures described
above enable the asymmetric synthesis of a large library
of spiro-cyclopropaneoxindoles, providing convenient ac-
cess to both enantiomeric series.

Commercial reagents were generally used as received. CH,Cl, and
EtOAc were distilled from P,Os. Petroleum ether (PE) refers to the
fraction boiling in the 40—-60 °C range. Precoated Merck (60 mesh)
silica gel 60 F,s, plates were used for TLC. Column chromatogra-
phy was accomplished using Merck silica gel. IR spectra were re-
corded on a Bruker Tensor 27FT spectrophotometer. Full
assignment of the 'H and '*C NMR chemical shifts was based on 1D
and 2D FT NMR spectra recorded on a Bruker Avance 111 400 MHz
spectrometer. Solvent signals (CHCl;/CDCly: 8 = 7.26/77.16) were
used as chemical shift references. The diastereomeric ratios were
determined by '"H NMR spectroscopy. HRMS was performed on an
Agilent Technologies 6540 UHD Accurate Mass Q-TOF LC/MS
spectrometer by using AJ-ESI ionization. Chiral HPLC was per-
formed on an Agilent Technologies 1200 Series instrument using
Chiralcel OD-H, Chiralpak AD-H and Chiralpak AS-H columns.

(15,2R,35)-1'-(tert-Butyl) 2-Ethyl 3-Methyl 2-Acetyl-2'-oxospi-

ro[cyclopropan-1,3'-indoline]-1’,2,3-tricarboxylate (5a); Typi-

cal Procedure 1

(E)-tert-Butyl  3-(2-methoxy-2-oxoethylidene)-2-oxoindoline-1-
carboxylate (1a) (0.15 mmol), NaHCO; (13 mg, 0.15 mmol), thio-
urea catalyst 10 (8.2 mg, 0.015 mmol, 10 mol%) and ethyl 2-chloro-
3-oxobutanoate (2) (0.3 mmol) were mixed together in a 5 mL
round-bottomed flask and CHCl; (0.5 mL) was added. The mixture
was stirred at r.t. until TLC indicated full conversion. The resulting
mixture was purified directly by silica gel column chromatography
(PE-EtOAc; 5:1). The enantiomeric excess (91%) was determined
by chiral HPLC analysis [Chiralpak IB-3, hexane—i-PrOH, 95:5, 1
mL/min, 254 nm; major (fz = 23.3 min) and minor (fz =21.9 min)]
after cleavage of the Boc group.

Yield: 63 mg (97%); colorless oil; dr 91:9.

IR (KBr): 1774, 1726, 1482, 1466, 1369, 1350, 1297, 1251, 1152
cm™,

"H NMR (400 MHz, CDCL): 8=7.89 (d, /=82 Hz, | H), 7.31
(ddd, J=8.5, 7.1, 1.9 Hz, 1 H), 7.09-6.99 (m, 2 H), 4.23-4.04 (m,
2H),3.76 (s, 3 H), 3.66 (s, 1 H), 2.47 (s, 3 H), 1.62 (s, 9 H), L.11 (t,
J=7.1Hz, 3 H).

© Georg Thieme Verlag Stuttgart - New York

13C NMR (101 MHz, CDCly): § = 193.56, 168.20, 165.42, 164.30,
149.04, 140.83, 129.30, 124.02, 122.58, 121.11, 115.16, 84.73,
63.34,56.71, 52.92, 39.30, 38.02, 30.16, 28.21, 14.02.

HRMS (ESI): m/z [M + Na]" caled for C,,H,sNOgNa: 454.1472;
found 454.1466.

(2'S,3R,3'R)-1-(tert-Butyl) 3'-Methyl 4"’-Chloro-2,2""-dioxo-
dispiro[indoline-3,1'-cyclopropane-2',3'’-indoline]-1,3'-dicar-
boxylate (7b); Typical Procedure 2

3.,4-Dichloroindolin-2-one (6b) (0.1 mmol, 1 equiv), (E)-tert-butyl
3-(2-methoxy-2-oxoethylidene)-2-oxoindoline-1-carboxylate (1a)
(0.12 mmol, 1.2 equiv), NaHCO; (8.4 mg, 0.1 mmol, 1 equiv) and
squaramide 11 (3.2 mg, 5 mol%) were mixed together in a 2 mL
conical flask. CHCl; (0.5 mL) was added and the resulting hetero-
geneous mixture was stirred at r.t. until TLC indicated full conver-
sion. The mixture was purified directly by silica gel column
chromatography (heptane-EtOAc, 4:1 to 1:1) to afford bis-spiroox-
indole 7b. The enantiomeric excess (95%) was determined by chiral
HPLC analysis of the major isomer [Chiralcel OD-H, hexane—i-
PrOH, 95:5, 1 mL/min, 230 nm; major (fz = 16.6 min) and minor
(tg = 18.0 min)].

Yield: 45 mg (96%); white solid; dr 14:1.
IR (KBr): 3303, 1789, 1740, 1615, 1150 cm™'.

'HNMR (400 MHz, CDCly): 8 = 7.77-7.73 (m, 1 H), 7.65-7.48 (m,
2 H), 7.33 (tt, J= 8.0, 1.3 Hz, 1 H), 7.17-7.08 (m, 2 H), 6.99 (ddd,
J=8.3,22,1.0 Hz, 1 H), 6.68 (dd, J=7.7, 1.0 Hz, 1 H), 5.02 (s, 1
H), 3.85 (s, 3 H), 1.56 (s, 9 H).

13C NMR (101 MHz, CDCly): § = 169.99, 168.53, 164.27, 148.58,
143.42, 140.55, 133.95, 129.82, 129.36, 127.74, 124.96, 123.32,
118.97, 118.93, 114.05, 108.27, 84.88, 52.82, 49.73, 47.40, 34.34,
28.16.

HRMS (ESI): m/z [M + Na]" caled for C,,H,,CIN,O4Na: 491.0980;
found 491.0980.

