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Azlactones (oxazol-5(4H)-ones) possess three reactive sites
at the C2, C4, and C5 atoms: both C2 and CS are electrophilic,
whereas C4 is nucleophilic. The rich reactivity of azlactones
enables a wide variety of transformations, which make them
extremely versatile precursors of amino acids and hetero-
cycles."™ Recently, with the explosive development of
organocatalysis, azlactones have been applied once again as
substrates in many enantioselective reactions.'“*! Typically,
they have been used in organocatalytic 1,2 or 1,4-addition
reactions at the C4 or C2 atom®™* and [4+2] cycloaddition
reactions involving the nucleophilic C4 and electrophilic C5
atoms (Scheme 1).°! In contrast, cycloaddition reactions,
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Scheme 1. Organocatalytic addition reactions between azlactones and
alkenes or imines. EWG = electron-withdrawing group.

especially asymmetric reactions, that take advantage of the
nucleophilic C4 and electrophilic C2 atoms have rarely been
exploited.! A gold(I)-catalyzed asymmetric 1,3-dipolar
cycloaddition” of azlactones and electron-deficient alkenes
was reported by Toste and co-workers; the stereochemical
outcome of this transformation is controlled by a chiral gold-
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Scheme 2. Two activation modes of azlactones as 1,3-dipoles. a) Ste-
reochemical control by dipole formation through bonding with a chiral
metal complex. b) Stereochemical control by dipole formation through
interaction with a chiral base.

bonded miinchnone intermediate (Scheme 2a)."! However,
no organocatalytic asymmetric 1,3-dipolar cycloaddition of
azlactones has been described previously.

We envisioned that a bifunctional thiourea/urea catalyst
with a basic site might deprotonate the azlactone to reveal an
enolate species in which both the C2 and C4 positions are
activated (Scheme 2b). In this case, the azlactone could
theoretically form a chiral dipole intermediate that would
undergo an enantioselective 1,3-dipolar cycloaddition with
dipolarophiles.

The 3,3'-pyrrolidonyl spirooxindole scaffold is a privileged
heterocyclic motif in the large spirooxindole family not only
because of its interesting biological activity, but also because
of its versatility as an intermediate in the synthesis of the
sophisticated spirooxindole-related natural and man-made
compounds (Scheme 3).P The significance of this heterocyclic
motif has led to great efforts towards its synthesis."” Among
the established strategies, the catalytic direct enantioselective
synthesis of 3,3"-pyrrolidonyl spirooxindoles by means of 1,3-
dipolar cycloaddition reactions of azomethine ylides
(Scheme 4) with methyleneindolinones is the most attracti-
ve.'"1%l However, an alternative strategy for the stereoselec-
tive construction of structurally diverse 3,3’-pyrrolidonyl
spirooxindoles is still desirable.

On the basis of these previous achievements and our
continuing research interest in the asymmetric construction of
spirocyclic oxindoles!'” and azlactones,****'l we wondered
whether azlactones could serve as mesoionic azomethine
ylides (Scheme 4) in 1,3-dipolar cycloaddition reactions with
methyleneindolinones.

To validate our hypothesis, we began our investigation
with the typical Takemoto catalyst 3a, a chiral thiourea, for
the 1,3-dipolar cycloaddition of azlactone 1a and methylene-
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Scheme 3. Representative naturally occurring and synthetic 3,3'-pyrroli-
donyl spirooxindoles.
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Scheme 4. Comparison of two types of 1,3-dipole.

