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Abstract: A one-pot multi-component reaction was employed for the stereoselective synthesis of a
novel set of dispiro-oxindolopyrrolizidines analogs incorporating a thiazolo[3,2-a] benzimidazole
scaffold based on the [3 + 2] cycloaddition (32CA) reaction approach. The desired novel dispiro-
oxindolopyrrolizidines 9a–d were achieved using the 32CA reaction of new ethylene derivatives
based on thiazolo[3,2-a] benzimidazole moiety seven with thiazolidine derivatives eight and different
substituted isatin compounds 5a–d (R = H, Cl, NO2, and Br). The final dispiro-oxindolopyrrolizidines
cycloadducts were separated, purified, and fully characterized by means of a set of spectroscopic tools
including IR, HNMR, CNMR, and MS. The Molecular Electron Density Theory (MEDT) was applied
to explain the mechanism and stereoselectivity in the of the key 32CA reaction step. The reactive
pseudo(mono)radical electronic structure of the in situ generated azomethine ylides and the high
polar character of the corresponding 32CA reactions account for the low computed activation Gibbs
free energies and total endo stereoselectivity of this kinetically controlled exergonic reaction. The
computed relative Gibbs free activation energies of competitive reaction paths and regioisomers ratio
distribution of 80:20 justify the major formation of 9a via the most favorable ortho/endo reaction path.

Keywords: imidazo [2,1-b]thiazole; dispiro-oxindolopyrrolizidines; [3 + 2] cycloaddition reaction;
MEDT study

1. Introduction

Thiazolo[3,2-a] benzimidazole is an important heterocyclic privileged structure in
medicinal chemistry possessing a wide range of biological activities. Thiazolo[3,2-a] ben-
zimidazole is a fused bicyclic compound containing sulfur and nitrogen, which exist
in nature, and synthetically inspired chemical structures with divergent medicinal tar-
gets and agrochemicals [1,2]. Several representative compounds incorporating this in-
teresting scaffold have been shown to be anti-microbial and anti-cancer agents; such as
compounds I and II, which exhibit anti-microbial activity [3–5]. Compound I, which has a
trade name of Levamisole, is sold to fight and treat parasitic worm infections including
ascariasis and hookworm infections, as shown in Figure 1. Compounds III–IX possess
high efficacy halting different types of cancer cells with specific targets [6–10]; for example,
compounds III and VIII target p53-MDM2 protein–protein interaction inhibitors as a target
therapy for cancer treatment. Compound IV shows CXCR2 antagonists; on the other hand,
compound IX exhibits carbonic anhydrase (CA IX) inhibitory activity as a promising target
cancer therapy [11]. In 2021, Eldehna, W.M. et al. reported a set of compounds depending
on the structure of the isatin lead compound with the thiazolo[3,2-a] benzimidazole scaffold,
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obtaining a novel and potential CDK2 inhibitor with in vitro apoptotic anti-proliferative
activity. The most active candidates showed potential CDK2 inhibition with nano-molar
reactivity up to 96.46 nM [12].
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Figure 1. Representative examples of biologically active compounds having imidazothiazole. 

2. Materials and Methods 
Synthesis of 1H-benzo[d]imidazole-2-thiol 2 

The synthesis of compound 2 is amended in the ESI. 

Synthesis of compound (3) and acetyl derivative (4). 

A mixture of (0.02 mol, 3 g) 1H-benzo[d]imidazole-2-thiol 2 and (0.02 mol, 2.80 g) of 
3-chloro-2,4-pentanedione in 45 mL of 2-butanone was heated, in a 150 mL round bottom 
flask, under reflux for 5 h. The reaction mixture was cooled to room temperature. The 
resulting precipitate was filtered off, dried, and suspended in water. The water suspension 
was made basic with NaHCO3 and obtained 4.63 g (93%) white solid of 3-((1H-benzo[d]im-
idazol-2-yl) thio)pentane-2,4-dione (3). 