(15,2R,3S5)-2-(Hydroxymethyl)-3-(4-methoxyphenyl)spiro[cy-
clopropan-1,3'-indolin]-2'-one (9a); Typical Procedure 3
p-Methoxycinnamaldehyde 8 (R* = H, R® = 4-MeOC¢H,) (0.40
mmol, 65 mg, 2 equiv), 3-chloroindolin-2-one 6 (R3 = H) (0.20
mmol, 33 mg, 1 equiv), amine catalyst 12 (26 mg, 0.04 mmol, 20
mol%) and NaHCOj; (18 mg, 0.22 mmol, 1.1 equiv) were mixed to-
gether in a 5 mL round-bottomed flask. Toluene (2 mL) was added
and the resulting heterogeneous mixture was stirred at r.t. until TLC
indicated full conversion. The mixture was diluted with MeOH (2
mL) and cooled in an ice bath. NaBH, (15 mg, 0.40 mmol, 2 equiv)
was added and the resulting mixture stirred for 30 min. The mixture
was poured into sat. aq NH,CI soln (10 mL) and extracted with
CH,CI, (3 x 10 mL). The organics were combined, concentrated
and the residue purified by silica gel column chromatography (hep-
tane—EtOAc, 5:1) to afford spiro-cyclopropane 9a. The enantiomeric
excess (>99%) was determined by chiral HPLC analysis [Chiralcel
0J-H, hexane—i-PrOH, 85:15, 1 mL/min, 230 nm; major (¢ = 11.0
min) and minor (#; = 18.5 min)].

Yield: 44 mg (71%); white solid; dr 91:1.

IR (KBr): 3250, 1696, 1620, 1516, 1469, 1248, 911, 653 cm™.

"H NMR (400 MHz, CDCl,): = 9.49 (s, 1 H), 7.08-7.00 (m, 3 H),
6.86 (dt,J=7.7, 1.0 Hz, 1 H), 6.80-6.74 (m, 2 H), 6.66 (td, J= 7.7,
1.0 Hz, 1 H), 5.99-5.94 (m, 1 H), 4.30 (d, J=5.3 Hz, 2 H), 4.12 (s,
1 H), 3.77 (s, 3 H), 3.59 (d, J=8.2 Hz, |1 H), 2.64 (dt, J=8.2,5.3
Hz, 1 H).

3C NMR (101 MHz, CDCly): § = 179.01, 158.82, 140.36, 130.94,
127.99, 126.48, 126.44, 121.61, 120.77, 113.72, 109.75, 58.83,
55.19, 39.94, 39.15, 37.72.

HRMS (ESI): m/z [M + H]" caled for C,gH,sNO;: 296.1281; found
296.1279.
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ABSTRACT: Starting from simple alkylidene oxindoles and
nitroketones, a highly stereoselective methodology was
developed for the synthesis of spiro-cyclopentaneoxindoles
with four consecutive stereogenic centers. Using an organo-
catalytic cascade of Michael and aldol reactions in the presence
of a chiral thiourea catalyst products were obtained in
moderate to high yields and excellent enantioselectivities.
Nitro, ester, and hydroxyl groups were introduced to the spiro

0N
Michael
R! addition
Y/ Ca(alysto 4 g OH
R2 S o R3. \/NOZ (10 mol %) ‘ S “RE. Atdol
[ ﬂ/\ DCM T =0 reaction
(o}

N
Boc
=COOMe, COOEt  R®=Me, Et Yield up to 94%
R?=5.Cl, 5-Br,5-NO, R®= iBu,Bn d.r. up to 20:1

R? = 5-CF30, 7-F, 5-MeO ee up to 98%

ring, which could be used to facilitate further functionalization of the products.

A spirooxindole scaffold makes up the core of many natural
and synthetic bioactive compoundl_4 exhibiting a broad
range of activities, including antitumor® and antimalarial
activity® (Figure 1). For those reasons, the asymmetric
synthesis of spirooxindoles has received considerable attention
(for recent reviews, see refs 7 and 8). However, the formation
of spiro rings with multiple consecutive stereocenters still
remains an inspiring and difficult task.””

The main challenges en route to chiral spirooxindoles are the
formation of a quaternary spiro center and the need to exhibit a
stringent control over the stereochemical outcome of the
reaction, as in most cases multiple stereocenters are formed.

Many strategies have been devised for spirooxindole core
formation, with the ones employing alkylidene oxindoles as
precursors being most prominent.'>”'® Alkylidene indolinones
are activated via the carbonyl group for the initial Michael
addition, effectively delaying the formation of the quaternary
center that takes place during the cyclization step to form the
spiro ring. This tactic allows us to overcome the high energy
barrier associated with quaternary center formation, as well as
delivering the chiral induction for the later stages of the cascade
by the initial chirality generated by a Michael addition step.

Among the other spirooxindoles, the synthesis of function-
alized all-carbon spiro-cyclopentane derivatives is still a
challenge. 16720 More important than the size of the cydle is
its substitution pattern enabling constructing various derivatives
of spiro- cyclopentaneoxmdoles with promising medicinal
properties. In a recent paper,”’ we described a new method-
ology for the asymmetric synthesis of spiro-cyclopropylox-
indoles> starting from alkylidene indolinones. Inspired by this
work, as well as recent literature examples and success in our
own laboratory in organocatalytic Michael*>” and aldol
reactions,”® we set out to develop a new methodology for the
formation of highly substituted spiro-cyclopentaneoxindoles
(the structural core of many natural products) employing
alkylidene oxindoles and nitroketones as precursors. fS-Nitro-
ketones 2 with an ethylene bridge between functional groups,
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which both can be activated by hydrogen bonding, can act as
versatile substrates for organocatalysis.29 Although the
nucleophilic and electrophilic sites are present in the same
molecule, a sufficiently short linker ensures a suppressed
intramolecular reaction making them ideal building blocks for
cascade reactions. With these considerations, we envisioned a
new Michael—aldol cascade using alkylidene oxindoles and
nitroketones leading to the formation of highly functionalized
spiro-cyclopentaneoxindoles (Scheme 1). Nitro, ester, and
hydroxyl groups in the target compound are reactive sites for
further transformations making obtained spiro-cyclopentaneox-
indoles highly valuable building blocks.

This two-step cascade reaction involves an initial Michael
addition of nitronate to alkylidene oxindole 1, followed by
intramolecular cyclization via an aldol reaction. In the course of
the cascade, four consecutive stereogenic centers are formed,
two of which are quaternary. From the outset, it was
envisioned, that the reaction could be catalyzed by bifunctional
thiourea or a squaramide catalyst (Figure 2),°7** as both
alkylidene indolinones 1 and nitroketones 2 can by activated by
hydrogen bonding. It was deemed necessary for the alkylidene
oxindole to bear a protecting group, as this could provide an
additional hydrogen bond acceptor group, as well as increasing
the solubility of the substrate. It is known that the protective
group at nitrogen of the oxindole influences the stereo-
selectivity of the aldol reaction.**** From the synthetic point of
view it was reasonable to use easily removable Boc-group. For
the generation of a nitronate, however, the presence of a
tertiary amine subunit within the catalyst was considered to be
crucial (deprotonation during nitronate formation).

