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Enantioselective Michael/Cyclization Reaction Sequence: Scaffold-
Inspired Synthesis of Spirooxindoles with Multiple Stereocenters**

Yiming Cao, Xianxing Jiang, Luping Liu, Fangfang Shen, Futing Zhang, and Rui Wang*

Bioactive chemical compounds produced in nature act as the
main source of templates and inspiration for the synthesis of
compounds for the purpose of biological phenomena study
and drug development.!! As a consequence of the divergent
nature of evolution, the core structural motifs of chemical
compounds are limited although a myriad of natural products
exist. The divergence of natural products resulting from
evolution provides chemists with a prodigious starting point
to design and construct collections of bioactive compounds
having selected naturally occurring core scaffolds.”

The spirooxindole core is a privileged heterocyclic ring
system that is featured in a large number of bioactive
naturally occuring alkaloids and medicinally relevant com-
pounds (Figure 1).°] Although the significant bioactivity and
preparation methods of such motifs attract the interest of
chemists,' as reported in some elegant works,””! the synthetic
methodology to enantioselectively construct this rigid spiro-
architecture containing a quaternary stereocenter remains
limited. The 3,3-pyrrolidonyl spirooxindole scaffold is an
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Figure 1. Spirooxindole-containing natural products and synthetic com-
pounds.
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important skeleton in the larger spirooxidole family not only
because of the interesting biological activities,® but also
because of its versatility as an intermediate in the synthesis of
related and more sophisticated spirooxindole structure-
s.[4:6.84e] Ty addition, the spirolactam motif in such structures
has also been found in various drug candidates as well as other
natural product families.” However, the enantioselective
synthesis of this kind of skeleton is rare.’) Given the demand
for new methodology for the construction of the 3,3'-
pyrrolidonyl spirooxindole scaffold, we developed a simple
and highly efficient synthetic method for the enantioselective
construction of densely functionalized 3,3-pyrrolidonyl spi-
rooxindoles having three contiguous stereogenic centers.
Recently, a-isothiocyanato imides and esters emerged as
two of the most attractive reactants in asymmetric organo-
metallic or organocatalytic aldol and Mannich reactions
(Scheme 1) in the synthesis the masked chiral $-hydroxyl-a-
amino and a,3-diamino acid derivatives.”! Furthermore, our
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Scheme 1. Previous studies on aldol and Mannich reactions of isothio-
cyanato compounds and the Michael addition reported herein.
EWG = electron-withdrawing group.

group and the group of Yuan extended the utility of the a-
isothiocyanato nucleophiles to the construction of optically
active spirooxindoles through an aldol addition.""! And, very
recently, Shibasaki and co-workers demonstrated the utility of
this method in the synthesis of nutlin analogues through a
Mannich-type reaction.”! However, to the best of our knowl-
edge, the Michael addition! using such a-isothiocyanato
compounds has never been reported despite the attractive-
ness of the y-lactam products bearing multiple stereocenters.
The reactivity and stereoselectivity of the a-isothiocyanato
compounds and electron-deficient olefins is challenging.
Herein, we report the first enantioselective Michael addi-
tion/cyclization sequence of an a-isothiocyanato imide and
methyleneindolinones.

We envisioned that methyleneindolinones could serve as
the perfect electron-deficient olefin because of its high
reactivity as a Michael acceptor,”* T as well as its unique
structural characteristics for the construction of 3,3’-pyrroli-
donyl spirooxindoles. The Lewis acid activated Michael
acceptor would be expected undergo nucleophilic attack by
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the a-isothiocyanato imide, activated by a Lewis base, with
subsequent cyclization to lead to the generation of a 3,3'-
thiopyrrolidonyl spirooxindole, which can then be oxidized to
the 3,3’-pyrrolidonyl spirooxindole in a single transformation
(Scheme 2). On the basis of our recent success in enantiose-
lective organocatalysis using rosin-derived bifunctional thio-
urea catalysts developed in our group,'>"*l we surmised that
this kind of organocatalyst would be suitable for catalyzing
the asymmetric Michael/cyclization sequence through double
activation.
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Scheme 2. Strategy for the construction of the 3,3"-pyrrolidonyl spiroox-
indole scaffold using a bifunctional chiral catalyst. PG = protecting

group.

To begin our initial investigation, several bifunctional
thiourea catalysts (15 mol% catalyst) were screened to
evaluate their ability to promote the Michael/cyclization
reaction sequence of methyleneindolinone (1a) with the a-
isothiocyanato imide 2a at room temperature in CH,Cl,
(Table 1). Gratifyingly, the rosin-derived tertiary amine
thiourea catalyst L1 gave the desired product with greater
than 99 % ee, 10:1 d.r., and 99 % yield (entry 1). The catalyst
L3 afforded 3a in almost the same excellent enatioselectivity

Table 1: Studies and optimization of the reaction parameters.?!