The product 3 (0.02 mol, 4.96 g) was refluxed in 60 mL of 5% HCl for 4 h. The reaction 
mixture was added to 400 mL of water and basified with aqueous sodium bicarbonate. 
The resulting solid was filtered off and dried to obtain 4.48 g (97%) of 1-(3-methylbenzo 
[4,5]imidazo[2,1-b]thiazol-2-yl)ethan-1-one (4). 
1-(3-Methylbenzo[4,5]imidazo[2,1-b]thiazol-2-yl)ethan-1-one 4 

Figure 1. Representative examples of biologically active compounds having imidazothiazole.

Towards the development of an anti-microbial agent, Kamat et al. designed a new
Schiff bases-based thiazolo[3,2-a] benzimidazole which possesses broad anti-microbial reac-
tivity against gram-positive and gram-negative strains [13]. Many protein Kinase inhibitors
for anti-cancer treatment have been designed and reported based on the annulation of the
benzimidazole scaffold and between these targets’ aurora kinase, CK2, CDK, FGFR, EGFR,
and VEGFR-2 [14], in order to explore the chemistry of this interesting scaffold which has
gained a lot of attention from chemists.

Barakat et al. are engaged in a research program to develop a new set of compounds
based on spiro-heterocycles. In a recent study they constructed a new spirooxindole com-
pound including a thiazolo[3,2-a] benzimidazole pharmacophore and studied its chemical
reactivity (Compound X, Figure 1) [15]. Due to the variety of spiro-compounds, in par-
ticular spriooxindoles, they have a wide range of biological targets including anti-cancer,
anti-inflammatory, diabetes, and others [16–20].
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Based on the above findings, the aim of the present work was to prepare and study several
new spiro-compounds based on thiazolo[3,2-a] benzimidazole via the [3 + 2] cycloaddition
(32CA) reaction approach [15]. This procedure involves a one-pot multi-component syn-
thesis that enables the formation of a diversity of highly complex molecules through an
efficient, straightforward, and selective transformation.

The theoretical understanding of the key 32CA reaction step in these transformations
is essential to guarantee more efficient future synthetic designs. In this sense, the Molecular
Electron Density Theory (MEDT), ref. [21] based on the idea that changes in electron density
but not molecular orbital interactions, are responsible for chemical reactivity, allows for a
modern and rigorous new interpretation of organic chemical reactivity.

MEDT has allowed classifying 32CA reactions into four types depending on a general
relationship found between the electronic structure and the reactivity of the participating
three-atom-components (TACs) [22]. The proposed multicomponent process involves a
series of azomethine ylides (AYs) 10a–d generated in situ through the reaction between
isatins 5a–d and (R)-thiazolidine-4-carboxylic acid 8. The simplest AYs are one of the most
reactive species due to their pseudodiradical structure that enables them to participate in
instant pdr-type 32CA reactions [23]. However, actual experimental substitution can change
their parent pseudodiradical structure to less reactive pseudo(mono)radical, zwitterionic, or
even carbenoid ones.

The purpose of the present work is to report the synthetic routes developed for the
synthesis of novel spirooxindoles 9a–d and the characterization of the molecular mechanism
in order to understand the underlying factors responsible for the high reaction rate of the
key 32CA reaction step.

2. Materials and Methods

Synthesis of 1H-benzo[d]imidazole-2-thiol 2

The synthesis of compound 2 is amended in the ESI.

Synthesis of compound (3) and acetyl derivative (4)

A mixture of (0.02 mol, 3 g) 1H-benzo[d]imidazole-2-thiol 2 and (0.02 mol, 2.80 g)
of 3-chloro-2,4-pentanedione in 45 mL of 2-butanone was heated, in a 150 mL round
bottom flask, under reflux for 5 h. The reaction mixture was cooled to room temper-
ature. The resulting precipitate was filtered off, dried, and suspended in water. The
water suspension was made basic with NaHCO3 and obtained 4.63 g (93%) white solid of
3-((1H-benzo[d]imidazol-2-yl) thio)pentane-2,4-dione (3).