To investigate the proposed cascade, a model reaction
between alkylidene oxindole 1a and nitroketone 2a was chosen
(Table 1). Initial optimization experiments were conducted in
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Figure 1. Spirooxindole-containing natural products.
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Scheme 1. Retrosynthetic Analysis for Spiro-
cyclopentaneoxindole Formation
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toluene at ambient temperature. To our delight, when 10 mol
% of thiourea 4 catalyst was used, in the presence of 2 equiv of
nitroketone 2a, product was isolated in 86% yield with a 10:1
diastereomeric ratio and 96% ee (Table 1, entry 1). Lowering
the catalyst loading and excess of nitroketone had a detrimental
effect on the reaction rate and yield (Table 1, entry 2).
Squaramide S as well as thioureas 6 and 7 provided inferior
results in respect to catalyst 4 (Table 1, entries 3—6). When
solvent was switched from toluene to DCM, however, the
reaction rate was slightly increased with only a minor influence
on the stereoselective outcome of the reaction (Table 1, entry
7).

With the optimal conditions in hand (1 equiv of 1, 2 equiv of
2, 10 mol % of thiourea 4 in DCM), next we set out to
determine the full substrate scope for the reaction (Scheme 2).
Different alkylidene oxindoles 1 were subjected to the reaction
conditions, both with electron-withdrawing and -donating
groups at the aromatic ring.

The electronic nature of an alkylidene oxindole 1 had little to
no effect on the reactivity and selectivity of the reaction. All
products were obtained in high yield (79—94%) and good to
excellent diastereoselectivities (from 10:1 to 20:1) and high
enantioselectivities (Scheme 2). Although it should be noted
that the ester moiety was essential for the successful reaction
outcome, as with phenyl, cyano, or 4-nitrobenzoyl groups either
no reaction occurred or a complex mixture of products was
detected by TLC.

The absolute stereochemistry of the product was unambig-
uously assigned by a single-crystal X-ray diffraction of spiro-

Table 1. Screening Results®

O,N
MeOOC.
/ MeOOC ’
)CJ)\/\ catalyst* OH
N 0 NO, solvent, r.t. o
1a Boc 2a 3aaBoc
2 catalyst time  yield” ee?
entry (equiv)  (mol %) solvent (%) dr€ (%)
1 2 4 (10 toluene 3 86 10:1 96
mol %)
2 12 4 (s toluene 20 57 10:1 96
mol %)
3 12 toluene 46 29 3:1 82
mol %)
4 12 6(s toluene 24 49 7:1 —94
mol %)
5 2 6 (10 toluene 3 75 7:1 -99
mol %)
6 2 7 (10 toluene 2 71 S:1 -99
mol %)
7 2 4 (10 DCM 2 87 10:1 95
mol %)

“Reaction conditions: alkylidene oxindole, nitroketone, and catalyst
were mixed and stirred at rt untii TLC showed full conversion.
“Isolated yield. “Determined by 'H NMR; “Determined by chiral
HPLC.

cyclopentanoxindole 3ea after the Boc-group had been cleaved
(Figure 3). Other compounds in the series were assigned on
the basis of analogy. Taking into account the structural
information gained from the X-ray structure, we propose that
after the initial Michael addition of the nitronate to alkylidene
oxindole has occurred ester and nitro groups are in trans
orientation. The carbonyl group of the ketone and nitro group
are hydrogen-bonded to the catalyst, efficiently fixing their
orientation for the cyclization to proceed stereospecifically.
This ensures a preferred cis-configuration of the nitro and
hydroxyl groups in the final product.

Et Et
oMe @7 oMe ZJ
N N

L SNH
N N
X S)\NH “ NH
FiC CFs
4 5 Fof

Figure 2. Catalysts used.
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Scheme 2. Substrate Scope Experiments®
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“Reaction conditions: 1 equiv of alkylidene oxindole 1 (0.15 mmol), 2
equiv of nitroketone 2 (0.3 mmol), and 10 mol % of catalyst 4 (0.01S
mmol) were mixed at ambient temperature in DCM (0.5 mL).

ON

N EtOOC
Br.

Figure 3. X-ray structure of spirooxindole 3ea’ (one of two similar
molecules in the asymmetric unit).

To further expand the substrate scope of our methodology,
different nitroketones 2 were synthesized and subjected to the
reaction conditions (Scheme 3). A clear correlation between
the size of the substituent R® and reaction rate, as well as
selectivity, emerged. With the ethyl group as R%, only a slight
drop in diastereoselectivity was observed (dr 6:1) as the
product was obtained in high yield and 97% ee for the major
isomer. The benzyl substituent proved more challenging as only

Scheme 3. Substrate Scope Experiments®

MeOOC
/ o)
catalyst 4
_ catalyst4
N o R3ﬂ\/\N02 DCM, rt.
\ 2-24h
y Bee 2 3

3ad
Yield = 25%
d.r. 10:1/ee = 96%

3ac
Yield = 51%
d.r. 3:1/ee = 97%

3ab
Yield = 86%
d.r. 6:1/ee = 97%

“Reaction conditions: lequiv of alkylidene oxindole 1 (0.15 mmol), 2
equiv of nitroketone 2a (0.3 mmol) and 10 mol % of catalyst 4 (0.015
mmol) were mixed at ambient temperature in DCM (0.5 mL).
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moderate selectivity (dr 2:1) and yield (51%) were achieved
(Scheme 3). The sterically bulkiest isobutyl group produced
product with high dr 10:1 but with low yield (25%). Finally,
phenyl-substituted nitroketone was prepared, but under
optimal cascade reaction conditions no product was obtained.
It is noteworthy, however, that in all cases high enantiose-
lectivity was retained.

In conclusion, we have developed a new organocatalytic,
highly enantioselective methodology for the synthesis of spiro-
cyclopentaneoxindoles via a Michael—aldol cascade reaction.
During the cascade reaction, four consecutive stereogenic
centers were formed, two of which were quaternary. In most
cases, high diastereoselectivities were observed (up to 20:1)
which were only diminished when sterically more demanding
nitroketones were employed as reaction substrates. The final
product can be easily unprotected to obtain free spirooxindoles,
and versatile functional groups (nitro, hydroxyl, and ester) were
introduced to the spiro ring, which could easily be transformed
to other functionalities. This represents a novel strategy for the
synthesis of highly functionalized spirooxindoles with an all-
carbon spiro ring.