indolinone 2a in CH,Cl, at room temperature. To our delight,
the reaction proceeded smoothly with almost complete
conversion within 10 h. To simplify the purification of the
product, the resulting mixture was then treated with methanol
and TMSCHN, and stirred for 15 min. In this way, the
esterification product 4aa was obtained with moderate
diastereoselectivity and enantioselectivity (Table 1, entry 1).
Encouraged by this promising result, we then screened
a representative range of bifunctional thiourea/urea catalysts
derived from different privileged chiral architectures
(Table 1, entries 1-8). We found that the chiral thiourea 3 f
was the most effective catalyst in terms of both the
diastereoselectivity and enantioselectivity of the reaction
(Table 1, entry 6). Subsequent screening of solvents showed
that the reaction medium had a significant effect on the
reaction (Table 1, entries 6 and 9-14), and that MTBE gave
the best result (Table 1, entry 14). Furthermore, lowering of
the reaction temperature to 0°C had a very negative effect on
both yield and selectivity (Table 1, entry 15). Thus, we chose
3f as the catalyst and MTBE as the reaction medium and
carried out all subsequent reactions at room temperature.
Having established the optimal reaction conditions, we
then examined the scope of this asymmetric organocatalytic
1,3-dipolar cycloaddition. In general, the reaction proceeded
with good to excellent diastereoselectivity and excellent
enantioselectivity to afford the desired products in high
yields (Scheme 5). We first investigated the generality of the
1,3-dipolar cycloaddition by varying the methyleneindolinone
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Table 1: Optimization of the 1,3-dipolar cycloaddition of azlactone 1a
and methyleneindolinone 2a.”

Et0OC Bn,,
3 (20 mol %)

COOMe

0 / Et0OC
(0] solvent, RT
/L\/&Bn * N ° then
Ph™ N Boc MeOH, TMSCHN; N
1a 2a 4aa

Entry  Cat.3  Solvent  Conversion [%]”  d.rf! ee [%]

1 3a CH,Cl, 99 41 70
2 3b CH,Cl, 85 3:1 45
3 3¢ CH,Cl, — n.d. n.d.
4 3d CH,Cl, — n.d. n.d.
5 3e CH,Cl, — n.d. n.d.
6 3f CH,Cl, 99 12:1 85

7 3g CH,Cl, 90 2:1 80
8 3h CH,Cl, 96 41 82
9 3f CHCl, 98 4:1 90
10 3f THF 89 4:1 90
1 3f toluene 98 7.5:1 95
12 3f ether 94 7:1 95
13 3f CPME 96 5.5:1 96
14 3f MTBE 99(36)" 9:1 94
151 3f MTBE 70 4:1 n.d.

[a] Unless otherwise specified, the reaction was carried out on

a 0.1 mmol scale in 1 mL of the solvent at room temperature with a 1a/
2a/3 molar ratio of 1:1.2:0.2. [b] The diastereomeric ratio was
determined by "H NMR spectroscopy of the crude mixture. [c] The

ee value was determined by HPLC on a chiral phase (Chiralcel 1A
column). [d] A complex mixture was formed. [e] The yield of the isolated
product is given in parenthesis. [f] The reaction was performed at 0°C.
Bn =benzyl, Boc =tert-butoxycarbonyl, CPME = cyclopentyl methyl
ether, MTBE = methyl tert-butyl ether, n.d. =not determined, TMS =tri-
methylsilyl.
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substrate. Most of the reactions evaluated provided the
desired product in good yield (70-95 % ) with good diastereo-
selectivity (d.r. 75:25-93:7) and moderate to excellent enan-
tioselectivity (47-98% ee; Scheme 5, 4a-o0). Notably, the
presence of an ester substituent at the alkylidene terminus
of the methyleneindolinone had a minor impact on the
efficiency, enantioselectivity, and diastereoselectivity of the
reaction, regardless of the electronic nature, bulkiness, or
position of substituents on the methyleneindolinone 2 (prod-
ucts 4a-m). Unfortunately, only moderate enantioselectivity
was observed and a longer reaction time was necessary when
a phenyl group was incorporated at the alkylidene terminus of
the methyleneindolinone (product 40). We then examined
the scope of the reaction with respect to the azlactone
substrate 1. Azlactones derived from other amino acids were
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4a, 10 h, d.r. 90:10
86% vyield, 94% ee

4b, 10 h, d.r. 91:9
91% yield,1 93% ee

4c, 10 h, d.r. 89:11
95% yield,21 97% ee

4g,7 h, d.r. 88:12
92% vield,1 96% ee

4h, 6 h, d.r. 88:12
84% yield, 95% ee

4i,4 h, d.r. 90:10
88% vyield, 96% ee

40, 36 h, d.r. 80:20
64% yield, 47% ee

4m, 12 h, d.r. 75:25
93% vyield, 96% ee

4n, 12 h, d.r. 93:7
89% vyield, 67% ee

92% vyield,2l 98% ee

4f, 10 h, d.r. 89:11
86% vyield, 93% ee

4d,9 h, d.r. 84:16 4e,10 h, d.r. 91:9

93% yield,[? 95% ee

Boc

41,48 h, d.r. 91:9
81% yield, 97% ee

Me Boc

4j,24 h, d.r. 86:14
70% yield, 82% ee

4k, 5 h, d.r. 83:17
76% yield, 97% ee

N
Eoo Boc
4q, 8 h, d.r. 77:23 4r, 12 h, d.r. 80:20

4p,5h, d.r. 86:14
75% yield, 98% ee 76% yield, 95% eel®]

