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hesis of chiral 1,2-oxazinane and
hexahydropyridazin spirocyclic scaffolds by
organocatalytic [4 + 2] cycloaddition†

Heng-Zhi Tian,a Qing-Gang Tang,a Guo-Qiang Linab and Xing-Wen Sun *ab

A novel approach to synthesize chiral 1,2-oxazinane spirocyclic scaffolds by organocatalytic [4 + 2]

cycloaddition reaction between methyleneindolinones and g-aminooxy-a,b-unsaturated ester has been

disclosed. Furthermore, a hydrazide 1,4-synthon is designed and synthesized to construct chiral

hexahydropyridazin spirocyclic scaffolds with methyleneindolinones via [4 + 2] cycloaddition reaction.

Both reactions give corresponding products in good to excellent yield, excellent diastereoselectivity and

good enantioselectivity.
Spiro-oxindole scaffolds bearing a quaternary carbon stereo-
center at the 3-position, especially with a heterocycle, are priv-
ileged and wide-spread among natural products and medicinal
compounds.1 Among the vast array of spiro-oxindole scaffolds,
these structures which contain two heteroatoms at the spiro
ring are of great importance due to their remarkable bioactivites
(Fig. 1). For example, compound I and compound II possess
antineoplastic activities.2 Compound III and compound IV are
used as a CRTH2 antagonist or p53/Hdm2 interaction inhibitor,
respectively.3 And the spiro-oxindoles fused with the ring con-
taining two heteroatoms at the C3-position, have recently
become one of themost important synthetic subjects because of
signicance for drug design.4 In addition, 1,2-oxazinane5 and
hexahydropyridazin6 constitute two other groups of bioactive
compounds owing to the presence of two heteroatoms (Fig. 1).
FR900482 (V) and FK317 (VI) are antibiotics with exceptionally
potent antitumor activity. Piperazimycin A1 (VII) is a kind of
cytotoxic hexadepsipeptides. 1-Azafagomine (VIII) is considered
as an inhibitor of glycosyl-cleaving enzyme which offers the
opportunity to treat AIDS, diabetes, and tumor metastasis.
Given the relevance of spiro-oxindole scaffolds and 1,2-oxazi-
nane or hexahydropyridazin, it is anticipated that incorporation
of both pharmaceutical and biological structural motifs into
one molecule might lead to the creation of new compounds
with potentially interesting properties. Therefore, it is
sity, Shanghai 200433, China. E-mail:

atural Substances, Shanghai Institute of

cademy of Sciences, Chinese Academy of

32, China

ESI) available. CCDC 2153627, 2153695.
CIF or other electronic format see

the Royal Society of Chemistry
signicant for drug design to introduce 1,2-oxazinane and
hexahydropyridazin into spiro-oxindole scaffolds at the C3-
position.

Although, a few accesses chiral 1,2-oxazinane spiro-
oxindoles are disclosed recently,7 metal-free methods to
construct this structure are still rare. As for chiral hexahy-
dropyridazin spiro-oxindoles, some methods for the construc-
tion of other chiral pyridazin skeletons have been reported
before. Gong8 has found chiral gold(I) complex-catalyzed can
highly regio- and enantioselectively catalyze azo hetero-Diels–
Alder reaction between 2,4-hexadiene and urea-based diazene
Fig. 1 Examples of natural compounds including 1,2-oxazinane,
hexahydropyridazin and spiro-oxindole skeletons.
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Scheme 1 Substrate scope examination of product 4.
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dienophiles to synthesize chiral hexahydropyridazin. Wang9 has
utilized a-chloro N-benzoyl hydrazine to form several kinds of
chiral parallel hexahydropyridazin with Cu complex as the
catalysts. The asymmetric synthesis of spiro-
hexahydropyridazin has not been reported until 2021. Deng10

and co-workers design the asymmetric annulation between
isatin N,N0-cyclic azomethine imine and cinnamaldehyde in the
presence of secondary amine catalyst to construct chiral spiro-
hexahydropyridazin. Even so, there is no effective method to
form that structure we exhibit in Fig. 1. Developing novel and
metal-free synthetic methods to construct chiral 1,2-oxazinane
spiro-oxindoles and hexahydropyridazin spiro-oxindoles, are
still in demand as ever.

Our studies were initiated with the reaction between meth-
yleneindolinones (1a) and g-aminooxy-a,b-unsaturated ester
(2a) in DCM with 5 mol% organocatalyst 3a. The desired 1,2-
oxazinane spiro-oxindole 4a (derivative compound 8, CCDC
2153695) was generated with 80% yield, >20 : 1 dr and 95% ee.
Optimization studies were performed using methyl-
eneindolinones (1a) and g-aminooxy-a,b-unsaturated ester (2a)
as model substrates (Table 1). Preliminary catalyst screening
(Table 1, entries 2–6) showed that the desired reaction prole
could be accessed when squaramide or thiourea as the hinge of
catalyst 3, and catalyst 3c gave the best result (87% yield, dr >
20 : 1, 96% ee). But in the same condition, when 3f with larger
steric hindrance was used, this process hardly worked (yield <
20%). Subsequent solvent screening (Table 1, entries 7–10)
enabled us to identify DCM as the most suitable solvent for the
devised reaction.
Table 1 Optimization studies of 4aa