The product 3 (0.02 mol, 4.96 g) was refluxed in 60 mL of 5% HCl for 4 h. The reaction
mixture was added to 400 mL of water and basified with aqueous sodium bicarbonate.
The resulting solid was filtered off and dried to obtain 4.48 g (97%) of 1-(3-methylbenzo
[4,5]imidazo[2,1-b]thiazol-2-yl)ethan-1-one (4).

1-(3-Methylbenzo[4,5]imidazo[2,1-b]thiazol-2-yl)ethan-1-one 4
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COCH3), 2.56 (s, 3H, CH3); 13C-NMR (126 MHz, DMSO-d6) δ 191.6, 154.4, 148.8, 138.9, 
130.9, 125.0, 123.6, 121.9, 119.2, 113.3, 30.1, 14.6; Anal. for C12H10N2OS; calcd: C, 62.59; H, 
4.38; N, 12.16 Found: C, 62.52; H, 4.30; N, 12.20 
Synthesis of 3-hydroxy-3-(2-(3-methylbenzo[4,5]imidazo[2,1-b] thiazol-2-yl)-2-ox-
oethyl)indolin-2-one (6). 

A mixture of acetyl derivative 4 (1.150 g, 5 mmol) and isatin 5a (0.735 g, 5 mmol) in 
ethanol 20 mL and piperidine (0.15 mL) was stirred for 2 h, left overnight, and the obtained 
product was filtered. 
3-Hydroxy-3-(2-(3-methylbenzo[4,5]imidazo[2,1-b]thiazol-2-yl)-2-oxoethyl)indolin-2-one 
6 

 
Yield (%): 96; Yellow solid material; m.p.: 243–245 °C; Molecular Formula: 

C20H15N3O3S; [M+] m/z: 377; IR (KBr, cm−1): 3277 (OH), 1702–1668 (C=O), 1621 (C=N); 1H-
NMR (500 MHz, DMSO-d6) δ 10.28 (s, 1H, NH), 8.00 (d, J = 8.2 Hz, 1H, ArH), 7.65 (d, J = 
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ArH), 6.14 (s, 1H, OH), 3.88 (d, J = 17.1 Hz, 1H, CH2), 3.54 (d, J = 17.1 Hz, 1H, CH2), 3.02 (s, 
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130.8, 129.6, 125.0, 124.3, 122.4, 122.0, 121.8, 119.3, 113.4, 110.1, 73.4, 49.0, 14.9; Anal. for 
C20H15N3O3S; calcd: C, 63.65; H, 4.01; N, 11.13 Found: C, 63.59; H, 4.06; N, 11.18. 
Synthesis of 3-(2-(3-methylbenzo[4,5]imidazo[2,1-b]thiazol-2-yl)-2-oxoethylidene)indolin-
2-one (7). 

Compound 6 (1.51 g, 4 mmol) was refluxed with a mixture of glacial acetic acid (15 
mL) and concentrated hydrochloric acid (3 mL) in an oil bath for 2 h. The reaction mixture 
was cooled to room temperature. A red compound was separated out which was filtered 
and recrystallized from ethanol to give red needles of compound (7). 
3-(2-(3-Methylbenzo[4,5]imidazo[2,1-b]thiazol-2-yl)-2-oxoethylidene)indolin-2-one 7 

 
Yield (%): 88;Red solid material; m.p.: 255–257 °C; Molecular Formula: C20H13N3O2S; 

[M+] m/z: 359; IR (KBr, cm−1): 3428 (NH), 1716–1653 (C=O), 1602 (C=N); 1H-NMR (500 MHz, 
DMSO-d6) δ 10.89 (s, 1H, N-H), 8.06 (d, J = 8.1 Hz, 1H, Ar-H), 8.00 (d, J = 7.6 Hz, 1H, Ar-
H), 7.70 (d, J = 8.2 Hz, 1H, Ar-H), 7.43–7.37 (m, 2H, Ar-H, C-H), 7.30 (t, J = 8.4 Hz, 2H, Ar-
H), 6.92 (t, J = 7.1 Hz, 1H, Ar-H), 6.84 (d, J = 7.8 Hz, 1H, Ar-H), 3.09 (s, 3H, CH3); 13C-NMR 