81% vyield, 94% ee

N
Boc

te
emie

4v (R=OMe), 5 h, d.r. 75:25
69% yield, 98% ee

4w (R=Br), 14 h, d.r. 85:15
79% vyield, 85% ee

4s,14 h, d.r. 72:28
68% yield, 95% ee

4t, 10 h, d.r. 78:22
70% vyield, 96% ee

4u, 3 h, d.r. 82:18,
79% yield, 98% ee

4x, 10 h, d.r. 937
81% yield, 81% ee

Scheme 5. Scope of the organocatalytic 1,3-dipolar cycloaddition between azlactones and methyleneindolinones. Unless otherwise specified, the
reaction was carried out on a 0.1 mmol scale in MTBE (1 mL) at room temperature with a Ta/2a/3 f molar ratio of 1:1.2:0.2. The yield of the
isolated major diastereoisomer is given in each case. The d.r. values were determined by '"H NMR spectroscopy of the crude mixture. The

ee values were determined by HPLC on a chiral phase (Chiralcel column); in each case, only the ee value of the major stereoisomer is reported.
[a] The combined yield of both diasterecisomers is given, as the diastereoisomers were difficult to separate. [b] The ee value was determined after

removal of the Boc protecting group.

also well tolerated (Scheme 5, 4a and 4p-t). Furthermore,
substrates with both alkyl and aryl substituents at the C2
position can participate in the reaction, although decreased
enantioselectivity was observed when azlactones with alkyl or
electron-withdrawing aryl substituents were used (Scheme 5,
4u-x). The straightforward separation of the product diaste-
reomers by column chromatography in most cases renders
this catalytic system a useful synthetic route to valuable chiral
spirooxindoles.

We next demonstrated this 1,3-dipolar cycloaddition as
a tool for in situ amide formation. We chose benzylamine for
the amide formation in the model reaction. Gratifyingly,
when the reaction mixture was treated after completion of the
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cycloaddition with HOBt, BnHN,, and EDCI in CH,Cl, at
0°C, the desired amidation product was obtained in excellent
yield with excellent diastereoselectivity and enantioselectivity
(Scheme 6). We also prepared an azlactone derived from
a dipeptide and used it in the 1,3-dipolar cycloaddition. In this
way, our methodology can be used for peptide modification
(Scheme 7). The absolute configuration of the products was
determined by X-ray crystallographic analysis of compound
5p.

In summary, we have developed an unprecedented
organocatalytic enantioselective 1,3-dipolar cycloaddition
reaction between azlactones and methyleneindolinones that
proceeds in high yield with good diastereoselectivity and good
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Scheme 7. Application of the 1,3-dipolar cycloaddition to peptide
modification.

to excellent enantioselectivity. To the best our knowledge, no
organocatalytic enantioselective 1,3-dipolar cycloaddition
reaction of azlactones that takes advantage of the nucleo-
philic C4 and electrophilic C2 atoms has been reported
previously. Further biological evaluation of the synthesized
spirocyclic oxindole compounds is under way in our labo-
ratory.

Experimental Section

In an ordinary vial, a methyleneindolinone 2 (0.12 mmol) was added
to a stirred mixture of an azlactone 1 (0.10 mmol) and catalyst 3f
(0.01 mmol) in MTBE (1.0 mL) at room temperature. The mixture
was stirred at this temperature until the reaction was complete, as
monitored by TLC. Excess methanol and then TMSCHN, (3 equiv,
2.0Mm in hexanes) were added to the reaction mixture, which was then
stirred for 15 min at ambient temperature. The solvent was removed
under vacuum, and the residue was purified by chromatography on
silica gel (petroleum ether/AcOEt 10:1-4:1) to provide the pure
desired product 4.
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