B EXPERIMENTAL SECTION

General Methods. Full assignment of 'H and *C chemical shifts
is based on the 1D and 2D FT NMR spectra on a 400 MHz
instrument. Solvent peaks (CHCl;/CDCl; & = 7.26/77.16) were used
as chemical shift references. Chiral HPLC was performed using
Chiralcel OD-H, Chiralpak AD-H, and Chiralpak AS-H columns. Mass
spectra were recorded by using Agilent Technologies 6540 UHD
Accurate-Mass Q-TOF LC/MS spectrometer by using AJ-ESI
ionization. Precoated silica gel 60 F,s, plates were used for TLC,
whereas for column chromatography Merck silica gel was used.
Commercial reagents were generally used as received. DCM and
EtOAc were distilled from P,Os.

Synthesis of Catalysts. Thiourea 6 was commercially available
from Strem and used as received. Thioureas 4 and 7 and squaramide §
were prepared according to literature procedures.** ™’

Synthesis of Starting Materials. Methylene indolinones la—g
were prepared according to literature procedures from commercially
available isatines using a Boc protection—Wittig sequence.*® Nitro-
ketones 2 were prepared as described by Miyakoshi et al.*”

5-Methyl-1-nitrohexan-3-one 2d. Synthesis was based on the
literature procedure.” S-Methylhex-1-en-3-one (0.6 g, 5.4 mmol) and
sodium nitrite (0.74 g, 10.7 mmol) were dissolved in THF (2.7 mL).
Acetic acid (0.6 mL, 10.7 mmol) was added dropwise and the mixture
stirred at ambient temperature for overnight. The reaction mixture was
extracted with water/DCM, and the organics were back-extracted with
satd NaHCO; and dried over MgSO,. The mixture was filtered,
concentrated, and purifed by silica gel column chromatography (eluent
petroleum ether/acetone 20:1) to yield 337 mg (40%) of product as
yellow oil: IR v 2961, 1717, 1557 ecm™; 'H NMR (400 MHz,
chloroform-d) & 4.67—4.62 (m, 2H), 3.04 (t, ] = 6.0 Hz, 2H), 2.40 (d,
J = 7.0 Hz, 2H), 2.26-2.12 (m, 1H), 0.95 (d, ] = 6.6 Hz, 6H); °C
NMR (101 MHz, CDCL,) & 205.7, 69.0, $1.9, 38.9, 24.7, 22.6; HRMS
(ESI) caled for [M + Na]* (C,H;;NO;Na)* requires m/z 182.0788,
found 182.0788.

General Procedure for the Synthesis of Spiro-cyclopenta-
neoxindoles. Methylene oxindole 1 (0.1S mmol, 1 equiv),
nitroketone 2 (0.3 mmol, 2 equiv), and thiourea 4 (10 mol %,
0.015 mmol) were dissolved in DCM (0.5 mL) and stirred at ambient
temperature until TLC showed complete disappearance of the limiting
starting material. The mixture was directly purified by silica gel column
chromatography using a mixture of heptane/EtOAc as eluent. The
diastereomeric ratio was determined by 'H NMR and enantioselec-
tivity by chiral HPLC analysis.

1’-tert-Butyl 5-Methyl (1S,2R,4S,55)-2-Hydroxy-2-methyl-4-
nitro-2’-oxospiro[cyclopentane-1,3’-indoline]-1',5-dicarboxy-
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late 3aa. Synthesized according to the general procedure from tert-
butyl (E)-3-(2-methoxy-2-oxoethylidene)-2-oxoindoline-1-carboxylate
la and 4-nitrobutan-2-one 2a. Product was isolated after silica gel
column chromatography using a mixture of heptane:EtOAc as an
eluent in 87% yield (S5 mg) with dr 10/1 and ee 99% that was
determined after the cleavage of the Boc-group [Chiralcel AD-H, Hex/
i-PrOH 80:20, 1 mL/min, 230 nm; major (ty = 9.44 min) and minor
(tz = 8.04 min)]: IR v 3497, 2981, 2258, 1783, 1739, 1556 cm™'; 'H
NMR (400 MHz, chloroform-d) & 7.87 (dt, J = 8.2, 0.8 Hz, 1H), 7.47
(ddd, J = 7.5, 1.5, 0.5 Hz, 1H), 7.42—7.36 (m, 1H), 7.22 (td, ] = 7.6,
1.1 Hz, 1H), 5.55 (ddd, J = 10.4, 6.3, 1.9 Hz, 1H), 4.70 (d, ] = 6.3 Hz,
1H), 3.56 (s, 3H), 3.18 (dd, J = 15.3, 10.4 Hz, 1H), 2.61 (dd, ] = 15.1,
1.9 Hz, 1H), 2.20 (s, 1H), 1.63 (s, 9H), 1.03 (s, 3H); *C NMR (101
MHz, CDCly) § 175.9, 169.9, 148.8, 140.8, 129.6, 125.2, 124.7, 124.5,
115.2, 85.2, 85.0, 82.4, 65.8, 54.8, 52.9, 43.2, 28.2, 21.6; HRMS (ESI)
caled for [M + Na]* (CyH,4N,O5Na)" requires m/z 443.1425, found
443.1423.

1'-tert-Butyl 5-Ethyl (1S,2R,4S,5S)-7'-Fluoro-2-hydroxy-2-
methyl-4-nitro-2’-oxospiro[cyclopentane-1,3’-indoline]-1',5-
dicarboxylate 3ba. Synthesized according to the general procedure
from tert-butyl (E)-3-(2-ethoxy-2-oxoethylidene)-7-fluoro-2-oxoindo-
line-1-carboxylate 1b and 4-nitrobutan-2-one 2a. Product was isolated
after silica gel column chromatography using a mixture of heptane/
EtOAc as an eluent in 79% yield (54 mg) with dr 10/1 and ee 97%
[Chiralcel AD-H, Hex/i-PrOH 90:10, 1 mL/min, 230 nm; major (t =
10.01 min) and minor (t; = 11.02 min)]: IR v 3503, 2983, 2259, 1783,
1743, 1556 cm™*; 'H NMR (400 MHz, chloroform-d) § 7.31 (dd, J =
7.2, 1.5 Hz, 1H), 7.25-7.12 (m, 2H), 5.56 (ddd, J = 10.3, 6.0, 1.7 Hz,
1H), 4.66 (d, ] = 5.9 Hz, 1H), 4.12—3.93 (m, 2H), 3.22—3.10 (m,
1H), 2.69—2.60 (m, 1H), 2.25—2.20 (m, 1H), 1.59 (s, 9H), 1.09—1.01
(m, 6H); 3C NMR (101 MHz, CDCL,) § 175.1, 169.1, 148.5 (d, ] =
251.0 Hz), 147.1, 1289 (d, ] = 2.2 Hz), 127.5 (d, ] = 9.5 Hz), 125.5 (d,
J=7.0Hz), 120.6 (d, ] = 3.5 Hz), 117.7 (d, J = 203 Hz), 852 (d, ] =
32.7 Hz), 82.6, 66.2 (d, ] = 1.7 Hz), 62.1, 54.8, 42.9, 27.7, 21.4, 13.6;
HRMS (ESI) caled for [M + H]* (C,H,6FN,O;)* requires m/z
453.1668, found 453.1660.

