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Abstract: In this work, we present the first synthesis of dispirooxindole-β-lactams employing opti-
mized methodology of one-pot Staudinger ketene-imine cycloaddition with N-aryl-2-oxo-pyrrolidine-
3-carboxylic acids as the ketene source. Spiroconjugation of indoline-2-one with β-lactams ring
is considered to be able to provide stabilization and wide scope of functionalization to resulting
scaffolds. The dispipooxindoles obtained demonstrated medium cytotoxicity in the MTT test on
A549, MCF7, HEK293, and VA13 cell lines, and one of the compounds demonstrated antibacterial
activity against E. coli strain LPTD.

Keywords: spirooxindoles; β-lactams; Staudinger reaction; ketene-imine cycloaddition; oxo-pyrrolidine-
3-carboxylic acids

1. Introduction

While cancer and diseases caused by bacterial infections have always been a substantial
social threat, emerging targeted cancer therapies provide means to alleviate it. Strategies
for selective targeting and elimination of malignant cells have been developed for the
past three decades [1]. Amongst these strategies, an approach based on small-molecule
agents has attracted major interest [2]. Some low molecular weight scaffolds may be the
basis for the development of new antibacterial and anticancer drugs; these small-molecule
therapeutic agents offer several significant advantages such as high stability in biological
environments, allowing for oral administration and high potential of modification and
functionalization [2,3]. The potential for modification and the functionalization of small-
molecule therapeutic agents is especially important for reducing the toxicity toward healthy
human cells, which is significant not only for antibacterial therapy, but improves efficiency
in suppressing tumor cells [2,3].

Among antibiotics, one of the most well-known scaffolds is β-lactam. The main
problem of these antibiotics is the common resistance the bacteria to this antibiotic. This
problem may be overcome by combining antibiotics with beta-lactamase inhibitors or
new antibiotics that are resistant to degradation [4]. The latter approach requires the
development of new molecular scaffolds. The compounds considered below have a rigid
three-dimensional framework while containing a β-lactam ring, and it would be interesting
to consider whether it has antibacterial activity. Moreover, β-lactam-based compounds
were described recently as anticancer prodrugs and enzyme inhibitors [5].

Diversification of molecular targets has been recently discovered, resulting in the devel-
opment of multitude of small-molecule targeted therapeutics [6]. Although different ways
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to inhibit tumor cell proliferation are known, the targeting apoptosis is considered to be the
most effective since it potentially leads to a complete elimination of malignant tissues [7,8].
Thus, as a result, strategies based on up-regulation of apoptosis-inducing p53 protein (also
known as “genome guardian”) through inhibition of its antagonist, cellular protein MDM2,
has become a foundation for the design and synthesis of small-molecule agents for targeted
therapy [9–14]. Several examples of different inhibitors belonging to different structure
types are known to exhibit impressive antitumor activity [15–18]. Among these molecules,
inhibitors based on spirooxindole scaffold attract major interest [19–21]. An oxindole ring
is bioisosteric to indole moiety of tryptophan, interaction with which is fundamental for
binding to MDM2, while spiro-conjugation provides synthesized molecules structural
rigidity and wide scope of functionalization [21]. Several spirooxindole-based drugs for
targeted therapy such as APG-115 (Figure 1a) and SAR405838 (Figure 1b) exhibited great
tumor-suppressing activity in recent clinic trials [22–25].

Figure 1. Spirooxindole-based small-molecule inhibitors of MDM2. Spirooxindole-pyrrolidines:
(a) APG-115, (b) SAR405838; (c) bis-aryl spirooxindole-β-lactams.

Despite design and development being primarily focused on spirooxindoles conju-
gated with pyrrolidine ring, other structuraltypes of spiroindoline-2-ones are known to
exhibit antiproliferative activity [26]. Recently, we have reported convenient methodolo-
gies for the synthesis of novel bis-aryl spiro[azetidine-2,3′-indoline]-2′,4-diones (Figure 1c)
displaying good affinity with targets at docking studies and preliminary in vitro tests [27].

The development of the latter compounds, in which the oxindole moiety is spiro-
conjugated with the β-lactam ring, are based on the idea of β-lactams ring stability in the cell
environment, as proven by work of O’Boyle and coworkers on β-lactams combretastatin-A4
analogues [28,29]. Note that, although the introduction of additional spiro-conjugation in
synthesized compounds to enhance rigidity and functionalization of resulting molecules is
common for spirooxindole-pyrrolidines, it is hitherto unknown for spirooxindole-β-lactams. In
this article, we report the design and synthesis of a novel dispirooxindole-β-lactams scaffold.

2. Results and Discussion
2.1. Synthesis of Dispirooxindole-β-Lactams

To synthesize spiro-oxindole-β-lactams with the additional spiro conjugation, it
seemed convenient to use N-substituted 2-oxopyrrolidine-3-carboxilic acids as starting
reagents, introducing them to the Staudinger ketene-imine cycloaddition reactions as a
source of ketenes. We started our research with the comparison of the results of docking
to the MDM2 binding site for the forming in such reactions dispiro compound a and the
previously synthesized [27] spiro derivative b with the same set of exocyclic aryl sub-
stituents (see Table 1). According to docking studies conducted with AutoDock, Vina’s [30]
introduction of the N-aryl-2-oxopyrrolidine moiety provides a noticeable increase in affinity
to the binding site of MDM2 compared to previously studied spiro-β-lactams [27] (Figure 2,
Table 1).



Int. J. Mol. Sci. 2022, 23, 6666 3 of 16

Table 1. Affinity energy comparison of dispirooxindole (a) and the previously described [27]
spirooxindole-β-lactam (b).

Compound Figure 2 Entry# Stereoisomer Affinity (kcal/mol)
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Figure 2. Molecular docking studies of dispiro- (a) and spiro- (b) indolin-2-ones (see Table 1).
Binding modes of four stereoisomers of dispirooxindole-β-lactam (a1–a4) are compared to isomers of
previously studied spirooxindole-β-lactam (b1–b4) with same-side aryl substituents: (a1) (3R,3′S),
(a2) (3S,3′R), (a3) (3R,3′R), (a4) (3S,3′S); (b1) (2R,3S), (b2) (2S,3R), (b3) (2R,3R), (b4) (2S,3S).

It can be seen from Figure 2 that cis-diastereomer of spirooxindole (b1 (2R,3S) and b2
(2S,3R)) is better at occupying the deepest pocket of binding site than thecis-diastereomer
of dispirooxindole-β-lactam (a1 (3R,3′S) and a2 (3S,3′R)).However, due to the additional
N-aryl-2-oxopyrrolidine ring, dispirooxindole-β-lactam a can cover a larger surface area of
the binding pocket compared to their mono-spiro analogues. This results in higher affinity
even for less plausible cis-diastereomer (Table 1).

The starting N-substituted 2-oxopyrrolidine-3-carboxilic acids for the subsequent
Staudinger keten-imine cycloaddition were synthesized using slightly modified experi-
mental techniques described in [31–34]. In general, all these methodologies are variations
on thehomoconjugate addition of nucleophiles to cyclopropane-1,1-dicarboxylate deriva-
tives reported by Rajendra K. Singh and Samuel Danishefsky [35]. We implemented this
approach to the synthesis of a series of N-aryl-2-oxopyrrolidine-3-carboxilic acids 3a–e
from anilines 1a–e and cyclopropane-1,1-dicarboxylate 2 (Scheme 1), which have not been
previously described.

Initial cyclopropane-1,1-dicarboxylate 2 was prepared using methodologies reported
in [35–37]. The addition of anilines 1a–e to 2 proceeds under mild conditions, resulting in
the formation of products 3a–e with good yields.

Next, compounds 3a–e were introduced into one-pot Staudinger ketene-imine cycload-
dition reactions with isatinimines 4a,b. Reacting ketenes were produced from keto-acids 3
in situ using TsCl as an activating co-reagent (Scheme 2).
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Scheme 1. Synthesis of N-aryl substituted 2-oxopyrrolidine-3-carboxilic acids (3a–e) through homo-
conjugate addition of anilines (1a–e) to cyclopropane-1,1-dicarboxylate 2.

Scheme 2. Synthesis of bis-aryl spirooxindole-β-lactams via Staudinger ketene-imine cycloaddition
using N-aryl-2-oxopyrrolidine-3-carboxilic acids 3 as a source of ketene.

For this procedure, we implemented the previously used diastereoselective synthe-
sis of bis-aryl spirooxindole-β-lactams [38]. After slight optimization of reaction con-
ditions, namely solvent and reaction temperature selection, we obtained f series novel
dispirooxindole-β-lactams 5a–f in reasonable yields.