Yield (%): 97;White solid material; m.p.: 163–165 ◦C; Molecular Formula: C12H10N2OS;
[M+] m/z: 230; 1H-NMR (500 MHz, DMSO-d6) δ 8.01 (d, J = 8.2 Hz, 1H, Ar-H), 7.65 (d,
J = 8.2 Hz, 1H, Ar-H), 7.36 (t, J = 8.3 Hz, 1H, Ar-H), 7.25 (t, J = 8.3 Hz, 1H, Ar-H), 3.03 (s,
3H, COCH3), 2.56 (s, 3H, CH3); 13C-NMR (126 MHz, DMSO-d6) δ 191.6, 154.4, 148.8, 138.9,
130.9, 125.0, 123.6, 121.9, 119.2, 113.3, 30.1, 14.6; Anal. for C12H10N2OS; calcd: C, 62.59; H,
4.38; N, 12.16 Found: C, 62.52; H, 4.30; N, 12.20

Synthesis of 3-hydroxy-3-(2-(3-methylbenzo[4,5]imidazo[2,1-b] thiazol-2-yl)-2-oxoethyl)indolin-
2-one (6)
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A mixture of acetyl derivative 4 (1.150 g, 5 mmol) and isatin 5a (0.735 g, 5 mmol) in
ethanol 20 mL and piperidine (0.15 mL) was stirred for 2 h, left overnight, and the obtained
product was filtered.

3-Hydroxy-3-(2-(3-methylbenzo[4,5]imidazo[2,1-b]thiazol-2-yl)-2-oxoethyl)indolin-2-one 6
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Synthesis of 3-(2-(3-methylbenzo[4,5]imidazo[2,1-b]thiazol-2-yl)-2-oxoethylidene)indolin-
2-one (7). 

Compound 6 (1.51 g, 4 mmol) was refluxed with a mixture of glacial acetic acid (15 
mL) and concentrated hydrochloric acid (3 mL) in an oil bath for 2 h. The reaction mixture 
was cooled to room temperature. A red compound was separated out which was filtered 
and recrystallized from ethanol to give red needles of compound (7). 
3-(2-(3-Methylbenzo[4,5]imidazo[2,1-b]thiazol-2-yl)-2-oxoethylidene)indolin-2-one 7 

 
Yield (%): 88;Red solid material; m.p.: 255–257 °C; Molecular Formula: C20H13N3O2S; 

[M+] m/z: 359; IR (KBr, cm−1): 3428 (NH), 1716–1653 (C=O), 1602 (C=N); 1H-NMR (500 MHz, 
DMSO-d6) δ 10.89 (s, 1H, N-H), 8.06 (d, J = 8.1 Hz, 1H, Ar-H), 8.00 (d, J = 7.6 Hz, 1H, Ar-
H), 7.70 (d, J = 8.2 Hz, 1H, Ar-H), 7.43–7.37 (m, 2H, Ar-H, C-H), 7.30 (t, J = 8.4 Hz, 2H, Ar-
H), 6.92 (t, J = 7.1 Hz, 1H, Ar-H), 6.84 (d, J = 7.8 Hz, 1H, Ar-H), 3.09 (s, 3H, CH3); 13C-NMR 

Yield (%): 88;Red solid material; m.p.: 255–257 ◦C; Molecular Formula: C20H13N3O2S;
[M+] m/z: 359; IR (KBr, cm−1): 3428 (NH), 1716–1653 (C=O), 1602 (C=N); 1H-NMR (500 MHz,
DMSO-d6) δ 10.89 (s, 1H, N-H), 8.06 (d, J = 8.1 Hz, 1H, Ar-H), 8.00 (d, J = 7.6 Hz, 1H, Ar-H),
7.70 (d, J = 8.2 Hz, 1H, Ar-H), 7.43–7.37 (m, 2H, Ar-H, C-H), 7.30 (t, J = 8.4 Hz, 2H, Ar-H),
6.92 (t, J = 7.1 Hz, 1H, Ar-H), 6.84 (d, J = 7.8 Hz, 1H, Ar-H), 3.09 (s, 3H, CH3); 13C-NMR
(126 MHz, DMSO-d6) δ 184.4, 168.51, 154.3, 147.6, 145.7, 140.8, 137.1, 133.9, 130.6, 127.4,
126.1, 125.6, 124.5, 122.5, 122.4, 120.2, 119.0, 113.8, 111.1, 15.4; Anal. for C20H13N3O2S; calcd:
C, 66.84; H, 3.65; N, 11.69 Found: C, 66.79; H, 3.60; N, 11.74.

