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ABSTRACT: An efficient organocatalytic Michael/aldol/
hemiacetalization cascade reaction for construction of
enantioenriched spirocyclic oxindoles fused with tetrahydro-
pyrane has been developed. The desired highly functionalized
5',6-dihydro-2'H,4' H-spiro[indoline-3,3’-pyran]-2-one deriva-
tives containing multiple stereogenic centers were obtained in
moderate to high chemical yields and with high stereo-

selectivities.

he spirocyclic oxindole framework, which represents a

privileged heterocyclic motif, widely exists in natural
alkaloids and pharmacologically interesting compounds.”
Particularly, the oxindole fused sophisticated structures with a
tetrahydropyrane or chroman moiety (by means of oxa-
spirooxindole) at the C3 position were documented as
possessing remarkable biological activities (Figure 1).” Due to
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Figure 1. Tetrahydropyrane and chromane fused spirocyclic oxindole
skeletons.

their significant medicinal value and structural complexities,
these intriguing frameworks have emerged as attractive
synthetic targets.” As such, a number of synthetic methods
have been developed in pursuit of these kind of diversely
functionalized spirocyclic oxindoles, including intermolecular
alkylation,” transition metal mediated reactions,” cycloaddi-
tions,’ sigmatropic rearrangements,7 and organocatalytic
tandem reactions.”” However, methods toward the synthesis
of oxa-spirooxindole derivatives in a catalytic asymmetric
manner are still limited. There are some reports on stereo-
selective access to 3',4,5,6'-tetrahydrospiro[indoline-3,2’-
pyran]-2-type I and spiro[chromane-3,3’-indolin]-2'-type III,
such as the oxa-Diels—Alder reaction,'® Prins cyclization,11
vinylogous aldol reaction,'”” and multicomponent cascade
reaction."”” However, to date, successful examples for the
assembly of optically active 5’,6’-dihydro-2'H,4’H-spiro-
[indoline-3,3"-pyran]-2-one II derivatives still remain unex-
plored. Due to our continued interest in organocatalytic
cascade reactions, we became interested in developing a novel
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and eflicient strategy for the enantioselective construction of
the highly functionalized 5',6’-dihydro-2'H,4'H-spiro[indoline-
3,3'-pyran]-2-one II skeleton of biological significance.

To address this challenge, we sought to design an
enantioselective domino reaction that would ideally involve
the reaction of two simple and easily accessible starting
materials. In 2010, Chen and co-workers reported an
organocatalytic asymmetric [2 + 2 + 2] annulation reaction
of cinnamaldehyde, aliphatic aldehydes and electron-deficient
C=C and C=N double bond oxindole derivatives, affording
the desired spirocyclic oxindoles in excellent results'* (Scheme
1a). In this strategy, a Michael addition of aliphatic aldehyde to
an electron-deficient oxindole olefin motif catalyzed by a chiral
amine catalyst occurred with the generation of intermediate IV
for the first step, followed by the reaction between IV and the
other electrophile at the C3 position of the oxindole skeleton.
After further intramolecular cyclization, the spirocyclic oxindole
derivative was finally afforded. Given the fact that carbonyl
compounds could be excellent electrophiles in many organic
reactions, we envision if another molecule of aldehyde is used
as the electrophile after the formation of IV, an aldol reaction of
IV with the aldehyde would happen to afford intermediate V,
and further hemiaminalization will provide a new tetrahy-
dropyrane fused spirocyclic oxindole derivative. As part of our
ongoing research on spirocyclic oxindoles,'”” we described
herein an organocatalytic tandem reaction for the synthesis of
chiral spirocyclic oxindoles with functional diversity through a
rationally designed organocatalytic Michael/aldol/hemiacetali-
zation cascade reaction strategy (Scheme 1b).