1’-tert-Butyl 5-Ethyl (1S5,2R,4S,55)-2-Hydroxy-2-methyl-4,5'-
dinitro-2'-oxospiro-[cyclopentane-1,3’-indoline]-1’,5-dicar-
boxylate 3ca. Synthesized according to the general procedure from
tert-butyl (E)-3-(2-ethoxy-2-oxoethylidene)-S-nitro-2-oxoindoline-1-
carboxylate 1c and 4-nitrobutan-2-one 2a. Product was isolated after
silica gel column chromatography using a mixture of heptane/EtOAc
as an eluent in 92% yield (66 mg) with dr 10/1 and ee 95% [Chiralcel
AD-H, Hex/i-PrOH 90:10, 1 mL/min, 230 nm; major (t = 12.73
min) and minor (t; = 8.13 min)]: IR v 3502, 2983, 1791, 1765, 1740,
1557, 1526 cm™'; "H NMR (400 MHz, chloroform-d) & 8.34 (d, J =
2.5 Hz, 1H), 8.26 (dd, ] = 8.9, 2.5 Hz, 1H), 7.98 (d, ] = 9.0 Hz, 1H),
5.51 (ddd, ] = 10.5, 6.4, 1.8 Hz, 1H), 4.72—4.58 (m, 1H), 4.04 (qd, ] =
7.1, 3.4 Hz, 1H), 3.89 (dq, J = 10.7, 7.1 Hz, 1H), 3.16 (dd, J = 15.5,
10.3 Hz, 1H), 2.57 (dd, J = 15.5, 1.8 Hz, 1H), 2.39 (s, 1H), 1.57 (s,
9H), 1.04—0.91 (m, 6H); “C NMR (101 MHz, CDCl;) § 174.9,
168.9, 148.3, 146.0, 144.7, 127.1, 125.7, 1212, 115.0, 863, 85.1, 82.8,
65.4, 62.4, 55.7,43.8, 28.2, 21.6, 13.8; HRMS (ESI) caled for [M + K]*
(CHysN30,0K)* requires m/z $18.1172, found 518.1169.

