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Spirocyclic oxindole skeletons are present in numerous natu-
rally occurring alkaloids and medicinal active molecules."
Among them, spiro[piperidine-3,2™-oxindoles] molecular
frameworks are attractive scaffolds because of their usefulness
in potential biological activities. For instance, the drug KAE609
(formerly known as NITD609 or cipargamin), which has been
identified as a potential treatment for malaria,”> and quinoline
spirooxindoles, which is a potential antitumour molecular.?
Furthermore, some spiro[piperidine-3,2™-oxindoles] are being
investigated as peptide isosteres that can mimetic type II B-turn
in the search for new enzyme inhibitors (Fig. 1).* Given the
importance of this structural class, the great advances that have
occurred,'*®7 the continuous development of catalytic and
versatile synthetic strategies that allow the direct formation of
these frameworks is still needed. Herein, we report a general
and efficient method for the synthesis of highly substituted
spiro[piperidine-3,2"-oxindoles] from donor-acceptor (D-A)
cyclobutanes and iminooxindoles catalyzed by Lewis acid under
mild conditions.

Cycloaddition reactions of strained cycloalkanes represent
one of the most efficient ways for the synthesis of carbo- and
heterocycles in organic chemistry.” Cyclobutanes are found in
a large number of biologically active natural products.® More-
over, as an important type of four-membered all-carbon
building block, donor-acceptor (D-A) cyclobutanes have been
used in the ring-opening reaction’ and applied in the
construction of various cyclic molecular frameworks by [4 + 1]
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iminooxindoles in the presence of 10-30 mol% Sc(OTf)s at room temperature. This methodology
provides great potential for building spiro-heterocycle compounds from simple building blocks.

cycloaddition® under the catalysis of Lewis acids.’ For example,
in 2010, Pagenkopf group reported a Yb(OTf); catalyzed [4 + 2]
cycloaddition reaction of D-A cyclobutanes and imines, giving
highly substituted piperidines (Scheme 1a). However, to the
best of our knowledge, examples of cycloaddition of D-A
cyclobutanes with iminooxindoles for constructing spiro
[piperidine-3,2-oxindoles] under Lewis acid have not been re-
ported. Thus, the development of new synthetic protocols to
access such spiro-heterocycle skeleton is still desirable (Scheme
1b).

Recently, we reported a Lu(OTf);-catalyzed [4 + 4] cycload-
dition reaction of D-A cyclobutanes with anthranils to deliver
oxa-bridged eight-membered heterocycles.” Owing to our
continuous interest in Lewis acid catalyzed reactions,' partic-
ularly in D-A cyclobutanes involved transformations, we envi-
sioned that, upon suitable activation by acid, the reaction of D-
A cyclobutanes and iminooxindoles would provide a new
approach to deliver diverse spiro[piperidine-3,2™-oxindoles]
(Scheme 1b).

We tested our hypothesis using iminooxindole 1a and
dimethyl 2-(4 methoxyphenyl)cyclobutane-1,1-dicarboxylate 2a
as model substrates. Initially, the use of 10 mol% Yb(OTf); as
a catalyst did not yield good results (Table 1, entries 1 and 2). To
our delight, spiro[piperidine-3,2"-oxindoles] 3aa was isolated in
82% yield as a single isomer and a trace amount of unidentified
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Fig. 1 Some examples of bioactive spirolpiperidine-3,2’-oxindoles].
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Piperidines via [3+2] cycloaddition of D-A cyclobutanes to imines (a)
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Scheme 1 Previous work and our strategy for this study.

Table 1 Screening the reaction conditions”

N~Ph MeO,C,

4 CO,Me 10 mol % catalyst ~ MeO,C'*
N COMe "4 Ams, solvent, 12h O
H

MeO H
1a 2a 3aa, single isomer
Isolated yield
Entry Catalyst Solvent (%)
1 Yb(OTf); DCM Trace
2P Yb(OTf); DCM n.r.
3 Sc(OTf); DCM 82
4 Y(OTf); DCM Trace
5 Hf(OTf), DCM Trace
6 In(OTf); DCM Trace
7 Cu(OTf), DCM Trace
8 Lu(OTf); DCM Trace
9 Nd(OTf); DCM Trace
10 Fe(OTf); DCM n.r.
11 FeCl, DCM 30
12 SnCl, DCM n.r.
13 SnCl, DCM Complex
14 Bi(OTf); DCM nr.
15 Tm(OTf); DCM Trace
16 Gd(OTf); DCM Trace
17 Er(OTf); DCM Trace
18 Ho(OTf); DCM Trace
19 Mgl, DCM Trace
20 Sc(OTf), DCE 72
21 Sc(OTf); Toluene 40
22 Sc(OTf), CHCI, 28
23 Sc(OTf); CH;CN Trace
24 Sc(OTf); Acetone Trace
25°¢ Sc(OTf); DCM 32