Our investigation started from the reaction of the organo-
catalytic Michael addition of aliphatic aldehydes and electron
deficient olefin oxindoles. Indeed, the Michael addition reaction
of ethyl (E)-2-(2-oxoindolin-3-ylidene)acetate 1a (1.0 equiv)
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Scheme 1. Reaction of 3-Ylideneoxindoles,
Propionaldehyde, and Different Electrophiles
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and propionaldehyde 2a (5.0 equiv) in the presence of chiral
amine A (10 mol %) proceeded well at room temperature, and
the Michael adduct could be afforded in high yield within 2 h.
Unlike the cascade enamine—iminium—enamine sequence
reported by Enders and co-workers, the 1,2-addition for the
second step will not happen automatically, since a base is
needed. When 1.0 equiv of K3P0,-3H,0 was added to the
reaction of the above-mentioned Michael adduct and
propionaldehyde, the aldol/hemiaminalization reactions pro-
ceeded smoothly and afforded the desired spirocyclic oxindole
hemiaminals in good yield but with low diastereoselectivity. To
avoid this problem, the hemiaminals were directly reduced by
Et;SiH to give the tetrahydropyrane fused spirooxindole 3a
quantitatively. Then, a one-pot three-step reaction of the (E)-2-
(2-oxoindolin-3-ylidene)acetate 1a (1.0 equiv) and propional-
dehyde 2a (5.0 equiv) was carried out. Interestingly, 3a was
obtained in high yield (90%) and with good stereoselectivity
(dr, 8:1; ee, 78%) (Scheme 2).

Further optimization of the reaction conditions was carried
out in the presence of A by using different solvents, bases, and
reaction temperatures (Table 1). From Table 1, we can see that

Scheme 2. Organocatalytic Michael/Aldol/
Hemiacetalization Cascade Reaction Strategy
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Table 1. Reaction Condition Optimization”

EtO,C 1) A (10 mol %) o]
p solvent Etr..
+ Agpo 20ase ol
o* 0 3) Sg‘(gtz"és)a NAOCOQEI
H e H
1a 2a 3a
entry base solvent yield (%)°  dr (%) ee (%)?
1 K,PO,3H,0  DCM 90 8:1 78
2 K,PO,3H,0  H,0 s3 5:1 9%
3 K;PO,-3H,0 toluene 78 >20:1 89
4 K,PO,3H,0  Et,O 52 3:1 89
S K;P043H,0 DCE 90 >20:1 83
6 K;PO,-:3H,0 n-hexane 32 9:1 91
7 KOH toluene 40 >20:1 93
8 CH,;CH,ONa toluene 60 >20:1 96
9 NaOH toluene 75 >20:1 98
10 DIPEA toluene trace — —
11 DMAP toluene trace — —
12¢ NaOH toluene 66 >20:1 94
13 NaOH toluene 60 >20:1 93

“General conditions: 1a (0.1 mmol), 2a (0.5 mmol), base (0.1 mmol),
A (0.01 mmol), triethylsilane (0.3 mmol), and boron trifluoride
etherate (0.3 mmol), solvent (1 mL) at rt. “Isolated yields after
column chromatography. “Determined by "HNMR analysis. “Enantio-
meric excess of 3a, determined by HPLC on a chiral stationary phase
(see the Supporting Information). “The reaction was carried out at 0
°C.”The reaction was carried out at —10 °C.

the yield and diastereoselectivity were significantly influenced
when the reaction was carried out in different solvents.
However, no significant variation in enantioselectivity was
observed except DCM (78%) and DCE (83%) (Table 1,
entries 1—6), and toluene proved to be the best. The desired
product 3a was obtained in 78% yield, 89% ee, and >20:1 dr.
Next, a series of bases were tested. When inorganic bases such
as NaOH, KOH, and EtONa were used, the enantioselectivity
of 3a was increased to > 90% and the diastereoselectivity was
maintainable. The highest yield (75%) could be obtained with
NaOH as the base in the reaction (Table 1, entries 7—9).
However, the organic bases were found to be inferior for the
reaction; only a trace amount of the desired product was
detected (Table 1, entries 10—11). A further decrease of the
reaction temperature to 0 °C and — 10 °C resulted in a slight
decrease of the yield and enantioselectivity (Table 1, entries
12-13).