2.2. Structural Determination of Compounds 5 and Other Reaction Products

In order to establish the structure of synthesized compounds and evaluate diastereose-
lectivity of process, we conducted the detail studies of compound 5a. Dispiro-β-lactam 5a
forms monoclinic unit cell belonging to space group P 21/n according to X-ray analysis
data (Figure 3).
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Figure 3. Molecular structure and unit cell of compound 5a.

The molecular structure of compound 5a corresponds to trans-configuration of sub-
stituents adjacent to β-lactam ring or (3R*,3′R*)-1′,1”-bis(4-methoxyphenyl)dispiro[indoline-
3,2′-azetidine-3′,3”-pyrrolidine]-2,2”,4′-trione (Scheme 1, Figure 3). The four-membered
β-lactam cycle and the spiro-linked five-membered rings are practically planar. The neigh-
boring spiro-jointed cycles are practically perpendicular to each other (Table 2).

Table 2. Selected bond lengths and angles for compound 5a.

Bond (Å) Angle; Torsion (◦)

N(2)-C(23) 1.410(3) C(11)-N(2)-C(3) 95.8(2)
N(2)-C(11) 1.348(4) N(2)-C(11)-C(12) 93.2(2)
N(2)-C(3) 1.467(3) N(2)-C(3)-C(12) 86.3(2)
C(3)-C(12) 1.596(4) C(11)-C(12)-C(3) 83.8(2)

C(11)-C(12) 1.534(4) C(13)-C(12)-C(15) 104.3(2)
O(2)-C(11) 1.202(3) C(13)-C(12)-C(15) 104.3(2)
N(3)-C(16) 1.434(3) C(14)-C(13)-C(12) 106.9(2)
N(3)-C(15) 1.342(3) C(15)-N(3)-C(14) 112.7(2)
N(3)-C(14) 1.455(3) N(3)-C(14)-C(13) 106.3(3)
C(12)-C(13) 1.518(4) C(11)-N(2)-C(3)-C(10) 134.3(2)
C(12)-C(15) 1.519(3) N(2)-C(11)-C(12)-C(13) 131.6(2)
C(13)-C(14) 1.478(4) C(11)-N(2)-C(23)-C(28) 160.1(3)
O(3)-C(15) 1.224(3) C(23)-N(2)-C(3)-C(2) 70.4(3)

The structure of compound 5a obtained for a single crystal was also confirmed by
NMR data for a DMSO solution. Spectral assignments were achieved using 2D correlation
techniques, gCOSY, ROESYAD, gHSQCAD, and gHMBCAD (see Supplementary Infor-
mation Figures S12 and S13). Among the most important results of NMR research, note
that the Overhauser effect was observed for the interaction between the protons of the
dimethylene fragment of the pyrrolidinone ring, even between the most distant protons
(the maximum distance is 3.06 Å on the trans-isomer of compound 5a). However, there
is no cross peak in the ROESYAD spectrum (Figure 4) corresponding to the interaction of
methylene protons with the most closely located aromatic proton of indolin-2-one due to
considerable distance (>5 Å) between pyrrolidine one and isatin protons. This interaction
is to be expected for cis-diastereomer where the corresponding distance should be ≤3 Å.
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Figure 4. ROESYAD spectra of compound 5a. Atom labels correspond to the crystal structure from
Figure 3.

Thus, it can be argued that the reaction of N-aryl-2-oxopyrrolidine-3-carboxilic acids
3a-e with isatinimines in the presence of tosyl chloride proceeds diastereospecifically,
yielding only the trans-diastereomer of dispiro-β-lactams 5.

Additionally, we managed to isolate some by-products of the acid 3a’s interaction with
isatinimines and TsCl, namely p-toluene sulfonylamide 6 and N,1-bis(4-methoxyphenyl)-
2-oxopyrrolidine-3-carboxamide 7 (Figure 5). These compounds were isolated from the
reaction mixtures in amounts not exceeding 5–7%. The structure of compound 6 was
confirmed by X-ray diffraction data.

Figure 5. By-products of compound 5a synthesis: (a) p-toluene sulfonylamide 6; (b) N,1-bis(4-
methoxyphenyl)-2-oxopyrrolidine-3-carboxamide 7.
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Compound 6 is a product of the isatin amide group tosylation of the dispiro-β-lactam
5a. The formation of tosylated product 6 in the form of only trans-diastereomer can also
serve as an additional confirmation of the diastereoselectivity of the formation of dispiro-β-
lactam moieties. Compound 7 is possibly a product of the hydrolysis of starting isatinimine
followed by the reaction of the formed aniline 1a and acid 3a with amide formation.

To explain the observed stereochemical outcome, we applied quantum chemical
calculations of the two-stage process of ketene–imine cycloaddition, with a consistent nucle-
ophilic addition of imine nucleophile to the ketene carbonyl droup in two possible addition
modes—exo- or endo-attack, followed by cyclization of resulting zwitterion intermediate
(Figure 6).

Figure 6. The presumable reaction mechanism for the compound 5a’s formation and calculated
activation barrier values (Ea, kcal/mol) for the exo- (a) and endo- (b) attack of E-imine 4a on ketene
carbonyl group with the subsequent cyclization of the resulting zwitterionic intermediate.

Geometrical optimization for the compounds, vibrational frequency analysis, and
transition state (TS) searches of the studied transformations and intrinsic reaction coordinate
calculations (IRC) were carried out using PRIRODA-04 software [39] with the Perdew–
Burke–Ernzerhof (PBE) [40] functional in combination with a polarization-consistent basis
set (PC-1) for the model reaction of compound 5a synthesis.

While the E-imine exo-attack pathway showed conventional energy profiles with two
activation barriers corresponding to the formation of the zwitterionic intermediate and
its cyclization (Figure 6a), the endo-attack calculation showed unexpected details of the
reaction mechanism. First, compared with the exo-attack of E-imine, which proceeds with a
relatively low activation barrier, the formation of zwitterion through the endo-attack begins
without barriers at all (Figure 6b; the value of 0.54 kcal/mol lies within the accuracy of the
calculation). However, then, the resulting zwitterion can be cyclized to form the cis-isomer
of dispiro-β-lactam 5a only with a sufficiently high activation energy (53.19 kcal/mol),
which limits the spontaneous process. In contrast, the zwitterion formed as a result of the
E-imine endo-attack (Figure 6b) does not cyclize directly to trans-β-lactam, but undergoes
an alternative cyclization via a nucleophilic attack of the lone pair of the amide oxygen
of the pyrrolidin-2-one ring on the iminium carbon atom. This leads to the formation of
intermediate A (Figure 6b) in two possible ways: through the formation of a spirocyclic
zwitterion (Figure 6b, path A) or by the synchronous rearrangement of the initial zwitterion
(Figure 6b, path B). This stage proceeds with a significantly low activation energy and
stabilizes the spatial configuration of the substituents, promoting the formation of the
trans-isomer of dispiro-β-lactam. Although direct cyclization of intermediate A via the
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1,3-oxazinon ring closure is also possible (Figure 6b, path C), it is less energetically favorable
than the two-step process of opening the 1,3-oxazinon compound and the subsequent
cyclization of the resulting zwitterion (Figure 6b, path D). The activation barrier of the
latter conversion is comparable to the conventional zwitterion intermediate cyclization
demonstrated for theexo-attack (Figure 6a).

Thus, it was observed that the stereochemical outcome where the reaction yields
only trans-diastereomer of 5a may be due to barrierless formation of the zwitterion under-
going subsequent stabilization through the formation of a cyclic intermediate with low
activation energy.

2.3. Biological Investigations of Compounds 5

We carried out in vitro cytotoxicity tests for synthesized dispiroindolin-2-ones 5a–f.
Cytotoxicity was evaluated using the standard MTT method [41] using Mcf7 (breast ade-
nocarcinoma), A549 (lung cancer), Hek293t (derivative human cell line that expresses
a mutant version of the SV40 large T antigen), and VA13 (noncancerous epithelial lung
fibroblasts) cell lines. For comparison, we also studied the cytotoxicity on these cell lines of
some spiro-β-lactams with one spiro-junction, which we synthesized earlier [27,38]. The
results are shown in Table 3.

Table 3. IC50 (µM) values and calculated LogP (octanol/water) for dispirooxindole-β-lactams 5a–f
and some previously synthesized [25,38] spirooxindole-β-lactams.