“ Reaction conditions: 1a (0.22 mmol), 2a (0.2 mmol), 10 mol% catalyst,

and 60 mg of activated 4 A MS in 2.0 mL of solvent at room temperature,
DCM = CH,Cl,, DCE = CICH,CH,CI, n.r. = no reaction. * The reaction
was performed according to the ref. ®, at —50 °C for 1 h, then at 0 °C

overnight. ¢ Without 4 A MS.

product when the reaction was carried out under the catalysis of
10 mol% Sc(OTf); at room temperature (Table 1, entry 3).
Catalysts such as Y(OTf);, Hf(OTf),, In(OTf)3, Cu(OTf),, Lu(OTf)3
and Nd(OTf); result in low efficiency (Table 1, entries 4-9). To
improve the yield, Lewis acids, including iron salts, tin salts and
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other kinds of Lewis acids, were also tested, and the results are
unsatisfactory (Table 1, entries 10-19). The yield decreased
when the reaction was carried out in DCE, toluene and CHCI;
(Table 1, entries 20-22). Polar solvents were unsuitable for this
cycloaddition reaction (Table 1, entries 23 and 24). Only a 32%
isolated yield was obtained when the reaction was performed
without 4 A molecular sieves (MS), indicating that a trace
amount of water might result in a side product (Table 1, entry
25).

With the optimized reaction conditions in hand, the scope of
this Lewis-acid catalyzed [4 + 2] cycloaddition reaction was
explored with iminooxindole 1a and various D-A cyclobutanes
2, and the results are summarized in Table 2. 4-Phenyl D-A
cyclobutane with an ethoxyl or benzyloxyl on the phenyl ring
afforded the corresponding products in 67-72% yield (Table 2,
3ab-3ac). However, cyclobutane 2d without a substituent on the
phenyl ring (R' position) and 2e with a weak electron-
withdrawing group (Br) on the phenyl ring (R" position) could
not undergo the cycloaddition reaction with 1a, and no desired
cycloadducts were detected (Table 2, 3ad-3ae). The reaction of
iminooxindole 1a and cyclobutanes 2f (R' being 4-methyl-
phenyl) also failed (Table 2, 3f). Di- and trisubstituted cyclo-
butanes 2g-2i with electron-donating groups on the phenyl ring
(R" position) also worked in this reaction, furnishing [4 + 2]
cycloadditon products in 41-80% isolated yields albeit higher
catalyst loading and longer reaction time were needed in some
cases (Table 2, 3ag-3ai). For thienyl-substituted cyclobutane 3i,
the desired [4 + 2] cycloaddition product 3aj was obtained in

Table 2 Substrate scope®

,;‘»Ph R20,C, R!
10 mol % Sc(OTf) R20,C"
b« P mssen B2
N R CoRe 4AMS, DCM, it =0
H
1a

2

w TZ

3ad? (0%), 12 h 3ae? (0%), 12h

3ag (86%), 4 h

s
MeO,C Q)
meo, X T
~o
N
i

3aj ©(46%), 5.5 h

3ak (58%), 13 h

3al (72%), 13 h

¢ Reaction conditions: 1a (0.22 mmol), 2 (0.2 mmol), 10 mol% Sc(OTf);,
and 60 mg of activated 4 A MS in 2.0 mL of DCM at rt, isolated yield.
% 100 mol% Sc(OTf); was used at 90 °C, and no desired product was
detected. © 20 mol% Sc(OTf); was used. ¢ 30 mol% Sc(OTf); was used.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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46% yield (Table 2, 3aj). The aforementioned results indicate
that the nature and position of the substituents on the aromatic
rings significantly affect the reaction activity. Surprisingly, the
dicarboxylates can be switched to other esters to give the
desired spiro[piperidine-3,2™-oxindoles] 3ak-3al in 58-72%
yields (Table 2, 3ak-3al). The structure and the relative stereo-
chemistry of the products were established by X-ray crystallog-
raphy analysis of 3aa (Fig. 2).

We studied the scope of this reaction due to the variation of
the iminooxindole component (Table 3). The data in Table 3
showed that various functional groups were introduced into the
oxindole fragment of iminooxindole 1b-1g (R* position), such
as halides (F, Cl, Br), methyl, methoxyl and nitro group, were

OMe

Fig. 2 X-ray crystal structure of compound 3aa (CCDC 2143778%).