General procedure for synthesis of spiro compounds (9a–d)

A mixture of the chalcone derivative 7 (0.5 mmol, 179.5 mg), isatin derivatives 5a–d
(0.5 mmol), and thiazolidine-4-carboxylic acid 8 (0.5 mmol, 66.5 mg) in ethanol (15 mL)
was refluxed using an oil bath for an appropriate time, 8–10 h. After completion of the
reaction TLC, the solvent volume was removed under vacuum. The crude was purified by
column chromatography on silica gel (40% ethyl acetate in n-hexane) to produce the spiro
compounds in a solid in pure form.

(3S,6′R,7′S)-7′-(3-Methylbenzo[4,5]imidazo[2,1-b]thiazole-2-carbonyl)-7’,7a′-dihydro-1′H,3′H-
dispiro[indoline-3,5′-pyrrolo[1,2-c]thiazole-6′,3′′-indoline]-2,2′′-dione 9a
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(126 MHz, DMSO-d6) δ 184.4, 168.51, 154.3, 147.6, 145.7, 140.8, 137.1, 133.9, 130.6, 127.4, 
126.1, 125.6, 124.5, 122.5, 122.4, 120.2, 119.0, 113.8, 111.1, 15.4; Anal. for C20H13N3O2S; calcd: 
C, 66.84; H, 3.65; N, 11.69 Found: C, 66.79; H, 3.60; N, 11.74. 

General procedure for synthesis of spiro compounds (9a–d). 

A mixture of the chalcone derivative 7 (0.5 mmol, 179.5 mg), isatin derivatives 5a–d 
(0.5 mmol), and thiazolidine-4-carboxylic acid 8 (0.5 mmol, 66.5 mg) in ethanol (15 mL) 
was refluxed using an oil bath for an appropriate time, 8–10 h. After completion of the 
reaction TLC, the solvent volume was removed under vacuum. The crude was purified by 
column chromatography on silica gel (40% ethyl acetate in n-hexane) to produce the spiro 
compounds in a solid in pure form. 
(3S,6′R,7′S)-7′-(3-Methylbenzo[4,5]imidazo[2,1-b]thiazole-2-carbonyl)-7’,7a′-dihydro-
1′H,3′H-dispiro[indoline-3,5′-pyrrolo[1,2-c]thiazole-6′,3″-indoline]-2,2″-dione 9a 

 
Yield (%): 78;White solid material; m.p.: 185–187 °C; Molecular Formula: 