Compound # Ar1 Ar2 Mcf7 VA13 A549 Hek293t LogP(o/w) *

5a 4-OMe-Ph 4-OMe-Ph 104.3 ± 20.0 103.1 ± 2.0 66.0 ± 8.7 27.0 ± 3.6 3.12
5b 4-OMe-Ph 4-Me-Ph 27.1 ± 2.1 23. 5 ± 7.2 17.4 ± 1.7 14.0 ± 0.9 3.46
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According to the data presented in Table 3, dispirooxindole-β-lactam 5a is the least
potent of the series, possibly meaning that the stereo configuration provided by the two side
4-MeO-C6H4 substituents is less complementary to a target binding site. A similar effect is
observed in the case of 5b. This allows to conclude that large lipophilic substituents in the
fourth position of the aryl side rings hinder the binding of dispirooxindole to the active site
of the target. Meanwhile, placing smaller lipophilic substituents in the fourth position of
even one aryl ring drastically increases cytotoxicity. It can also be seen that the introduction
of 3-substituted instead of 4-substituted aryl side rings results in relatively high toxicity
values. It is important to notice that the very same correlation was previously observed for
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bis-aryl spirooxindole-β-lactams [27]. The most essential result is that some dispirooxindole-
β-lactams demonstrated a higher antiproliferative activity compared to oxindole-β-lactams
with single spiroconjugation despite the formation of less potent (according to docking
studies; see Table 1) diastereomers. Thus, the introduction of an additional functionalized
spiro-conjugated ring will improve the cytotoxic activity of oxindole β-lactam derivatives
with the same aryl substituents in spiro-linked rings.

Synthesized dispiroindolin-2-ones 5a–f were also tested for antibacterial activity. Tests
were carried out on two E. coli strains that were hypersensitive to antibiotics, DTC [42]
and LPTD [43]. E. coli DTC strain lacks tolC gene, which encodes the outer membrane
component of several multidrug transporters [44]. E. coli LPTD has the 23-amino-acid
deletion in lptD gene, anessential protein functioning in the final stages of the assembly
of lipopolysaccharides into the outer membrane [45]. On a plate test, dispirooxindole-
β-lactam provided with 3-Me-C6H4 and 4-F,3-Cl-C6H3 5f showed a small amount of
activity on the LPTD strain. Then, minimal inhibitory concentration was measured, and
for 5f, it was 1,30 ± 0,45 µM; compounds 5a–e did not show any activity even at high
concentrations. Absence of 5f activity on E. coli DTC can be explained by low penetration
of this molecule in cells with normal lptD protein. It correlates with higher LogP of the one
bacteriotoxic compound 5f in the series. Compound 5f was analyzed for the mechanism
of antibacterial activity by means of the pDualrep2 [46] reported system, which allows to
detect translational inhibitors and SOS-response inducers, but none of these mechanisms
is involved.

3. Materials and Methods
3.1. General Information

All solvents used were purified and dehydrated using the methods described in [47].
All starting reagents were purchased from commercial sources (Sigma-Aldrich, ABCR,
AKSci, Burlington, VT, USA). Microwave-heated reactions for the preparation of isatin-
imines were performed in a Monowave 300—Anton Paar reactor in sealed glass vessels
with external temperature control. Reactions were checked by TLC analysis using silica
plates with a fluorescent indicator (254 nm) and visualized with a UV lamp. 1H and
13C NMR spectra were recorded on a BrukerAvance and Agilent 400-MR spectrometers
(400 MHz for 1H, 100 MHz for 13C) in DMSO-d6. Chemical shifts are reported in parts per
million relative to TMS. IR spectra were recorded using a Fourier transform spectrometer
Nicolet iS5 (Thermo Fisher Scientific, Waltham, MA, USA) using an internal reflectance
attachment with a diamond optical element—attenuated total reflection (ATR, iD7) with
45o angle of incidence. Resolution was 4 cm−1, and the number of scans is 20.

Electrospray ionization high-resolution mass spectra were recorded in positive ion
mode on a TripleTOF 5600+ quadrupole time-of-flight mass spectrometer (ABSciex, Concord,
Vaughan, ON, Canada) equipped with DuoSpray ion source. The following MS parameters
were applied: capillary voltage 5.5 kV; nebulizing and curtain gas pressure—15 and 25 psi, re-
spectively; ion source temperature—ambient; declustering potential 20 V; m/z range 100–1200.
Elemental compositions of the detected ions were determined based on accurate masses and
isotopic distributions using Formula Finder software (ABSciex, Concord, ON, Canada). The
maximum allowed deviation of the experimental molecular mass from the calculated one
was 5 ppm.

The X-ray data for the compounds 5a and 6 were collected at room temperature using
STOE diffractometer Pilatus100K detector, focusing mirror collimation CuKα (1.54086Å)
radiation, rotation method mode. STOE X-AREA software was used for cell refinement
and data reduction. Data collection and image processing wereperformed with X-Area 1.67
(STOE &Cie GmbH, Darmstadt, Germany, 2013). Intensity data were scaled with LANA
(part of X-Area) in order to minimize differences in theintensities of symmetry-equivalent
reflections (multi-scan method). The structures were solved with SHELXT and refined
with SHELX. The non-hydrogen atoms (for both substances) were refined by using the
anisotropic full-matrix least-square procedure. All hydrogen atoms were placed in the
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calculated positions and allowed to ride on their parent atoms (C-H 0.93–0.98; Uiso 1.2 Ueq
(parent atom)).

3.2. General Procedure for thePreparation of 6,6-Dimethyl-5,7-Dioxaspiro [2.5]Octane-4,8-Dione (2)

Starting 6,6-dimethyl-5,7-dioxaspiro[2.5]octane-4,8-dione 2 was prepared according to
synthetic procedures reported in [35–37].

3.3. General Procedure for Preparation of Isatinimines 4a,b

Iminoindolin-2-ones 4a,b were prepared according to the synthetic procedures re-
ported in [38].

3.4. General Procedure for Preparation of N-Aryl-2-Oxopyrrolidine-3-Carboxylic Acids 3a–e

Acids 3a–e were synthesized according to slightly modified procedures, described
in [31,48]. A cyclopropane-1,1-dicarboxylate 2 (4 mmol) was dissolved at room temperature
in anhydrous acetonitrile (10 mL) in a round-bottom flask. The resulting solution was
blown through with dry argon for 10 min. Then, substituted aniline (8 mmol) was added at
room temperature, and additional dry argon was bubbled through the reaction solution
for 30 min. The reaction mixture was then stirred for 48 h at room temperature. An
additional control of the reaction completion via TLC may be employed. The solvent was
then removed under reduced pressure to afford a beige to brown solid product. This solid
was dissolved in dichloromethane (30 mL) and washed with two portions of 10% HCl
(10 mL). The organic layer was separated and dried with Na2SO4.The solvent was then
removed under reduced pressure to afford a white to beige solid product. An additional
purification via column chromatography using petroleum ether-ethyl acetate (2:1) as eluent
can be employed to provide N-aryl-2-oxopyrrolidine-3-carboxylic acids of higher purity.

2-Oxo-1-(4-methoxyphenyl)-pyrrolidine-3-carboxylic acid (3a) [48]. A reaction of
4-methoxyaniline 1a (985 mg, 8 mmol) and cyclopropane-1,1-dicarboxylate 2 (681 mg,
4 mmol) yields 1-(p-methoxyphenyl)-2-oxopyrrolidine-3-carboxylic acid as a beige solid
(715 mg, 76%).

1H NMR (400 MHz, Chloroform-d) δ 9.57 (br.s, 1H), 7.49–7.42 (m, 2H), 6.96–6.89 (m,
2H), 3.95–3.82 (m, 2H), 3.81 (s, 3H), 3.64 (t, J = 9.9 Hz, 1H), 2.62–2.41 (m, 2H).

13C NMR (101 MHz, Chloroform-d) δ 170.6, 169.1, 157.3, 130.5, 122.0, 113.9, 55.1, 47.1,
46.9, 20.5.

2-Oxo-1-(4-methylphenyl)pyrrolidine-3-carboxylic acid (3b) [31]. A reaction of p-
toluidine 1b (857 mg, 8 mmol) and cyclopropane-1,1-dicarboxylate 2(681 mg, 4 mmol)
yields 2-oxo-1-(p-tolyl)pyrrolidine-3-carboxylic acid as a white solid (763 mg, 87%).

1H NMR (400 MHz, Chloroform-d) δ 9.87 (s, 1H), 7.43 (d, J = 8.5 Hz, 2H), 7.20 (d,
J = 8.3 Hz, 2H), 3.95–3.83 (m, 2H), 3.64 (t, J = 9.7 Hz, 1H), 2.60–2.44 (m, 2H), 2.34 (s, 3H).

13C NMR (101 MHz, Chloroform-d) δ 171.2, 169.9, 136.1, 135.6, 129.8, 120.8, 47.8, 47.4,
21.2, 21.1.

2-Oxo-1-(3-methylphenyl)pyrrolidine-3-carboxylic acid (3c) [48]. A reaction of m-
toluidine 1c (857 mg, 8 mmol) and cyclopropane-1,1-dicarboxylate 2 (681 mg, 4 mmol)
yields 2-oxo-1-(m-tolyl)pyrrolidine-3-carboxylic acid as a beige solid (737 mg, 84%).