Entry Catalyst Solvent drb Yieldb cee

1 3a DCM >20 : 1 80 95
2 3b DCM >20 : 1 83 94
3 3c DCM >20 : 1 87 96
4 3d DCM >20 : 1 53 97
5 3e DCM >20 : 1 85 94
6 3f DCM nd <20 nd
7 3c CHCl3 >20 : 1 90 95
8 3c THF >20 : 1 53 94
9 3c Toluene >20 : 1 92 94
10 3c DCE >20 : 1 90 93

a Typical reaction conditions: 1a (0.11 mmol), 2a (0.10 mmol), 5 mol%
catalyst 3 in DCM (0.2 mL), at 25 �C for 48 h. b Determined by 1H
NMR analysis of the crude reaction mixture before purication.
c Determined by HPLC analysis.

15714 | RSC Adv., 2022, 12, 15713–15717
With the optimized reaction conditions in hand, the scope of
the methodology was investigated (Scheme 1). Initially,
different methyleneindolinones 1 were reacted with g-amino-
oxy-a,b-unsaturated ester 2a. It was found that the protective
group on the methyleneindolinones R1 was crucial. It inu-
enced this reaction in electron withdrawing, catalyst binding
and steric hindrance. When R1 was Ac or Et, the reaction did not
work. But similar Cbz group was compatible. Importantly, the
introduction of functional groups in the phenyl ring in 1 also
proved to be possible. The inuence of the electron properties
and position of substituents on the C-5 of the methyl-
eneindolinones 1 was investigated. The use of methyl-
eneindolinones bearing halogen atoms, Me, MeO or nitro
afforded corresponding products 4 in good yield and stereo-
selectivity. Similarly, on the C-6 and C-7 position of the meth-
yleneindolinones 1, the introduction of halogen atoms was also
compatible. Subsequently, the ester group on methyl-
eneindolinones 1 (R3) was studied. It was found that different
ester groups had no major inuence on the reaction outcome
both in terms of yield and stereoselectivity as demonstrated in
the synthesis of 4l, 4m and 4n. Ultimately, the introduction of
different groups in g-aminooxy-a,b-unsaturated ester 2 was
investigated. The result show that Ac group was proved to be
possible, but Bz group afforded product 4p with deteriorated
enantioselectivity. Notably, in all of the cases the diaster-
eoselectivity was excellent (>20 : 1).

Having established the scope of the desired 1,2-oxazinane
spiro-oxindole 4, the possibility to synthesize the skeleton of
hexahydropyridazin spiro-oxindoles by analogic methodology
was put on agenda. Based on the above research, a 1,4-synthon
containing N and O atoms as used to construct the 1,2-oxazi-
nane spiro-oxindole 4. It was automatic to consider
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Optimization studies of 7aa

Entry Catalyst Solvent T(�C) Yieldb eec

1 3a DCM 25 77 49
2 3b DCM 25 63 39
3 3c DCM 25 70 40
4 3d DCM 25 75 25
5 3e DCM 25 40 45
6 3f DCM 25 80 78
7 3f CHCl3 25 76 78
8 3f DCE 25 77 77
9 3f Toluene 25 55 73
10 3f CH3CN 25 80 73
11d 3f DCM 0 70 83
12d 3f DCM �20 61 87
13d 3f DCM �30 49 89
14d 3f DCM �35 41 92
15d,e 3f DCM �35 58 92
16d,e,f 3f DCM �35 63 91
17e,f,g 3f DCM �35 74 91

a Typical reaction conditions: 1a (0.15 mmol), 6a (0.10 mmol), 10 mol%
catalyst 3 in DCM (0.2 mL), at 25 �C for 72 h. All reactions in this table,
dr values >20 : 1. b Determined by 1H NMR analysis of the crude
reaction mixture before purication. c Determined by HPLC analysis.
d Reacted for 7 days. e 15 mol% catalyst was used. f Reaction
concentration was 1.0 mol L�1. g Reacted for 10 days.

Fig. 2 The design of new 1,4-synthon 6.
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constructing hexahydropyridazin spiro-oxindoles by similar 1,4-
synthon containing double N atoms. Although, Deng (Fig. 2a)
developed the methodology to form hexahydropyridazin spiro-
oxindoles by isatin N,N0-cyclic azomethine imine, there is still
no known 1,4-synthon containing double N atoms disclosed,
which was able to form our desired chiral hexahydropyridazin
spiro-oxindoles. In the face of new area, we intended to design
and synthesize new 1,4-synthon for synthesis of hexahydropyr-
idazin spiro-oxindoles. Initially, a transformed synthon 5 which
substituted N–O fragment in g-aminooxy-a,b-unsaturated ester
2 with N–N fragment was taken into consideration. However, it
was easy to gure out from the analysis of charge distributions
that designed synthon 5 was supposed to initiate reaction from
another N atom, and tetrahydropyrrole spiro-oxindoles rather
than hexahydropyridazin spiro-oxindoles would be obtained
when synthon 5 was utilized to reacted with methyl-
eneindolinones 1. Therefore, a 1,4-synthon 6 that possessed
reversed charge distribution with synthon 5 was designed and
synthesized to construct desired hexahydropyridazin spiro-
oxindoles.