C31H23N5O3S2; [M+] m/z: 577; IR (KBr, cm−1): 3416 (NH), 1721–1617 (C=O), 1572 (C=N); 1H-
NMR (400 MHz, DMSO-d6) δ 10.51 (s, 1H, N-H), 10.31 (s, 1H, N-H), 7.94 (d, J = 8.8 Hz, 1H, 
Ar-H), 7.63 (d, J = 8.1 Hz, 1H, Ar-H), 7.48 (d, J = 7.3 Hz, 1H, Ar-H), 7.37 (t, J = 7.7 Hz, 1H, 
Ar-H), 7.32 (d, J = 5.1 Hz, 1H, Ar-H), 7.26 (t, J = 7.7 Hz, 1H, Ar-H), 7.14 (d, J = 8.8 Hz, 1H, 
Ar-H), 6.96 (t, J = 7.7 Hz, 1H, Ar-H), 6.82 (d, J = 8.1 Hz, 1H, Ar-H), 6.72 (t, J = 7.7 Hz, 1H, 
Ar-H), 6.56 (d, J = 7.3 Hz, 1H, Ar-H), 6.34 (d, J = 8.1 Hz, 1H, Ar-H), 5.62–5.50 (m, 1H, C-H), 
4.00 (d, J = 8.1 Hz, 1H, C-Hα), 3.79 (d, J = 5.9 Hz, 1H, CH2), 3.45 (d, J = 5.4 Hz, 1H, CH2), 
3.12–3.04 (m, 1H, CH2), 2.93 (d, J = 6.6 Hz, 1H, CH2), 2.87 (s, 3H, CH3); 13C-NMR (101 MHz, 
DMSO-d6) δ 190.0, 179.2, 175.5, 153.5, 148.9, 143.1, 142.8, 138.7, 128.6, 127.5, 127.2, 127.0, 
124.9, 124.4, 124.0, 122.3, 122.1, 121.8, 120.4, 119.3, 113.3, 109.8, 109.34 74.5, 67.3, 63.0, 57.9, 
45.7, 32.3, 14.9; Anal. for C31H23N5O3S2; calcd: C, 64.45; H, 4.01; N, 12.12 Found: C, 64.49; 
H, 4.06; N, 12.15. 
(3S,6′R,7′S)-5-Chloro-7′-(3-methylbenzo[4,5]imidazo[2,1-b]thiazole-2-carbonyl)-7′,7a′-di-
hydro-1′H,3′H-dispiro[indoline-3,5′-pyrrolo[1,2-c]thiazole-6′,3″-indoline]-2,2″-dione 9b 

 
Yield (%): 75;White solid material; m.p.: 188–189 °C; Molecular Formula: 

C31H22ClN5O3S2; [M+] m/z: 612; IR (KBr, cm−1): 3412 (NH), 1725–1619 (C=O), 1567 (C=N); 
1H-NMR (400 MHz, DMSO-d6) δ 10.80 (s, 1H, N-H), 10.21 (s, 1H, N-H), 8.03 (d, J = 8.1 Hz, 
1H, Ar-H), 7.75 (d, J = 8.1 Hz, 2H, Ar-H), 7.34 (d, J = 8.1 Hz, 1H, Ar-H), 7.28 (s, 1H, Ar-H), 
7.26 (d, J = 5.9 Hz, 1H, Ar-H), 7.19 (t, J = 7.3 Hz, 2H, Ar-H), 7.11 (d, J = 5.9 Hz, 1H, Ar-H), 
6.71 (d, J = 8.1 Hz, 1H, Ar-H), 6.57 (d, J = 7.3 Hz, 1H, Ar-H), 5.19 (d, J = 6.6 Hz, 1H, C-Hα), 
5.01–4.94 (m, 1H, C-H), 3.89 (d, J = 8.8 Hz, 1H, CH2), 3.37 (d, J = 8.6 Hz, 1H, CH2), 3.14 (dd, 

Yield (%): 78;White solid material; m.p.: 185–187 ◦C; Molecular Formula: C31H23N5O3S2;
[M+] m/z: 577; IR (KBr, cm−1): 3416 (NH), 1721–1617 (C=O), 1572 (C=N); 1H-NMR
(400 MHz, DMSO-d6) δ 10.51 (s, 1H, N-H), 10.31 (s, 1H, N-H), 7.94 (d, J = 8.8 Hz, 1H,
Ar-H), 7.63 (d, J = 8.1 Hz, 1H, Ar-H), 7.48 (d, J = 7.3 Hz, 1H, Ar-H), 7.37 (t, J = 7.7 Hz, 1H,
Ar-H), 7.32 (d, J = 5.1 Hz, 1H, Ar-H), 7.26 (t, J = 7.7 Hz, 1H, Ar-H), 7.14 (d, J = 8.8 Hz, 1H,
Ar-H), 6.96 (t, J = 7.7 Hz, 1H, Ar-H), 6.82 (d, J = 8.1 Hz, 1H, Ar-H), 6.72 (t, J = 7.7 Hz, 1H,
Ar-H), 6.56 (d, J = 7.3 Hz, 1H, Ar-H), 6.34 (d, J = 8.1 Hz, 1H, Ar-H), 5.62–5.50 (m, 1H, C-H),
4.00 (d, J = 8.1 Hz, 1H, C-Hα), 3.79 (d, J = 5.9 Hz, 1H, CH2), 3.45 (d, J = 5.4 Hz, 1H, CH2),
3.12–3.04 (m, 1H, CH2), 2.93 (d, J = 6.6 Hz, 1H, CH2), 2.87 (s, 3H, CH3); 13C-NMR (101 MHz,
DMSO-d6) δ 190.0, 179.2, 175.5, 153.5, 148.9, 143.1, 142.8, 138.7, 128.6, 127.5, 127.2, 127.0,
124.9, 124.4, 124.0, 122.3, 122.1, 121.8, 120.4, 119.3, 113.3, 109.8, 109.34 74.5, 67.3, 63.0, 57.9,
45.7, 32.3, 14.9; Anal. for C31H23N5O3S2; calcd: C, 64.45; H, 4.01; N, 12.12 Found: C, 64.49;
H, 4.06; N, 12.15.