1H NMR (400 MHz, Chloroform-d) δ 10.22 (s, 1H), 7.37 (s, 1H), 7.32 (d, J = 8.3 Hz, 1H),
7.24 (t, J = 7.7 Hz, 1H), 7.01 (d, J = 7.5 Hz, 1H), 3.91–3.79 (m, 2H), 3.64 (t, J = 9.2 Hz, 1H),
2.50–2.39 (m, 2H), 2.34 (s, 3H).

13C NMR (101 MHz, Chloroform-d) δ 171.0, 170.7, 139.0, 138.1, 128.8, 126.7, 121.4, 117.8,
48.5, 47.5, 21.5, 21.5.

2-Oxo-1-(4-chlorophenyl)-pyrrolidine-3-carboxylic acid (3d) [31]. A reaction of 4-
chloroaniline 1d (1021 mg, 8 mmol) and cyclopropane-1,1-dicarboxylate 2 (681 mg, 4 mmol)
yields 1-(4-chlorophenyl)-2-oxopyrrolidine-3-carboxylic acid as a white solid (824 mg, 86%).

1H NMR (400 MHz, Chloroform-d) δ 7.55 (d, J = 8.9 Hz, 2H), 7.38 (d, J = 8.8 Hz, 2H),
3.90 (q, J = 9.7, 8.7 Hz, 2H), 3.66 (t, J = 9.8 Hz, 1H), 2.66–2.44 (m, 2H).

13C NMR (101 MHz, DMSO-d6) δ 171.4, 131.5, 129.4, 121.7, 47.7, 47.1, 21.0.
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2-Oxo-1-(3-chloro-4-fluorophenyl)-pyrrolidine-3-carboxylic acid (3e) [31]. A reaction
of 3-chloro-4-fluoroaniline 1e (1164 mg, 8 mmol) and cyclopropane-1,1-dicarboxylate 2
(681 mg, 4 mmol) yields 1-(3-chloro-4-fluorophenyl)-2-oxopyrrolidine-3-carboxylic acid as
a white solid (670 mg, 65%).

1H NMR (400 MHz, DMSO-d6) δ 12.85 (s, 1H), 7.94 (dd, J = 6.7, 2.7 Hz, 1H), 7.62
(ddd, J = 9.1, 4.2, 2.8 Hz, 1H), 7.45 (t, J = 9.1 Hz, 1H), 3.93–3.78 (m, 2H), 3.64–3.58 (m, 1H),
2.42–2.24 (m, 2H).

13C NMR (101 MHz, DMSO-d6) δ 171.1, 169.9, 155.0, 152.6, 136.3, 121.4, 120.1, 120.0,
119.5, 119.3, 117.0, 116.7, 49.8, 46.8, 21.9.

3.5. General Procedure for Preparation of Dispirooxindole-β-Lactams 5a–f

N-Aryl-2-oxo-pyrrolidine-3-carboxylic acid 3 (1.5 mmol) was dissolved in anhydrous
o-xylene (15 mL) at room temperature. To the resulting solution N,N-diisopropylethylamine
(DIPEA; 1.5 mmol) was added. The resulting mixture was heated to 40 ◦C and stirred at
this temperature for 10 min. 4-Toluenesulfonyl chloride (1.6 mmol) was then added in one
portion, and the resulting solution was heated to 100 ◦C, stirred for 30 min and then cooled
down to 40 ◦C. The additional DIPEA (1.5 mmol) in o-xylene (15 mL) was added, and the
reaction mixture was stirred for 5 min. Isatinimine solution in o-xylene (5 mL) was then
added and the mixture was stirred at 40 ◦C for 48–72 h (a completion of the reaction was
checked using TLC). The solvent was removed under reduced pressure to give a viscous
oil, which was purified with gradient column chromatography using petroleum ether-ethyl
acetate (2:1) to ethyl acetate as eluent. The resulting solid was recrystallized from diethyl
ether to afford target compound.

(3S*,3′S*)-1′,1”-di(4-Methoxyphenyl)dispiro[indoline-3,2′-azetidine-3′,3”-pyrrolidine]-2,2”,
4′-trione (5a). A reaction of 3-((4-methoxyphenyl)imino)indolin-2-one 4a (252 mg, 1 mmol),
1-(4-methoxyphenyl)-2-oxopyrrolidine-3-carboxylic acid 3a (353 mg, 1.5 mmol), 4-toluenesul-
fonyl chloride (305 mg, 1.6 mmol) and DIPEA (388 mg, 523 mkl, 3 mmol) yields dispiro-
β-lactam 5a as a white solid (291 mg, 62%) and by-products 6 (44 mg, 7%) and 7
(7 mg, 2%).

(5a) 1H NMR (400 MHz, DMSO-d6) δ 10.95 (s, 1H), 7.36–7.32 (m, 1H), 7.09–7.01 (m,
3H), 6.74–6.54 (m, 8H), 3.50 (ddd, J = 9.9, 8.7, 2.9 Hz, 1H), 3.41 (s, 3H), 3.37 (s, 3H), 3.22 (dt,
J = 9.8, 7.6 Hz, 1H), 2.39 (dt, J = 14.4, 8.4 Hz, 1H), 2.26 (ddd, J = 14.5, 7.3, 2.8 Hz, 1H).

13C NMR (101 MHz, DMSO-d6) δ 174.1, 166.3, 163.0, 156.6, 156.2, 142.7, 131.4, 131.2,
129.4, 127.8, 122.0, 122.0, 118.2, 114.8, 114.0, 110.9, 71.6, 68.1, 55.3, 55.2, 45.9, 22.1.

IR (cm−1): 3208, 1769, 1732, 1675, 1510, 1246, 1022, 829.
HRMS (ESI) Calculated for C27H24N3O5

+ [M + H+]: 470.1710, found: 470.1704.
(3S,3′S)-1′,1”-bis(4-methoxyphenyl)-1-tosyldispiro[indoline-3,2′-azetidine-3′,3”-pyrrolidine]-

2,2”,4′-trione (6) 1H NMR (400 MHz, DMSO-d6) δ 8.01 (d, J = 8.0 Hz, 1H), 7.97 (d, J = 8.4 Hz,
2H), 7.75 (dd, J = 7.7, 1.4 Hz, 1H), 7.58 (ddd, J = 8.3, 7.7, 1.4 Hz, 1H), 7.52 (dt, J = 8.6, 2.1 Hz,
2H), 7.36–7.31 (m, 2H), 7.26 (td, J = 7.7, 0.9 Hz, 1H), 6.93–6.88 (m, 2H), 6.62–6.57 (m, 2H),
6.47–6.42 (m, 2H), 3.79–3.73 (m, 1H), 3.72 (s, 3H), 3.65 (s, 3H), 3.43–3.37 (m, 1H), 2.69–2.58
(m, 2H), 2.42 (s, 3H), 2.27 (ddd, J = 14.5, 7.5, 3.2 Hz, 2H).

13C NMR (101 MHz, DMSO-d6) δ 172.3, 165.1, 156.4, 146.9, 139.1, 133.5, 132.2, 131.2,
130.5, 128.4, 128.0, 127.5, 125.2, 122.0, 119.8, 118.2, 114.6, 114.0, 113.7, 73.0, 55.3, 48.6, 45.6,
22.1, 21.2.

HRMS (ESI) Calculated for C34H30N3O7S+ [M + H+]: 624.1799, found: 624.1782.
N,1-bis(4-methoxyphenyl)-2-oxopyrrolidine-3-carboxamide (7) 1H NMR (400 MHz, DMSO-

d6) δ 10.14 (s, 1H), 7.56 (dd, J = 9.0, 4.3 Hz, 4H), 6.96 (d, J = 9.1 Hz, 2H), 6.90 (d, J = 9.0 Hz,
2H), 3.92–3.79 (m, 2H), 3.75 (s, 3H), 3.72 (s, 3H), 3.67 (d, J = 9.4 Hz, 1H), 2.46–2.27 (m, 2H).

HRMS (ESI) Calculated for C19H21N2O4
+ [M + H+]: 341,1496, found: 341,1496.

(3S*,3′S*)-1′-(4-Methoxyphenyl)-1”-(4-tolyl)dispiro[indoline-3,2′-azetidine-3′,3”-pyrrolidine]-2,2”,
4′-trione (5b). A reaction of 3-((4-methoxyphenyl)imino)indolin-2-one 4a (252 mg, 1 mmol), 2-
oxo-1-(4-tolyl)pyrrolidine-3-carboxylic acid 3b (329 mg, 1.5 mmol), 4-toluenesulfonyl chloride
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(305 mg, 1.6 mmol) and DIPEA (388 mg, 523 mkl, 3 mmol) yields dispiro-β-lactam 5b as a white
solid (190 mg, 42%).