1’-tert-Butyl 5-Ethyl (1S5,2R,4S,55)-2-Hydroxy-2-methyl-4-
nitro-2'-oxo-5'-(trifluoromethoxy)spiro[cyclopentane-1,3’-in-
doline]-1’,5-dicarboxylate 3da. Synthesized according to the
general procedure from fert-butyl (E)-3-(2-ethoxy-2-oxoethylidene)-
2-0x0-5-(trifluoromethoxy )indoline-1-carboxylate 1d and 4-nitrobu-
tan-2-one 2a. Product was isolated after silica gel column
chromatography using a mixture of heptane/EtOAc as an eluent in
85% yield (66 mg) with dr 20/1 and ee 95% [Chiralcel AD-H, Hex/i-
PrOH 90:10, 1 mL/min, 230 nm; major (t; = 5.41 min) and minor (t;
=477 min)]: IR v 3496, 2983, 1787, 1739, 1557 cm™; '"H NMR (400
MHz, chloroform-d) § 7.90 (d, J = 8.9 Hz, 1H), 7.41-7.38 (m, 1H),
7.29-7.21 (m, 1H), 5.56 (ddd, ] = 10.3, 6.2, 1.8 Hz, 1H), 4.60 (d, ] =
6.2 Hz, 1H), 4.10 (dq, ] = 10.8, 7.1 Hz, 1H), 3.94 (dq, ] = 10.8, 7.1 Hz,
1H), 3.20 (dd, J = 15.4, 10.4 Hz, 1H), 2.61 (dd, ] = 15.3, 1.8 Hz, 1H),
2.26 (s, 1H), 1.62 (s, 9H), 1.06 (s, 3H), 1.02 (t, J = 7.1 Hz, 3H); C
NMR (101 MHz, CDCL,) § 175.2, 169.1, 148.6, 145.9 (d, ] = 2.2 Hz),
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139.2, 127.4, 122.1, 120.58 (d, ] = 257.4 Hz), 118.7, 115.9, 854, 85.1,
82.7, 65.8, 62.1, 55.3, 43.5, 28.2, 21.6, 13.7; HRMS (ESI) calcd for [M
+ Na]* (C,,H,sF3N,09Na)* requires m/z 541.1402, found 541.1408.
1’-tert-Butyl 5-Ethyl (15,2R,4S,55)-5'-Bromo-2-hydroxy-2-
methyl-4-nitro-2’-oxospiro[cyclopentane-1,3’-indoline]-1’,5-
dicarboxylate 3ea. Synthesized according to the general procedure
from tert-butyl (E)-S-bromo-3-(2-ethoxy-2-oxoethylidene)-2-oxoindo-
line-1-carboxylate 1e and 4-nitrobutan-2-one 2a. Product was isolated
after silica gel column chromatography using a mixture of heptane/
EtOAc as an eluent in 94% yield (72 mg) with dr 20/1 and ee 97%
[Chiralcel AD-H, Hex/i-PrOH 90:10, 1 mL/min, 230 nm; major (tp =
8.39 min) and minor (t; = 5.85 min)]: IR v 3496, 2981, 1785, 1738,
1556 cm™"; '"H NMR (400 MHz, Chloroform-d) 6 7.70 (d, J = 8.7 Hz,
1H), 7.57 (d, J = 2.1 Hz, 1H), 7.45 (dd, ] = 8.7, 2.1 Hz, 1H), 5.48
(ddd, J = 10.3,6.2, 1.8 Hz, 1H), 4.54 (d, ] = 6.1 Hz, 1H), 405 (dq, ] =
10.8, 7.1 Hz, 1H), 3.87 (dq, J = 10.8, 7.1 Hz, 1H), 3.12 (ddd, ] = 15.4,
10.3, 1.3 Hz, 1H), 2.55 (dd, J = 15.3, 1.7 Hz, 1H), 2.16 (d, ] = 1.1 Hz,
1H), 1.55 (s, 9H), 1.01—0.93 (m, 6H); *C NMR (101 MHz, CDCl;)
8 174.9, 169.0, 148.5, 139.7, 132.3, 128.0, 127.6, 117.6, 116.5, 85.2,
85.1, 82.6, 65.6, 62.0, 55.1, 43.2, 28.1, 21.5, 13.6; HRMS (ESI) calcd
for [M + Na]" (CyH,sBrN,OgNa)" requires m/z $35.0686, found
535.0687.
1’-tert-Butyl 5-Ethyl (1S,2R,4S,55)-5'-Chloro-2-hydroxy-2-
methyl-4-nitro-2’-oxospiro[cyclopentane-1,3’-indoline]-1’,5-
dicarboxylate 3fa. Synthesized according to the general procedure
from 1'-tert-butyl S-ethyl (15,2R,4S,5S)-S’-bromo-2-hydroxy-2-methyl-
4-nitro-2'-oxospiro[ cyclopentane-1,3’-indoline]-1',5-dicarboxylate 1f
and 4-nitrobutan-2-one 2a. Product was isolated after silica gel column
chromatography using a mixture of heptane:EtOAc as an eluent in
94% yield (66 mg) with dr 20/1 and ee 97% [Chiralcel AD-H, Hex/i-
PrOH 90:10, 1 mL/min, 230 nm; major (tg = 7.67 min) and minor (tg
=5.69 min)]: IR v 3499, 2982, 1786, 1738, 1556 cm™'; 'H NMR (400
MHz, chloroform-d) § 7.76 (d, ] = 8.7 Hz, 1H), 7.43 (d, ] = 2.2 Hz,
1H), 7.30 (dd, J = 8.7, 2.3 Hz, 1H), 5.49 (ddd, J = 10.3, 6.1, 1.8 Hz,
1H), 4.54 (d, ] = 6.1 Hz, 1H), 4.05 (dq, ] = 10.7, 7.1 Hz, 1H), 3.87
(dq, J = 10.7, 7.1 Hz, 1H), 3.12 (ddd, J = 15.3, 10.3, 1.2 Hz, 1H), 2.55
(dd, J = 154, 1.6 Hz, 1H), 2.15 (d, ] = 1.2 Hz, 1H), 1.55 (s, 9H),
1.04-0.89 (m, 6H); C NMR (101 MHz, CDCly) § 175.1, 169.1,
148.7, 139.3, 130.2, 129.5, 127.4, 125.3, 116.2, 85.3, 85.2, 82.7, 65.7,
62.1, 55.3, 43.4, 28.2, 28.2, 21.6, 13.7; HRMS (ESI) calcd for [M +
Na]* (C,,H,sCIN,04Na)* requires m/z 491.1191, found 491.1193.
1’-tert-Butyl 5-Ethyl (1S,2R,4S,55)-2-Hydroxy-5"-methoxy-2-
methyl-4-nitro-2’-oxospiro[cyclopentane-1,3’-indoline]-1’,5-
dicarboxylate 3ga. Synthesized according to the general procedure
from (E)-ethyl 2-(S-methoxy-2-oxoindolin-3-ylidene )acetate 1g and 4-
nitrobutan-2-one 2a. Product was isolated after silica gel column
chromatography using a mixture of heptane/EtOAc as an eluent in
93% yield (65 mg) with dr 12/1 and ee 98% [Chiralcel OD-H, Hex/i-
PrOH 95:5, 1 mL/min, 230 nm; major (t; = 15.57 min) and minor (tg
= 20.66 min)]: IR v 2984, 2254, 1789, 1739, 1556 cm™'; 'H NMR
(400 MHz, chloroform-d) & 7.78 (d, ] = 8.9 Hz, 1H), 7.03 (d, ] = 2.7
Hz, 1H), 6.89 (dd, ] = 8.9, 2.7 Hz, 1H), 5.55 (ddd, ] = 104, 6.1, 1.8
Hz, 1H), 4.61 (d, J = 6.1 Hz, 1H), 4.10 (dq, ] = 10.8, 7.2 Hz, 1H), 3.90
(dq, J = 10.8, 7.1 Hz, 1H), 3.82 (s, 3H), 3.16 (ddd, J = 15.3, 10.4, 1.6
Hz, 1H), 2.61 (dd, J = 15.2, 1.8 Hz, 1H), 2.23 (d, ] = 1.6 Hz, 1H), 1.61
(s, 9H), 1.05—0.97 (m, 6H); *C NMR (101 MHz, CDCl;) § 175.8,
169.4, 156.9, 148.9, 134.0, 126.9, 116.0, 114.0, 111.1, 85.3, 84.7, 82.6,
66.1, 61.9, 55.8, 54.9, 43.1, 28.2, 21.6, 13.7; HRMS (ESI) calcd for [M
+ Na]* (C,,H,N,00Na)* requires m/z 487.1687, found 487.1692.
1’-tert-Butyl 5-Methyl (15,2R,4S,55)-2-Ethyl-2-hydroxy-4-
nitro-2’-oxospiro[cyclopentane-1,3’-indoline]-1',5-dicarboxy-
late 3ab. Synthesized according to the general procedure from tert-
butyl (E)-3-(2-methoxy-2-oxoethylidene)-2-oxoindoline-1-carboxylate
la and 1-nitropentan-3-one 2b. Product was isolated after silica gel
column chromatography using a mixture of heptane/EtOAc as an
eluent in 86% yield (56 mg) with dr 6/1 and ee 97% [Chiralcel AD-H,
Hex/i-PrOH 90:10, 1 mL/min, 230 nm; major (t; = 11.87 min) and
minor (ty = 7.41 min)]: IR v 3502, 2980, 1784, 1739, 1556 cm™'; 'H
NMR (400 MHz, chloroform-d) & 7.86 (dt, J = 8.1, 0.8 Hz, 1H), 7.48
(dd, J =7.5, 1.3 Hz, 1H), 7.42—7.35 (m, 1H), 7.22 (td, ] = 7.6, 1.1 Hz,
1H), 5.58 (ddd, ] = 10.5, 6.6, 2.0 Hz, 1H), 4.71 (d, ] = 6.5 Hz, 1H),
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3.57 (s, 3H), 3.13—3.04 (m, 1H), 2.58 (dd, ] = 15.3, 1.9 Hz, 1H), 2.06
(d, J = 1.6 Hz, 1H), 1.63 (s, 9H), 1.54—1.42 (m, 1H), 1.12-0.99 (m,
1H), 0.81 (t, ] = 7.4 Hz, 3H); *C NMR (101 MHz, CDCL,) § 176.0,
169.9, 148.8, 140.9, 129.6, 125.6, 124.7, 124.4, 115.3, 85.2, 85.1, 85.0,
66.0, 55.1, 52.9, 41.0, 28.2, 28.2, 27.66, 7.7; HRMS (ESI) calcd for [M
+ Na]* (C,;H,N,05Na)* requires m/z 457.1581, found 457.1587.