Fortunately, a novel group of hexahydropyridazin spiro-
oxindoles 7a (CCDC 2153627) was synthesized from methyl-
eneindolinones 1a and new 1,4-synthon 6a catalyzed by orga-
nocatalyst 3a, with 77% yield, >20 : 1 dr and 49% ee (Table 2,
entry 1). Nonetheless, it was anticipated that a proper choice of
the organocatalyst was able to increase enantioselectivity and
retain diastereoselectivity and yield on this reaction
simultaneously.

Optimization studies started from the catalysts screening
with methyleneindolinones 1a and fumaric acid monoester
monoamide 6a as model substrates (Table 2). It was different
from the reaction of 1,2-oxazinane spiro-oxindole 4, analogous
squaramide or thiourea catalyst 3b–3e gave the desired hex-
ahydropyridazin spiro-oxindoles 7a with poor enantioselectivity
(Table 2, entries 2–5). However, the product 7a was formed with
78% ee value under the catalysis of larger steric hindrance
catalyst 3f (Table 2, entry 6), which was unable to catalyze the
previous convention of 1,2-oxazinane spiro-oxindole 4. Subse-
quent solvent screening (Table 2, entries 7–10) enabled us to
identify DCM as the most suitable solvent for the devised
© 2022 The Author(s). Published by the Royal Society of Chemistry
reaction. With the best suited solvent being established, the
optimization efforts were directed towards the reaction
temperature (Table 2, entries 11–14). As the falling of reaction
temperature, remarkable increasing of enantioselectivity and
reducing of yield was observed. The desired product 7a was
obtained in 92% ee value and 41% yield under the condition of
�35 �C. Finally, through the adjustment of catalyst amount,
reaction concentration and reaction time, the optimized reac-
tion conditions were found: 15 mol% 3f as the catalyst in DCM
solvent, 1.0 mol L�1 1,4-synthon 6a and 1.5 mol L�1 methyl-
eneindolinones 1a reacted for 10 days under the temperature of
�35 �C and desired hexahydropyridazin spiro-oxindoles 7a was
obtained in 74% yield, dr > 20 : 1, 91% ee.

With the optimized reaction conditions in hand, the
substrate scope and limitations of this new cascade reaction
were explored. As summarized in Scheme 2, the Boc protective
group on the methyleneindolinones 1 was irreplaceable. Other
protective groups (such as Ac or Et), restrained this cascade
reaction even though similar Cbz group. Subsequently, an array
of methyleneindolinones 1 bearing different functional substi-
tutions (R1) on C-5, C-6 and C-7 were investigated in the reac-
tions with fumaric acid monoester monoamide 6a. It was found
that halogen atoms, Me, MeO on C-5 were well tolerated (7b–7f).
However, C-6 and C-7 position was proved general compati-
bility. Except F atom, other substitutions deteriorated enantio-
selectivity in different degree. Ultimately, the ester group on
RSC Adv., 2022, 12, 15713–15717 | 15715

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02759c


Scheme 2 Substrate scope examination of product 7.
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methyleneindolinones 1 (R2) and fumaric acid monoester
monoamide 6 (R3) was studied. It was found that different ester
groups had no major inuence on the reaction outcome both in
terms of yield and stereoselectivity as demonstrated in the
synthesis of 7n–7r.

To illustrate the potential application of this reaction, several
transformations of 1,2-oxazinane spiro-oxindole 4a and hex-
ahydropyridazin spiro-oxindoles 7a were carried out. As illus-
trated in Scheme 3, two Boc groups in 4a could be eliminated
completely with TFA at the same. But in the condition of SmI2
(2.5 eq.), only the Boc group on indole ring was removed
Scheme 3 Transformation of 4a and 7a.

15716 | RSC Adv., 2022, 12, 15713–15717
selectively. Both transformations retain the enantioselectivity of
products. Unexpectedly, hexahydropyridazin spiro-oxindoles 7a
eliminated the Boc group on indole ring and the carboxyl group
in the condition of TFA. This transformation optimized the
structure of product 7a for more applications.

In conclusion, two novel asymmetric organocatalytic reac-
tions for the preparation of chiral 1,2-oxazinane spiro-oxindole
and chiral hexahydropyridazin spiro-oxindole has been pre-
sented. Further investigations on expanding the scope of these
two reactions prove wide range tolerance of other methyl-
eneindolinones. Furthermore, in order to construct the undis-
covered chiral hexahydropyridazin spiro-oxindoles, a new
fumaric acid monoester monoamide 1,4-synthon is designed
and synthesized. The developed 1,4-synthon possibly offers
a facile, efficient and general entry to other heterocyclic skele-
tons containing two N atoms.
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