1H NMR (400 MHz, Chloroform-d) δ 11.24 (s, 1H), 7.62 (d, J = 7.5 Hz, 1H), 7.40–7.28
(m, 3H), 7.14 (d, J = 8.3 Hz, 2H), 7.02–6.94 (m, 2H), 3.82 (td, J = 9.8, 2.9 Hz, 1H), 3.67 (s, 3H),
3.59–3.48 (m, 1H), 2.74–2.62 (m, 1H), 2.56 (ddd, J = 14.5, 7.3, 2.9 Hz, 1H), 2.24 (s, 3H).

13C NMR (101 MHz, DMSO-d6) δ 174.1, 166.6, 156.3, 142.7, 135.9, 134.4, 131.2, 129.4,
129.3, 127.8, 122.1, 120.7, 120.1, 118.2, 114.8, 111.0, 71.8, 68.1, 55.3, 45.6, 22.1, 20.4.

IR (cm−1): 3247, 1763, 1683, 1509, 1241, 815.
HRMS (ESI) Calculated for C27H24N3O4

+ [M + H+]: 454.1761, found: 454.1764.
(3S*,3′S*)-1”-(4-Chlorophenyl)-1′-(4-methoxyphenyl)dispiro[indoline-3,2′-azetidine-3′,

3”-pyrrolidine]-2,2”,4′-trione (5c). A reaction of 3-((4-methoxyphenyl)imino)indolin-2-one
4a (252 mg, 1 mmol), 1-(4-chlorophenyl)-2-oxopyrrolidine-3-carboxylic acid 3d (359 mg,
1.5 mmol), 4-toluenesulfonyl chloride (305 mg, 1.6 mmol), and DIPEA (388 mg, 523 mkl,
3 mmol) yields dispiro-β-lactam 5c as a white solid (166 mg, 35%).

1H NMR (400 MHz, DMSO-d6) δ 11.26 (s, 1H), 7.61 (d, J = 7.5 Hz, 1H), 7.58–7.53 (m,
2H), 7.44–7.38 (m, 2H), 7.33 (td, J = 7.8, 1.0 Hz, 1H), 6.98 (t, J = 7.6 Hz, 2H), 6.94–6.85 (m,
4H), 3.85 (td, J = 9.3, 8.8, 3.0 Hz, 1H), 3.66 (s, 3H), 3.63–3.54 (m, 1H), 2.75–2.64 (m, 1H), 2.58
(ddd, J = 14.4, 7.4, 3.0 Hz, 1H).

13C NMR (101 MHz, DMSO-d6) δ 174.0, 167.0, 162.7, 156.3, 142.8, 137.3, 131.28, 129.3,
129.0, 128.8, 127.7, 122.1, 121.5, 120.6, 118.3, 114.9, 111.0, 71.7, 68.1, 55.3, 45.5, 22.0.

IR (cm−1): 3230, 1763, 1713, 1684, 1510, 1493, 1376, 1241, 825, 753.
HRMS (ESI) Calculated for C26H21ClN3O4

+ [M + H+]: 474.1215, found: 474.1210.
(3S*,3′S*)-1′,1”-di(3-Tolyl)dispiro[indoline-3,2′-azetidine-3′,3”-pyrrolidine]-2,2”,4′-trione (5d).

A reaction of 3-(3-tolylimino)indolin-2-one 4b (236 mg, 1 mmol), 2-oxo-1-(3-tolyl)pyrrolidine-
3-carboxylic acid 3c (329 mg, 1,5 mmol), 4-toluenesulfonyl chloride (305 mg, 1,6 mmol), and
DIPEA (388 mg, 523 mkl, 3 mmol) yields dispiro-β-lactam 5d as a white solid (227 mg, 52%).

1H NMR (400 MHz, DMSO-d6) δ 11.29 (s, 1H), 7.61 (d, J = 7.5 Hz, 1H), 7.35 (t, J = 7.7 Hz,
1H), 7.30 (d, J = 8.4 Hz, 1H), 7.22 (dd, J = 14.4, 6.6 Hz, 2H), 7.15 (t, J = 7.9 Hz, 1H), 7.05–6.95
(m, 4H), 6.92 (d, J = 7.6 Hz, 1H), 6.57–6.49 (m, 1H), 3.82 (td, J = 10.1, 2.5 Hz, 1H), 3.60–3.50
(m, 1H), 2.74–2.64 (m, 1H), 2.58 (ddd, J = 14.5, 7.1, 2.5 Hz, 1H), 2.25 (s, 3H), 2.20 (s, 3H).

13C NMR (101 MHz, DMSO-d6) δ 174.0, 166.6, 163.3, 142.6, 139.1, 138.3, 138.2, 136.1,
131.3, 129.4, 128.7, 127.7, 125.9, 125.5, 122.1, 120.8, 117.5, 117.4, 113.0, 111.0, 71.7, 67.9, 45.7,
22.2, 21.1.

IR (cm−1): 3206, 1767, 1716, 1684, 1357, 1237, 1209, 759, 684.
HRMS (ESI) Calculated for C27H24N3O3

+ [M + H+]: 438.1812, found: 438.1805.
(3S*,3′S*)-1”-(4-Chlorophenyl)-1′-(3-tolyl)dispiro[indoline-3,2′-azetidine-3′,3”-pyrrolidine]-

2,2”,4′-trione (5e). A reaction of 3-(3-tolylimino)indolin-2-one 4b (236 mg, 1 mmol), 1-(4-
chlorophenyl)-2-oxopyrrolidine-3-carboxylic acid 3d (359 mg, 1.5 mmol), 4-toluenesulfonyl
chloride (305 mg, 1.6 mmol), and DIPEA (388 mg, 523 mkl, 3 mmol) yields dispiro-β-lactam
5e as a white solid (220 mg, 48%).

1H NMR (400 MHz, DMSO-d6) δ 11.30 (s, 1H), 7.60 (d, J = 7.6 Hz, 1H), 7.55 (d,
J = 9.0 Hz, 2H), 7.41 (d, J = 9.0 Hz, 2H), 7.34 (t, J = 7.7 Hz, 1H), 7.15 (t, J = 7.9 Hz, 1H), 6.99
(dd, J = 16.7, 8.1 Hz, 3H), 6.92 (d, J = 7.6 Hz, 1H), 6.52 (d, J = 8.3 Hz, 1H), 3.85 (td, J = 9.6,
2.7 Hz, 1H), 3.58 (q, J = 7.7 Hz, 1H), 2.71 (dt, J = 16.4, 8.3 Hz, 1H), 2.59 (ddd, J = 14.5, 7.3,
2.8 Hz, 1H), 2.19 (s, 3H).

13C NMR (101 MHz, DMSO-d6) δ 173.9, 166.9, 163.2, 142.6, 139.1, 137.2, 136.1, 131.3,
129.4, 128.8, 127.7, 125.5, 122.1, 121.5, 120.5, 117.4, 113.1, 111.0, 71.6, 67.9, 45.5, 22.0, 21.1.

IR (cm−1): 3288, 1743, 1731, 1699, 1492, 1372, 1245, 1210, 754, 685.
HRMS (ESI) Calculated for C26H21ClN3O3

+ [M + H+]: 458.1266, found: 458.1257.
(3S*,3′S*)-1”-(3-Chloro-4-fluorophenyl)-1′-(3-tolyl)dispiro[indoline-3,2′-azetidine-3′,

3”-pyrrolidine]-2,2”,4′-trione (5f). A reaction of 3-(3-tolylimino)indolin-2-one 4b (236 mg,
1 mmol), 1-(3-chloro-4-fluorophenyl)-2-oxopyrrolidine-3-carboxylic acid 3e (386 mg, 1.5 mmol),
4-toluenesulfonyl chloride (305 mg, 1.6 mmol), and DIPEA (388 mg, 523 mkl, 3 mmol)
yields dispiro-β-lactam 5f as a white solid (200 mg, 42%).
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1H NMR (400 MHz, DMSO-d6) δ 11.31 (s, 1H), 7.75 (dd, J = 6.6, 2.6 Hz, 1H), 7.59 (d,
J = 7.5 Hz, 1H), 7.50 (ddd, J = 9.1, 4.2, 2.7 Hz, 1H), 7.41 (t, J = 9.1 Hz, 1H), 7.35 (td, J = 7.7,
1.0 Hz, 1H), 7.15 (t, J = 7.9 Hz, 1H), 7.00 (dd, J = 13.2, 7.2 Hz, 3H), 6.92 (d, J = 7.7 Hz, 1H),
6.52 (d, J = 8.9 Hz, 1H), 3.86 (td, J = 9.4, 9.0, 2.7 Hz, 1H), 3.65–3.55 (m, 1H), 2.70 (dt, J = 14.8,
8.4 Hz, 1H), 2.59 (ddd, J = 14.4, 7.2, 2.8 Hz, 1H), 2.20 (s, 3H).