Table 3 Substrate scope”

NAR OMe
\ CO,Me 10 mol % Sc(OT; MeOgC !
CO,Me N W
/ 2 4AMS, DCM, it RE “=0
=
N
R

3

OMe
MeO,C O MeO,C. O M Meo,c, O oM
Moo, % 8
; e _—NPh CIMEO SN Neh BrMEOZC —NPh
Sl s I
N N N
it it i

3ba (76%), 4 h

3ca (72%), 4 h 3da (67%), 4 h

om oMe
OMEMeOQC '® MeO,C. O
NPh MeO,C- Nph Meo, 0N
MeO ON iy
ﬁo ﬁo 0
i

3fa (67%) 13h

MeO,C,
eOZC

3ea (57%) 25h

Br

NO,

H
3ma (43%), 14 h

3ka (70%), 8 h

MeO;C OMe
N‘Bu Meo 9 NF'h
;=o
30a

3na® (0%) 14h

3la (65%), 3.5 h
MeO,C,
MeO c

35%) 16h

“ Reaction conditions: 1a (0 22 mmol), 2 (0.2 mmol), 10 mol% Sc(OTf);,
and 60 mg of activated 4 A MS in 2.0 mL of DCM at rt, isolated yield.
2100 mol% Sc(OTf); was used at 90 °C, and no desired product was
detected.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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compatible, affording the desired [4 + 2] cycloaddition products
3ba-3ga in 67-76% isolated yields (Table 3, 3ba-3ga). Similarly,
iminooxindole 1h-1m, bearing both electron-withdrawing and
electron-donating groups in the aromatic substituent at the
imine N atom (R’ group), also reacted with D-A cyclobutane 2a
and yielded corresponding products 3ha-3ma (Table 3, 3ha-
3ma). Unfortunately, when we used iminooxindole 1 with alkyl
groups (e.g., Bu, 1n) at the imine N atom, no desired cyclo-
adduct 3na was detected. The reaction of N-protected imi-
nooxindole 10 (R = Me) with cyclobutane 2a, affording the
desired product in 35% yield (Table 3, 30a). It is noteworthy to
mention that no other stereoisomer was detectable in all the
reactions we carried out.

Based on these experimental results, a plausible mechanism
that accounts for these results is proposed in Scheme 2.
Initially, the Lewis acid Sc(OTf); binds to the ester moiety to
produce intermediate IA. The direct C-C heterolysis of IA would
yield intermediate IB (path a), which would readily react with
iminooxindole to yield a zwitterionic intermediate IC. Subse-
quent cyclization via the favored conformation TS would afford
cycloadducts 3 and regenerate the catalyst. The alternative
reaction pathway (path b) to generate IC from IA is via an SN,-
like nucleophilic attack of iminooxindole to the activated D-A
cyclobutane offers the zwitterion IC, thereby causing the
inversion of the stereochemistry at the activated R' substituted
carbon center of cyclobutane, which has been explored by
Johnson group in donor-acceptor cyclopropanes.'” Thus, the
reaction of enantioenriched cyclobutane would give an enan-
tioenriched cycloadduct. To know which reaction pathway is the
real one, enantioenriched 2a was prepared based on the method
developed by Tang et al.*® After running for 4 h under standard
reaction conditions, the reaction affords a racemic cycloadduct
3aa (Scheme 3), indicating that reaction path a may be a more
possible reaction pathway.

Finally, the derivatization of spiro[piperidine-3,2-oxindoles]
3 was investigated by the selective transformations of the
representative compound 3aa. The diester group of 3aa can be
reduced by LiAlH, in THF, yielding the desired product 4 in an
89% isolated yield (Scheme 4).

OR2
COZRZ
) RZO O,Sc(OTf)3
co R’
Path b

R202C g SSOT: 1

/Sc(OTf)a

R20,C" ,Sc(OTf)a
Cosz/\&S\ 5\ ” / @E@Z
T
N
—1

RZOZC 7
,Sc(om3
N S" H RO
H ic
TS

Scheme 2 Plausible mechanism.
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N~Ph MeOC,
I CO,Me 10 mol % Sc(OT; MeO,C'*
. 10 mol % Sc(OThs
N COMe 4 AMs, DCM, rt, 4 h O
N

MeO yield = 82% N

1a 2a (ee = 85%) 3aa (ee = 0%)

Scheme 3 Stereospecificity of the [4 + 2] cycloaddition reaction of
enantioenriched cyclobutane 2a.

MeO,C O OMe HOHC, O
meocN = LA, HOH,C'* NP
O =0 THF, 0°C-rt O =0
N N
N H
3aa

4, yield = 89%

OMe

Scheme 4 Transformations of product 3aa.

In conclusion, we have developed an Sc(OTf);-catalyzed [4 +
2] cycloaddition reaction from D-A cyclobutanes and N-unpro-
tected iminooxindoles under mild reaction conditions,
providing the corresponding spiro[piperidine-3,2™-oxindoles]
with good yields and excellent diastereoselectivity. Further
studies on Lewis acid-catalyzed cycloaddition reactions are
ongoing in our laboratory.
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