With the optimized reaction conditions in hand, we next
explored the substrate scope of this cascade reaction (Table 2).
It was found that the reaction could accommodate a broad
range of substituted 3-ylideneoxindoles and provided the
desired products in moderate to good yields with good to
excellent diastereo- and enantioselectivities. 3-Ylideneoxindoles
3b—f with different substitution groups at the CS5—7 position
had no significant impact on the yields and stereoselectivities.
All desired spirooxindoles were afforded in 75—91% vyields,
>20:1 dr, and >97% ee (entries 2—8). The 3-ylideneoxindoles
with methyl and benzyl esters were also good substrates for the
reaction and provided the desired products in moderate to
good yields and diastereoselectivities with excellent enantiose-
lectivities (entries 9—13). Notably, the molecular diversity of
the spirooxindole derivatives could be easily improved by
changing the propionaldehyde to other aliphatic aldehydes. For

most cases examined, slightly lower yields were observed, but
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Table 2. Exploration of Substrate Scope”

R20,C 1. A (10 mol %) R]la 5
toluene toa, 3
5 CH 2. NaOH R'\\:"f = R
1 2 3
entry R! R> R? 3 yield (%)” A ee (%)7

1 H Et Me a 75 >20:1 98
2 5-F Et Me b 87 >20:1 98
3 5-Cl Et Me c 89 >20:1 98
4 5-Br Et Me d 83 >20:1 98
5 5-Me Et Me e 75 >20:1 97
6 5-OMe Et Me f 91 >20:1 98
7 6-Br Et Me g 87 >20:1 99
8 5,7-(Me),  Et Me h 85 >20:1 96
9 H Me Me i 83 >20:1 99
10 5-Me Me Me j 47 20:1 91
11 H Me n-Pr k 65 5:1 29
12 H Me n-Bu 1 67 12:1 99
13 H Bn  Me m 40 20:1 99
14 5l Et Et n 45 20:1 93
15 SF Et i-Pr ° 46 20:1 85

“General conditions: 1a (0.1 mmol), 2a (0.5 mmol), A (0.01 mmol),
triethylsilane (0.3 mmol), and boron trifluoride etherate (0.3 mmol),
toluene (1 mL) under rt. “Isolated yields after column chromatog-
raphy. “Determined by "HNMR analysis. ¥Determined by HPLC on a
chiral stationary phase.

the stereoselectivities were manitained at good to excellent
levels (entries 11—12, 14—15). Furthermore, N-methyl
protected oxindole olefin 1g could also give desired product
3p in good yield and with excellent diastereoselectivity,
although the ee was lowered to 85% (Scheme 3).

Scheme 3. Reaction of N-Methyl Protected (E)-2-(2-
Oxoindolin-3-ylidene)acetate and Propionaldehyde
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To determine the stereochemistry of the tetrahydropyrane
fused spirooxindoles, the absolute configuration of 3b was
confirmed by X-ray crystallographic analysis (Figure 2, CCDC
1439587). Catalyst A derived from L-proline exclusively
provided ethyl (2'S,3R4'S,5'S)-2'-ethyl-S-fluoro-5’-methyl-2-
oxo-5',6’-dihydro-2'H,4’ H-spiro[indoline-3,3'-pyran]-4’-car-
boxylate (3b).

In conclusion, we have demonstrated herein an efficient
organocatalytic Michael/aldol/hemiacetalization cascade reac-
tion for the construction of enantio-enriched spirocyclic
oxindoles fused with tetrahydropyrane. The desired tetrahy-
dropyrane fused spirooxindole derivatives bearing four
consecutive stereogenic centers were obtained in moderate to
good yields and with high stereoselectivities in a one-pot
manner. Further investigations of organocatalytic synthesis of
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Figure 2. X-ray crystal structure of 3b.

other heterocyclic compounds with multiple chiral centers by
using a similar strategy are underway in our laboratory.
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