13C NMR (101 MHz, DMSO-d6) δ 173.9, 167.0, 163.0, 142.7, 139.2, 136.1, 135.4, 131.4,
129.5, 127.6, 125.6, 122.2, 122.0, 120.8, 120.7, 120.5, 117.4, 117.2, 117.0, 113.08, 111.1, 71.5, 67.9,
45.7, 22.0, 21.1.

IR (cm−1): 3264, 1738, 1695, 1495, 1382, 1230, 1215, 685.
HRMS (ESI) Calculated for C26H20ClFN3O3

+ [M + H+]: 476.1172, found: 476.1163.

3.6. Cell Lines

Human breast cancer cell line MCF7 and human lung adenocarcinoma cell line A549
were kindly provided by Dr. S. Dmitriev, immortalized human fibroblasts cell line VA13
was kindly provided by Dr. M. Rubtsova, human embryonic kidney HEK293T cell line
was kindly provided by Dr. E. Knyazhanskaya. MCF7, VA13, A549, and HEK293T cell
lines were maintained in DMEM/F-12 (Thermo Fisher Scientific, USA) culture medium
containing 10% fetal bovine serum (Thermo Fisher Scientific, USA) and 50 µg/mL penicillin
and 0.05 mg/mL streptomycin at 37 ◦C (Thermo Fisher Scientific, Waltham, MA, USA) in
5% CO2. Medium F-12 (Paneco LLC, Russia) containing 10% fetal bovine serum (Thermo
Fisher Scientific, USA), 50 µg/mL penicillin, and 0.05 mg/mL streptomycin (Thermo Fisher
Scientific, USA) was used instead of DMEM/F-12 in some cytotoxicity assays. PC-3 cell line
(ATCC) was cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum
(FBS) and 2 mM L-glutamine (Gibco, New York, NY, USA). Cells were maintained at 37 ◦C
in a humidified incubator MCO-18AC (Sanyo, Osaka, Japan) supplied with 5% CO2. After
attaining 80% confluence, the cells were harvested with TrypLE (Gibco) and subcultured
1:8. Cell cultures were tested for the absence of mycoplasma.

3.7. In Vitro Survival Assay (MTT Assay)

The cytotoxicity of tested substances was tested using the MTT (3-(4,5-dimethylthiazol-
2-yl)2,5-diphenyl tetrazolium bromide) assay [39] with some modifications. A total of
2500 cells per well for the MCF7, HEK293T, and A549 cell lines, or 4000 cells per well for the
VA-13 cell line, were plated out in 135 µL of DMEM-F12 media (Gibco, USA) in a 96-well
plate and incubated in the 5% CO2 incubator for first 16 h without treating. Then, 15 µL
of media-DMSO solutions of tested substances to the cells (final DMSO concentrations in
the media were 1% or less) and treated cells 72 h with 50 nM–100 µM (eight dilutions) of
our substances (triplicate each) and doxorubicin as a control substance. The MTT reagent
(Paneco LLC, Moscow, Russia) was then added to cells up to final concentration of 0.5 g/L
(10 × stock solution in PBS was used) and incubated for 2 h at 37 ◦C in the incubator, under
an atmosphere of 5% CO2. The MTT solution was then discarded, and 140 µL of DMSO
(PharmaMed LLC, Russia) was added. The plates were swayed on a shaker (60 rpm) to
dissolve the formazan. The absorbance was measured using a microplate reader (VICTOR
×5 Light Plate Reader, PerkinElmer, Waltham, MA, USA) at a wavelength of 565 nm
(in order to measure formazan concentration). The results were used to construct a dose–
response graph and to estimate IC50 value (concentration of compounds, which caused
50% death of cells) with GraphPadSoftware, Inc., San Diego, CA, USA.

3.8. Plate Test and Determination of Mechanism of Action

A total of 1.5 µL of 20 mM solution of each sample was applied to an agar plate
containing a lawn of the E. coli DTC, E. coli LPTD, or the reporter strain (E.coli. DTC-
pDualrep2 was used as previously described [44]). After overnight incubation at 37 ◦C,
the plate was scanned by the ChemiDoc (Bio-Rad, Hercules, CA, USA) system with two
channels, including “Cy3-blot” (553/574 nm, green pseudocolor) for RFP fluorescence
and “Cy5-blot” (588/633 nm, red pseudocolor) for Katushka2S fluorescence.Cells without
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reporter construction could be detected in both channels. The induction of the expression
of Katushka2S is triggered by translation inhibitors, while RFP is up-regulated by the
induction of DNA damage SOS response. In addition, 2 µL of levofloxacin (25 µg/mL)
and erythromycin (5 mg/mL) were used as positive controls for DNA biosynthesis and
ribosome inhibitors, respectively.

3.9. Determination of Minimal Inhibitory Concentration

Minimal inhibitory concentration values were determined by monitoring growth in
96-well plates of E. coli cultures exposed to serial dilutions of compounds 5a–f. Specifically,
overnight E. coli LPTD cultures were diluted in 96-well plates to an OD600 of 0.01 in LB
medium. The wells were then supplemented with antibiotic at concentrations of 200.00,
100.00, 50.00, 25.00, 12.50, 6.25, 3.13, 1.56, 0.78, and 0.39 µM. After antibiotic addition, the
plates were incubated with shaking (200 r.p.m.) overnight at 37 ◦C, and cell growth was
assessed by scanning each well with a VictorX5 reader.

4. Conclusions

In the present study, the first successful synthesis of dispirooxindole-β-lactam scaffold
was demonstrated. It is also shown that the implementation of Staudinger ketene-imine
cycloaddition allows the formation of the desired spirooxindoles with high diastereoselec-
tivity and good yield. Meanwhile, an additional optimization of the synthetic procedure
was necessary in order to improve the yield and lower the reaction time. Preliminary
in vitro testing of obtained compounds demonstrated medium cytotoxicity of dispirooxin-
doles, but one of them shows antibacterial properties in the early micromolar range and
has potential as an antibacterial agent, which provides data for further optimization of the
structure. Therefore, this research offers important information for the development of
bioactive compounds, including cytotoxic ones and antibacterials based on such a rigid 3d
scaffold as dispirooxindole-β-lactams.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23126666/s1: NMR spectra of synthesized compounds,
X-ray data.

Author Contributions: Conceptualization, V.E.F. and E.K.B.; Data curation, D.A.S. and Y.K.G.; Fund-
ing acquisition, E.K.B.; Investigation, V.E.F., D.A.L., V.A.T., V.A.R., Y.A.F., M.A.S. and D.A.S.; Method-
ology, V.E.F. and D.A.I.; Project administration, N.V.Z.; Resources, E.K.B.; Supervision, E.K.B.; Visual-
ization, V.E.F. and Y.K.G.; Writing—original draft, V.E.F.; Writing—review and editing, Y.K.G., D.A.S.
and E.K.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Russian Science Foundation, grant numbers 21-13-00023
(synthesis) and 22-14-00099 (biological tests), and Russian Foundation for Basic Research, grant
number 19-33-90282 (physico-chemical investigation).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: CCDC-2171648 (compound 5a) and CCDC-2172682 (compound 6)
contain the supplementary crystallographic data for this paper. The data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif
website.

Acknowledgments: The-NMR and X-ray studies of this work were supported by the M.V. Lomonosov
Moscow State University Program of Development.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ijms23126666/s1
https://www.mdpi.com/article/10.3390/ijms23126666/s1
www.ccdc.cam.ac.uk/data_request/cif


Int. J. Mol. Sci. 2022, 23, 6666 15 of 16

References
1. Padma, V.V. An Overview of Targeted Cancer Therapy. Biomedicine 2015, 5, 1–6. [CrossRef] [PubMed]
2. Sheng, C.; Georg, G.I. Targeting Protein-Protein Interactions by Small Molecules; Springer: Singapore, 2018; ISBN 9789811307737.
3. Zhong, L.; Li, Y.; Xiong, L.; Wang, W.; Wu, M.; Yuan, T.; Yang, W.; Tian, C.; Miao, Z.; Wang, T.; et al. Small Molecules in Targeted

Cancer Therapy: Advances, Challenges, and Future Perspectives. Signal Transduct. Target. Ther. 2021, 6, 1–48. [CrossRef]
[PubMed]

4. Mora-Ochomogo, M.; Lohans, C.T. β-Lactam antibiotic targets and resistance mechanisms: From covalent inhibitors to substrates.
RSC Med. Chem. 2021, 12, 1623–1639. [CrossRef] [PubMed]

5. Xing, B.; Rao, J.; Liu, R. Novel Beta-Lactam Antibiotics Derivatives: Their New Applications as Gene Reporters, Antitumor
Prodrugs and Enzyme Inhibitors. Mini-Rev. Med. Chem. 2008, 8, 455–471. [CrossRef]

6. Bedard, P.L.; Hyman, D.M.; Davids, M.S.; Siu, L.L. Small Molecules, Big Impact: 20 Years of Targeted Therapy in Oncology. Lancet
2020, 395, 1078–1088. [CrossRef]

7. Carneiro, B.A.; El-Deiry, W.S. Targeting Apoptosis in Cancer Therapy. Nat. Rev. Clin. Oncol. 2020, 17, 395–417. [CrossRef]
8. Liu, W.; Jin, W.; Zhu, S.; Chen, Y.; Liu, B. Targeting Regulated Cell Death (RCD) with Small-Molecule Compounds in Cancer

Therapy: A Revisited Review of Apoptosis, Autophagy-Dependent Cell Death and Necroptosis. Drug Discov. Today 2022, 27,
612–625. [CrossRef]

9. Pathak, A.; Tanwar, S.; Kumar, V.; Banarjee, B.D. Present and Future Prospect of Small Molecule & Related Targeted Therapy
Against Human Cancer. Vivechan Int. J. Res. 2018, 9, 36–49.