1’-tert-Butyl 5-Methyl (1S,2R,4S,55)-2-Benzyl-2-hydroxy-4-
nitro-2’-oxospiro[cyclopentane-1,3’-indoline]-1’,5-dicarboxy-
late 3ac. Synthesized according to the general procedure from tert-
butyl (E)-3-(2-methoxy-2-oxoethylidene)-2-oxoindoline-1-carboxylate
la and 4-nitro-1-phenylbutan-2-one 2c. Product was isolated after
silica gel column chromatography using a mixture of heptane/EtOAc
as an eluent in 51% yield (38 mg) with dr 3/1 and ee 97% for major
isomer [Chiralcel OD-H, Hex/i-PrOH 95:5, 1 mL/min, 230 nm;
major (tg = 15.72 min) and minor (ty = 17.51 min)]: IR v 3494, 2982,
2258, 1785, 1742, 1555 cm™'; for the major isomer: '"H NMR (400
MHz, chloroform-d) § 7.80—7.75 (m, 1H), 7.51 (dd, ] = 7.5, 1.3 Hz,
1H), 7.33 (td, ] = 7.9, 1.4 Hz, 1H), 7.20—7.13 (m, SH), 7.09-7.03 (m,
1H), 6.97—6.92 (m, 2H), 5.49 (ddd, ] = 10.4, 6.4, 1.7 Hz, 1H), 4.68
(d, J = 6.4 Hz, 1H), 3.51 (s, 3H), 3.34—3.24 (m, 1H), 2.69—2.63 (m,
1H), 2.24-2.17 (m, 1H), 2.01 (s, 1H), 1.59 (s, 9H); *C NMR (101
MHz, CDCL,) & 176.0, 169.8, 148.8, 140.8, 134.4, 130.1, 129.5, 128.9,
128.2, 127.6, 125.8, 125.3, 115.0, 85.1, 84.9, 83.9, 65.3, 55.5, 52.9, 42.4,
40.5, 28.3; HRMS (ESI) caled for [M + Na]® (C,gH,sN,O¢Na)*
requires m/z 519.1738, found 5$19.1740.

1’-tert-Butyl) 5-Methyl (1S5,2R,4S,55)-2-Hydroxy-2-isobutyl-
4-nitro-2’-oxospiro[cyclopentane-1,3’-indoline]-1’,5-dicarbox-
ylate 3ad. Synthesized according to the general procedure from tert-
butyl (E)-3-(2-methoxy-2-oxoethylidene)-2-oxoindoline-1-carboxylate
la and S-methyl-1-nitrohexan-3-one 2d. Product was isolated after
silica gel column chromatography using a mixture of heptane/EtOAc
as an eluent in 25% yield (17 mg) with dr 10/1 and ee 96% for major
isomer [Chiralcel OD-H, Hex/i-PrOH 95:5, 1 mL/min, 230 nm;
major (tg = 12.35 min) and minor (t = 6.80 min)]: IR v 3512, 2958,
2873, 2258, 1786, 1739, 1556 cm™'; "TH NMR (400 MHz, chloroform-
d) 57.90-7.83 (m, 1H), 7.47 (dd, ] = 7.5, 1.3 Hz, 1H), 741 (td, ] =
7.9, 1.4 Hz, 1H), 723 (td, ] = 7.6, 1.0 Hz, 1H), 5.58 (ddd, J = 10.5, 6.6,
1.9 Hz, 1H), 4.66 (d, ] = 6.6 Hz, 1H), 3.56 (s, 3H), 3.17 (ddd, ] =
15.3,10.5, 1.6 Hz, 1H), 2.67 (dd, ] = 15.2,2.0 Hz, 1H), 2.05 (d, ] = 1.8
Hz, 1H), 1.64 (s, 9H), 1.34—1.24 (m, 2H), 0.92—0.89 (m, 1H), 0.83
(dd, J = 15.1, 6.6 Hz, 6H); '3C NMR (101 MHz, CDCl;) § 176.0,
169.9, 148.8, 140.9, 129.6, 125.6, 124.8, 124.3, 115.4, 85.4, 85.3, 85.0,
66.7, 54.6, 52.9, 43.0, 41.8, 28.2, 24.4, 24.3, 24.1; HRMS (ESI) calcd
for [M + KJ]* (Cy3H3N,04K)" requires m/z 501.1634, found
501.1630.

Methyl (1S,2R,45,55)-2-Hydroxy-2-methyl-4-nitro-2’-
oxospiro[cyclopentane-1,3’-indoline]-5-carboxylate 3aa’. Title
compound was prepared for the determination of enantiomeric purity
of spiro-oxindole 3aa by treatment with TFA at ambient temperature.
Ee 99% [Chiralcel AD-H, Hex/i-PrOH 80:20, 1 mL/min, 230 nm;
major (ty = 9.44 min) and minor (t; = 8.04 min)]: IR v 3421, 2989,
1730, 1699, 1546 cm™'; '"H NMR (400 MHz, methanol-d,) § 7.48
(ddd, J = 7.6, 1.3, 0.6 Hz, 1H), 7.28 (td, ] = 7.7, 1.3 Hz, 1H), 7.07 (td,
J=7.6,1.1Hz, 1H), 6.92 (dt, ] = 7.8, 0.8 Hz, 1H), 5.54 (ddd, ] = 10.5,
6.3, 1.9 Hz, 1H), 473 (d, ] = 6.2 Hz, 1H), 3.52 (s, 3H), 3.13 (dd, ] =
14.9, 10.5 Hz, 1H), 2.61-2.51 (m, 1H), 1.00 (s, 3H); °C NMR (101
MHz, MeOD) § 180.8, 172.1, 144.0, 129.7, 129.1, 127.2, 123.1, 110.4,
86.3, 82.3, 67.3, 55.1, 52.8, 4.7, 21.2. Anal. Calcd for C,H,(N,O4: C,
56.25; H, 5.04; N, 8.75. Found: C, 56.12; H, 5.06; N, 8.72.