EtOOC, N__Ccox
/ Q N
©\/€:0 . ¢.4N\)J\x Cat. 5-15 mol% ©:“\€(')COOE‘ o
N s CH,Cl,,RT N F‘HN 4
Me Me X= 7K/O
1a 2a 3a

L1:1R2R  L2:15,25 L3 La
Entry Cat. (mol %) t[h] Yield [96]") d.rM ee [%]
1 L1 (15) 3 99 10:1 >99
2 L2 (15) 3 99 141 >-99
3 L3 (15) 12 81 11:1 95
4 L4 (15) 72 80 61 95
5 L1 (10) 5 99 10:1 > 99
6 L1 (5) 36 99 10:1 >99

[a] The reaction was performed at RT on 0.1 mmol scale with 1a

(1.1 equiv), 2a (1.0 equiv), and catalyst in 1 mL CH,Cl,. [b] Yield of
isolated product as a mixture of diastereoisomers. [c] Determined by
"H NMR spectroscopic analysis. [d] Determined by HPLC analysis on a
chiral stationary phase.
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and with a slightly higher d.r. value, but in a relatively low
product yield resulted (entry3). The widely used catalyst
L4 exhibited poor catalytic activity, and furnished the
product with relatively low diastereoselectivity despite its
excellent enantioselective control (entry4). Notably, the
other enatiomer of the product could also be accessed with
the same excellent ee and d.r. values, as well as yield when L2
was used (entry 2). When the catalyst loading was reduced to
10 mol% and 5 mol%, the same excellent results were
obtained, but 36 hours were needed for completeion of the
reaction when 5 mol % catalyst was used (entries 5 and 6). L1
at a 10 mol % loading was selected for further studies in terms
of efficiency.

With the established optimal reaction conditions, a variety
of 3,3'-thiopyrrolidonyl spirooxindole compounds were syn-
thesized and the results are summarized in Scheme 3. Various
N-protecting groups of the methyleneindolinone having
different electronic and steric parameters were tolerated,
and gave the corresponding compounds in excellent yield,
good to excellent diastereoselectivity, and excellent enantio-
selectivity (3a-3f). Both electron-donating and electron-
withdrawing substituents at different positions on the aro-
matic ring afforded the products in greater than 99 % ee,
excellent d.r. values, and good to excellent yields (3g-3q).
An increase of the steric hindrance introduced by a bulkier
ester group did not affect the enantioselectivity, but decreased
the d.r. value of the products and the activity of the reactions,
as a longer time was needed to complete the reaction (3r and
3s). Notably, when the nitrogen atom of methyleneindolinone
was replaced by a sulfur or oxygen atom the reaction
proceeded smoothly, thus providing the product 3t with
greater than 99 % ee and moderate distereoselectivity, and the
product 3u with moderate enantioselectivity and excellent
distereoselectivity. In addition to a-isothiocyanato imide,
methyl isothiocyanato acetate was also shown to be the
suitable substrate in the reaction (3v). Furthermore, the
spirooxindole 3w having three contiguous stereocenters,
including two spiro-quaternary chiral centers, was constructed
using this catalytic system and a-isothiocyanato lactone as the
reactant; the product was isolated with excellent stereo-
seletivity and in good yield. The absolute and relative
configurations of the spirooxindoles were unambiguously
determined by X-ray crystallography (see the Supporting
Information).

On the basis of our experimental results and recent
studies,”) we have proposed a possible model to explain the
stereochemistry of the Michael/cyclization reaction sequence
(Scheme 4). The electron-deficient methyleneindolinone is
activated by hydrogen bonds involving the carbonyl group in
the indolinone and the thiourea hydrogen atoms of the
catalyst, and the o-isothiocyanato imide is enolized by
deprotonation at its a-carbon atom by the tertiary amine.
The Re face of the enolate is exposed to the methyleneindo-
linone and the Si face of the Michael acceptor is approached
by the incoming nucleophile. Subsequent nucleophilic attack
of the stabilized carbon anion onto the electron-defficient
carbon atom of the a-isothiocyanato imide leads to the 3R,
4'R, 5'R-configured spirooxindole product, which is in keep-
ing with the experimental results.
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Scheme 3. Synthesized 3,3'-thiopyrrolidonyl spirooxindoles having three
adjacent stereocenters by using the the established reaction conditions.
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The reaction time required for each substrate is given. The reported
yields are of the isolated products. The ee and d.r. values were deter-
mined by HPLC analysis.

With the successful construction of 3,3'-thiopyrrolidonyl
spirooxindoles as described above, the transformation of the
cycloadduct into 3,3'-pyrrolidonyl spirooxindole was per-
formed (Scheme 5). After the conversion of the imide into
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Scheme 4. Proposed transition states.
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Scheme 5. Transformation of the 3,3"-thiopyrrolidonyl spirooxindole
into pyrrolidonyl and pyrrolidinyl spirooxindoles.

the ester using MeMgl and ethanol in THF, the y-thiolactam
moiety was smoothly oxidized to the y-lactam by simple
treatment with 30 % aqueous hydrogen peroxide and formic
acid in CH,Cl,. The 3,3-pyrrolidonyl spirooxindole was
formed in nearly quantitative yield without loss of diastereo-
and enantioselectivity. Furthermore, because of the signifi-
cant bioactivity of the 3,3-pyrrolidinyl spirooxindoles,?" >
the transformation into this scaffold was also performed.
Treatment of 3,3'-thiopyrrolidonyl spirooxindole with Raney
Ni in ethanol gave the desulfurized product in moderate yield
without change in d.r. and ee values.

In summary, an efficient organocatalyzed asymmetric
Michael/cyclization reaction sequence of o-isothiocyanato
imides, esters, and lactones with various methyleneindoli-
nones using mild reaction conditions has been developed.
This process provides a promising method for the enantiose-
lective construction of densely functionalized 3,3’-pyrroli-
donyl spirooxindoles including those having three contiguous
stereogenic centers (up to 99 % yield, >20:1 d.r., and > 99 %
ee). Further studies into expanding the application of this
approach to synthesize more promising candidates for drug
discovery as well as the biological evaluation of these
compounds are in progress.
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