10. Munisamy, M.; Mukherjee, N.; Thomas, L.; Pham, A.T.; Shakeri, A. Therapeutic Opportunities in Cancer Therapy: Targeting the
P53-MDM2/MDMX Interactions-PubMed. Am. J. Cancer Res. 2021, 11, 5762–5781.

11. Lees, A.; Sessler, T.; McDade, S. Dying to Survive—The P53 Paradox. Cancers 2021, 13, 3257. [CrossRef]
12. Kwok, M.; Agathanggelou, A.; Davies, N.; Stankovic, T. Targeting the P53 Pathway in CLL: State of the Art and Future Perspectives.

Cancers 2021, 13, 4681. [CrossRef]
13. Chi, S.W.; Lee, S.H.; Kim, D.H.; Ahn, M.J.; Kim, J.S.; Woo, J.Y.; Torizawa, T.; Kainosho, M.; Han, K.H. Structural Details on

Mdm2-P53 Interaction. J. Biol. Chem. 2005, 280, 38795–38802. [CrossRef]
14. Uhrinova, S.; Uhrin, D.; Powers, H.; Watt, K.; Zheleva, D.; Fischer, P.; McInnes, C.; Barlow, P.N. Structure of Free MDM2

N-Terminal Domain Reveals Conformational Adjustments That Accompany P53-Binding. J. Mol. Biol. 2005, 350, 587–598.
[CrossRef]

15. Millard, M.; Pathania, D.; Grande, F.; Xu, S.; Neamati, N. Small-Molecule Inhibitors of P53-MDM2 Interaction: The 2006–2010
Update. Curr. Pharm. Des. 2011, 17, 536–559. [CrossRef]

16. Konopleva, M.; Martinelli, G.; Daver, N.; Papayannidis, C.; Wei, A.; Higgins, B.; Ott, M.; Mascarenhas, J.; Andreeff, M. MDM2
Inhibition: An Important Step Forward in Cancer Therapy. Leukemia 2020, 34, 2858–2874. [CrossRef]

17. Beloglazkina, A.; Zyk, N.; Majouga, A.; Beloglazkina, E. Recent Small-Molecule Inhibitors of the P53–MDM2 Protein–Protein
Interaction. Molecules 2020, 25, 1211. [CrossRef]

18. Pawge, G.; Khatik, G.L. P53 Regulated Senescence Mechanism and Role of Its Modulators in Age-Related Disorders. Biochem.
Pharmacol. 2021, 190, 114651. [CrossRef]

19. Ding, K.; Lu, Y.; Nikolovska-Coleska, Z.; Qiu, S.; Ding, Y.; Gao, W.; Stuckey, J.; Krajewski, K.; Roller, P.P.; Tomita, Y.; et al.
Structure-Based Design of Potent Non-Peptide MDM2 Inhibitors. J. Am. Chem. Soc. 2005, 127, 10130–10131. [CrossRef]

20. Galliford, C.V.; Scheidt, K.A. Pyrrolidinyl-Spirooxindole Natural Products as Inspirations for the Development of Potential
Therapeutic Agents. Angew. Chem. Int. Ed. 2007, 46, 8748–8758. [CrossRef]

21. Yu, B.; Zheng, Y.-C.; Shi, X.-J.; Qi, P.-P.; Liu, H.-M. Natural Product-Derived Spirooxindole Fragments Serve as Privileged
Substructures for Discovery of New Anticancer Agents. Anticancer. Agents Med. Chem. 2016, 16, 1315–1324. [CrossRef]

22. Burgess, A.; Chia, K.M.; Haupt, S.; Thomas, D.; Haupt, Y.; Lim, E. Clinical Overview of MDM2/X-Targeted Therapies. Front.
Oncol. 2016, 6, 1–7. [CrossRef]

23. Tolcher, A.W.; Fang, D.D.; Li, Y.; Tang, Y.; Ji, J.; Wang, H.; Karim, R.; Rosas, C.; Huang, Y.; Zhai, Y. A Phase Ib/II Study of APG-115
in Combination with Pembrolizumab in Patients with Unresectable or Metastatic Melanomas or Advanced Solid Tumors. Ann.
Oncol. 2019, 30, i2. [CrossRef]

24. de Weger, V.A.; de Jonge, M.; Langenberg, M.H.G.; Schellens, J.H.M.; Lolkema, M.; Varga, A.; Demers, B.; Thomas, K.; Hsu, K.;
Tuffal, G.; et al. A Phase I Study of the HDM2 Antagonist SAR405838 Combined with the MEK Inhibitor Pimasertib in Patients
with Advanced Solid Tumours. Br. J. Cancer 2019, 120, 286–293. [CrossRef]

25. Chen, Y.L.; Zhang, Z.M.; Li, X.L.; Tao, Y.F.; Wu, S.Y.; Fang, F.; Xie, Y.; Liao, X.M.; Li, G.; Wu, D.; et al. MI-773, a Breaker of the
MDM2/P53 Axis, Exhibits Anticancer Effects in Neuroblastoma via Downregulation of INSM1. Oncol. Lett. 2021, 22, 1–13.
[CrossRef]

26. Ribeiro, C.J.A.; Nunes, R.C.; Amaral, J.D.; Gonçalves, L.M.; Rodrigues, C.M.P.; Moreira, R.; Santos, M.M.M. Spirotriazoline
Oxindoles: A Novel Chemical Scaffold with in Vitro Anticancer Properties. Eur. J. Med. Chem. 2017, 140, 494–509. [CrossRef]

27. Filatov, V.; Kukushkin, M.; Kuznetsova, J.; Skvortsov, D.; Tafeenko, V.; Zyk, N.; Majouga, A.; Beloglazkina, E. Synthesis of 1,3-
Diaryl-Spiro[Azetidine-2,3′-Indoline]-2′,4-Diones: Via the Staudinger Reaction: Cis-Or Trans -Diastereoselectivity with Different
Addition Modes. RSC Adv. 2020, 10, 14122–14133. [CrossRef]

http://doi.org/10.7603/s40681-015-0019-4
http://www.ncbi.nlm.nih.gov/pubmed/26613930
http://doi.org/10.1038/s41392-021-00572-w
http://www.ncbi.nlm.nih.gov/pubmed/34054126
http://doi.org/10.1039/D1MD00200G
http://www.ncbi.nlm.nih.gov/pubmed/34778765
http://doi.org/10.2174/138955708784223558
http://doi.org/10.1016/S0140-6736(20)30164-1
http://doi.org/10.1038/s41571-020-0341-y
http://doi.org/10.1016/j.drudis.2021.10.011
http://doi.org/10.3390/cancers13133257
http://doi.org/10.3390/cancers13184681
http://doi.org/10.1074/jbc.M508578200
http://doi.org/10.1016/j.jmb.2005.05.010
http://doi.org/10.2174/138161211795222649
http://doi.org/10.1038/s41375-020-0949-z
http://doi.org/10.3390/molecules25051211
http://doi.org/10.1016/j.bcp.2021.114651
http://doi.org/10.1021/ja051147z
http://doi.org/10.1002/anie.200701342
http://doi.org/10.2174/1871520615666151102093825
http://doi.org/10.3389/fonc.2016.00007
http://doi.org/10.1093/annonc/mdz027
http://doi.org/10.1038/s41416-018-0355-8
http://doi.org/10.3892/ol.2021.13119
http://doi.org/10.1016/j.ejmech.2017.09.037
http://doi.org/10.1039/D0RA02374D


Int. J. Mol. Sci. 2022, 23, 6666 16 of 16

28. O’Boyle, N.M.; Carr, M.; Greene, L.M.; Bergin, O.; Nathwani, S.M.; McCabe, T.; Lloyd, D.G.; Zisterer, D.M.; Meegan, M.J. Synthesis
and Evaluation of Azetidinone Analogues of Combretastatin A-4 as Tubulin Targeting Agents. J. Med. Chem. 2010, 53, 8569–8584.
[CrossRef]