Ethyl (15,2R,4S,55)-5'-Bromo-2-hydroxy-2-methyl-4-nitro-
2’-oxospiro[cyclopentane-1,3’-indoline]-5-carboxylate 3ea’.
Title compound was prepared by treatment of oxindole 3ea (0.13
mmol, 66 mg) with TFA (50 equiv, 6.4 mmol, 0.5 mL) in DCM (S
mL) at ambient temperature (reaction monitored by TLC). Product
was isolated after silica gel column chromatography using a mixture of
heptane/EtOAc as an eluent to afford 52 mg (yield = 98%) of product
as white solid (mp = 168—170 °C). Product was used to grow a single
crystal for X-ray diffraction. Optical rotation for the enantipure
compound (single crystal): [a] = —142.3 (¢ = 0.07, MeOH); IR v
3419, 2990, 1733, 1698, 1544 cm™; "H NMR (400 MHz, chloroform-
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d) 6 8.11 (s, 1H), 7.61 (d, ] = 2.0 Hz, 1H), 7.43 (dd, ] = 8.3, 2.1 Hg,
1H), 6.81 (d, ] = 8.2 Hz, 1H), 5.56 (ddd, J = 10.2, 6.3, 1.8 Hz, 1H),
4.62 (d, ] = 6.3 Hz, 1H), 4.14—3.95 (m, 2H), 3.19 (dd, ] = 15.3, 10.4
Hz, 1H), 2.59 (dd, ] = 15.4, 1.9 Hz, 1H), 2.35 (s, 1H), 1.12—1.03 (m,
6H); C NMR (101 MHz, CDCly) & 1783, 169.5, 140.8, 132.2,
129.3, 128.8, 115.6, 111.3, 85.1, 82.2, 65.8, 62.1, 54.6, 43.4, 21.6, 13.8;
HRMS (ESI) caled for [M + H]" (C;H;sBrN,O4)" requires m/z
413.0343, found 413.0341.
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Abstract

The 3,3’-disubstituted oxindole core structure has been found in the skeleton of
many natural and synthetic compounds with unique biological properties.
Although significant advances have been made in the asymmetric synthesis of
oxindoles with five- or six-membered spiral-rings, cyclopropyl analogues are
still lacking general methods to facilitate the formation of the core structure in
highly enantioenriched form and varying substitutions at the spiral-ring.

Cyclopropanation of methyleneindolinones 51 with a-chloro-1,3-dicarbonyl
compounds (127, 129 or 130) was developed. Taking advantage of chiral
thiourea catalysis 126, spiro-cyclopropyloxindoles (128, 131 and 132) with two
adjacent quaternary centers were synthesized in excellent diastereo- and
enantioselectivities (d.r. up to 99:1; ee = 80-98%).

To further elaborate the substitution pattern of the spiral-ring,
3-chlorooxindoles 134 were introduced as new precursors to spiro-
cyclopropyloxindoles 135 and bispirooxindoles 141, in a reaction with
unsaturated aldehydes 2 (chiral amine catalyst 137) and alkylidene oxindoles
51 (squaramide catalyst 142), respectively. In both cases, high yields and
stereoselectivities were observed.

It was further demonstrated that 3-chlorooxindoles 134 can also serve as
nucleophiles in a Michael reaction with nitroalkenes 29, providing 3.,3’-
disubstituted oxindoles 143 with chlorine at the quaternary center in high
diastereo- and enantioselectivities (d.r. up to 11:1; ee = 76-92%). The high
reactivity of 3-chlorooxindoles allowed protective group free synthesis to
proceed smoothly in the presence of chiral squaramide catalyst 142.

Finally, a new method for the synthesis of spiro-cyclopentyloxindoles 148 with
four consecutive stereocenters was reported. In a cascade reaction, promoted by
chiral thiourea catalyst 126, alkylidene oxindoles 51 reacted with simple
nitroketones 147 to undergo a formal [3+2] annulation reaction, resulting in the
formation of the spiro-cyclopentyloxindoles 148. In all cases high
enantioselectivities =~ were  obtained (ee = 95-98%), although
diastereoselectivities varied from moderate to excellent (d.r. = 3:1 — 20:1),
depending on the steric hindrance exhibited by the nitroketone substituents.
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Kokkuvote

3,3’-diasendatud oksindoolid on oluliseks struktuurifragmendiks paljudes
looduslikes ja siinteetilistes iihendites, millel on avastatud huvitavaid
bioloogilisi omadusi ning mis omavad kdrget potentsiaali ravimiarenduses.
Kuigi on vilja tootatud palju meetodeid viie- ja kuueliililiste tsiiklitega spiro-
oksindoolide asiimmeetriliseks moodustamiseks, on avaldatud vaid tksikuid
nditeid analoogsete spiro-tsiiklopropiiiiloksindoolide siinteesist.

Tootati vilja uus meetod alkiilideenoksindoolide 51 tsiiklopropaneerimiseks
3-kloro-1,3-dikarboniiiiliihenditega (127, 129 vo6i 130). Kasutades kiraalset
tiokarbamiidi 126 siinteesiti korgete diasterco- ja enantioselektiivsustega (d.r.
kuni 99:1; ee = 80-98%) spiro-tsiiklopropiiiiloksindoolid (128, 131, 132), mis
sisaldavad kahte jirjestikust kvaternaarset tsentrit.

Kasutades 3-klorooksindoole 134 o¢,f-kiillastamata aldehiiiidide 2 ja
alkiilideenoksindoolide 51 tsiiklopropaneerimiseks, vastavalt amino- voi
vesiniksideme kataliitisi tingimustes, siinteesiti uued spiro-
tsiikklopropiiiiloksindoolid 135 ja bispirooksindoolid 141 korgete saagiste,
diastereo- ja enantioselektiivsustega.

3-klorooksindoolide 134 korge reaktiivsuse tottu ndidati, et nende reaktsioonil
nitroalkeenidega 29 kiraalse skvaaramiidi 142 manulusel moodustuvad
vastavad 3,3’-diasendatud oksindoolid 143 korgete saagiste, enantio- ja
diasteroselektiivustega (d.r. kuni 11:1; ee = 76-92%).

Alkiilideenoksindoolide 51 reaktsioonil nitroketoonidega 147 saadi spiro-
tsiiklopentiiiiloksindoolid 148. Reaktsioonides kasutati kataliisaatorina kiraalset
tiokarbamiidi 126 ning produktid isoleeriti korgete enantio-, kuid
tagasihoidlike vai heade diasteroselektiivsustega (ee = 95-98%; d.r. = 3:1 kuni
20:1).
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