29. Malebari, A.M.; Greene, L.M.; Nathwani, S.M.; Fayne, D.; O’Boyle, N.M.; Wang, S.; Twamley, B.; Zisterer, D.M.; Meegan, M.J.
β-Lactam Analogues of Combretastatin A-4 Prevent Metabolic Inactivation by Glucuronidation in Chemoresistant HT-29 Colon
Cancer Cells. Eur. J. Med. Chem. 2017, 130, 261–285. [CrossRef]

30. Trott, O.; Olson, A.J. AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient
Optimization, and Multithreading. J. Comput. Chem. 2009, 32, 455–461. [CrossRef]

31. Haldar, P.; Barman, G.; Ray, J.K. Sodium Borohydride-Iodine Mediated Reduction of γ-Lactam Carboxylic Acids Followed by
DDQ Mediated Oxidative Aromatisation: A Simple Approach towards N-Aryl-Formylpyrroles and 1,3-Diaryl-Formylpyrroles.
Tetrahedron 2007, 63, 3049–3056. [CrossRef]

32. Basu, S.; Barawkar, D.A.; Ramdas, V.; Waman, Y.; Patel, M.; Panmand, A.; Kumar, S.; Thorat, S.; Bonagiri, R.; Jadhav, D.; et al.
A2Badenosine Receptor Antagonists: Design, Synthesis and Biological Evaluation of Novel Xanthine Derivatives. Eur. J. Med.
Chem. 2017, 127, 986–996. [CrossRef] [PubMed]

33. Heinrich, T.; Seenisamy, J.; Becker, F.; Blume, B.; Bomke, J.; Dietz, M.; Eckert, U.; Friese-Hamim, M.; Gunera, J.; Hansen, K.; et al.
Identification of Methionine Aminopeptidase-2 (MetAP-2) Inhibitor M8891: A Clinical Compound for the Treatment of Cancer. J.
Med. Chem. 2019, 62, 11119–11134. [CrossRef] [PubMed]

34. Hu, H.; Chen, F.; Dong, Y.; Liu, Y.; Gong, P. Discovery of Novel Dual C-Met/HDAC Inhibitors as a Promising Strategy for Cancer
Therapy. Bioorg. Chem. 2020, 101, 103970. [CrossRef] [PubMed]

35. Singh, R.K.; Danishefsky, S. Homoconjugate Addition of Nucleophiles To Cyclopropane-1,1-Dicarboxylate Derivatives: 2-Oxo-1-
Phenyl-3-Pyrrolidinecarboxylic Acid. Org. Synth. 1981, 60, 66. [CrossRef]

36. Zhu, X.; Gan, P. A Novel Synthesis of 1-Aminocyclopropane-1-Carboxylic Acid (ACC). Synth. Commun. 1998, 28, 3159–3162.
[CrossRef]

37. Tóth, G.; Tamás, T.; Borbély, I. Synthesis of 5-(2-Chloroalkyl)-2,2-Dimethyl-1,3-Dioxane-4,6-Diones. Synth. Commun. 2002, 32,
3659–3665. [CrossRef]

38. Filatov, V.E.; Kuznetsova, J.; Petrovskaya, L.; Yuzabchuk, D.; Tafeenko, V.A.; Zyk, N.V.; Beloglazkina, E.K. Cis-Diastereoselective
Synthesis of Spirooxindolo-β-Lactams by Staudinger Cycloaddition with TsCl as Activating Co-Reagent. ACS Omega 2021, 6,
22740–22751. [CrossRef]

39. Laikov, D.N.; Ustynyuk, Y.A. PRIRODA-04: A Quantum-Chemical Program Suite. New Possibilities in the Study of Molecular
Systems with the Application of Parallel Computing. Russ. Chem. Bull. 2005, 54, 820–826. [CrossRef]

40. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
[CrossRef]

41. Mosmann, T. Rapid Colorimetric Assay for Cellular Growth and Survival: Application to Proliferation and Cytotoxicity Assays. J.
Immunol. Methods 1983, 65, 55–63. [CrossRef]

42. Baba, T.; Ara, T.; Hasegawa, M.; Takai, Y.; Okumura, Y.; Baba, M.; Datsenko, K.A.; Tomita, M.; Wanner, B.L.; Mori, H. Construction
of Escherichia coli K-12 in-Frame, Single-Gene Knockout Mutants: The Keio Collection. Mol. Syst. Biol. 2006, 2. [CrossRef]

43. Orelle, C.; Carlson, S.; Kaushal, B.; Almutairi, M.M.; Liu, H.; Ochabowicz, A.; Quan, S.; Pham, V.C.; Squires, C.L.;
Murphy, B.T.; et al. Tools for Characterizing Bacterial Protein Synthesis Inhibitors. Antimicrob. Agents Chemother. 2013, 57,
5994–6004. [CrossRef]

44. Sulavik, M.C.; Houseweart, C.; Cramer, C.; Jiwani, N.; Murgolo, N.; Greene, J.; Didomenico, B.; Shaw, K.J.; Miller, G.H.;
Hare, R.; et al. Antibiotic Susceptibility Profiles of Escherichia coli Strains Lacking Multidrug Efflux Pump Genes. Antimicrob.
Agents Chemother. 2001, 45, 1126–1136. [CrossRef]

45. Wu, T.; McCandlish, A.C.; Gronenberg, L.S.; Chng, S.S.; Silhavy, T.J.; Kahne, D. Identification of a Protein Complex That Assembles
Lipopolysaccharide in the Outer Membrane of Escherichia coli. Proc. Natl. Acad. Sci. USA 2006, 103, 11754–11759. [CrossRef]

46. Osterman, I.A.; Komarova, E.S.; Shiryaev, D.I.; Korniltsev, I.A.; Khven, I.M.; Lukyanov, D.A.; Tashlitsky, V.N.; Serebryakova, M.V.;
Efremenkova, O.V.; Ivanenkov, Y.A.; et al. Sorting out Antibiotics’ Mechanisms of Action: A Double Fluorescent Protein Reporter
for High-Throughput Screening of Ribosome and DNA Biosynthesis Inhibitors. Antimicrob. Agents Chemother. 2016, 60, 7481–7489.
[CrossRef]

47. Tietze, L.F.; Eicher, T. Reaktionen und Synthesen Im Organisch-Chemischen Praktikum und Forschungslaboratorium; Georg Thieme
Verlag: Stuttgart, Germany; New York, NY, USA, 1991; ISBN 3527308741.

48. Griffioen, G.; Van Dooren, T.; De La Parra, V.R.; Marchand, A.; Allasia, S.; Kilonda, A.; Chaltin, P. Indole Amide Derivatives and
Related Compounds for Use in the Treatment of Neurodegenerative Diseases. U.S. Patent No. WO2010142801A1, 11 June 2009.

http://doi.org/10.1021/jm101115u
http://doi.org/10.1016/j.ejmech.2017.02.049
http://doi.org/10.1002/jcc.21334
http://doi.org/10.1016/j.tet.2007.01.058
http://doi.org/10.1016/j.ejmech.2016.11.007
http://www.ncbi.nlm.nih.gov/pubmed/27842891
http://doi.org/10.1021/acs.jmedchem.9b01070
http://www.ncbi.nlm.nih.gov/pubmed/31725285
http://doi.org/10.1016/j.bioorg.2020.103970
http://www.ncbi.nlm.nih.gov/pubmed/32480172
http://doi.org/10.15227/orgsyn.060.0066
http://doi.org/10.1080/00397919808004415
http://doi.org/10.1081/SCC-120014984
http://doi.org/10.1021/acsomega.1c03063
http://doi.org/10.1007/s11172-005-0329-x
http://doi.org/10.1103/PhysRevLett.77.3865
http://doi.org/10.1016/0022-1759(83)90303-4
http://doi.org/10.1038/msb4100050
http://doi.org/10.1128/AAC.01673-13
http://doi.org/10.1128/AAC.45.4.1126-1136.2001
http://doi.org/10.1073/pnas.0604744103
http://doi.org/10.1128/AAC.02117-16

	Introduction 
	Results and Discussion 
	Synthesis of Dispirooxindole–Lactams 
	Structural Determination of Compounds 5 and Other Reaction Products 
	Biological Investigations of Compounds 5 

	Materials and Methods 
	General Information 
	General Procedure for thePreparation of 6,6-Dimethyl-5,7-Dioxaspiro [2.5]Octane-4,8-Dione (2) 
	General Procedure for Preparation of Isatinimines 4a,b 
	General Procedure for Preparation of N-Aryl-2-Oxopyrrolidine-3-Carboxylic Acids 3a–e 
	General Procedure for Preparation of Dispirooxindole–Lactams 5a–f 
	Cell Lines 
	In Vitro Survival Assay (MTT Assay) 
	Plate Test and Determination of Mechanism of Action 
	Determination of Minimal Inhibitory Concentration 

	Conclusions 
	References