(3S,6′R,7′S)-5-Chloro-7′-(3-methylbenzo[4,5]imidazo[2,1-b]thiazole-2-carbonyl)-7′,7a′-dihydro-
1′H,3′H-dispiro[indoline-3,5′-pyrrolo[1,2-c]thiazole-6′,3′′-indoline]-2,2′′-dione 9b
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(126 MHz, DMSO-d6) δ 184.4, 168.51, 154.3, 147.6, 145.7, 140.8, 137.1, 133.9, 130.6, 127.4, 
126.1, 125.6, 124.5, 122.5, 122.4, 120.2, 119.0, 113.8, 111.1, 15.4; Anal. for C20H13N3O2S; calcd: 
C, 66.84; H, 3.65; N, 11.69 Found: C, 66.79; H, 3.60; N, 11.74. 

General procedure for synthesis of spiro compounds (9a–d). 

A mixture of the chalcone derivative 7 (0.5 mmol, 179.5 mg), isatin derivatives 5a–d 
(0.5 mmol), and thiazolidine-4-carboxylic acid 8 (0.5 mmol, 66.5 mg) in ethanol (15 mL) 
was refluxed using an oil bath for an appropriate time, 8–10 h. After completion of the 
reaction TLC, the solvent volume was removed under vacuum. The crude was purified by 
column chromatography on silica gel (40% ethyl acetate in n-hexane) to produce the spiro 
compounds in a solid in pure form. 
(3S,6′R,7′S)-7′-(3-Methylbenzo[4,5]imidazo[2,1-b]thiazole-2-carbonyl)-7’,7a′-dihydro-
1′H,3′H-dispiro[indoline-3,5′-pyrrolo[1,2-c]thiazole-6′,3″-indoline]-2,2″-dione 9a 

 
Yield (%): 78;White solid material; m.p.: 185–187 °C; Molecular Formula: 

C31H23N5O3S2; [M+] m/z: 577; IR (KBr, cm−1): 3416 (NH), 1721–1617 (C=O), 1572 (C=N); 1H-
NMR (400 MHz, DMSO-d6) δ 10.51 (s, 1H, N-H), 10.31 (s, 1H, N-H), 7.94 (d, J = 8.8 Hz, 1H, 
Ar-H), 7.63 (d, J = 8.1 Hz, 1H, Ar-H), 7.48 (d, J = 7.3 Hz, 1H, Ar-H), 7.37 (t, J = 7.7 Hz, 1H, 
Ar-H), 7.32 (d, J = 5.1 Hz, 1H, Ar-H), 7.26 (t, J = 7.7 Hz, 1H, Ar-H), 7.14 (d, J = 8.8 Hz, 1H, 
Ar-H), 6.96 (t, J = 7.7 Hz, 1H, Ar-H), 6.82 (d, J = 8.1 Hz, 1H, Ar-H), 6.72 (t, J = 7.7 Hz, 1H, 
Ar-H), 6.56 (d, J = 7.3 Hz, 1H, Ar-H), 6.34 (d, J = 8.1 Hz, 1H, Ar-H), 5.62–5.50 (m, 1H, C-H), 
4.00 (d, J = 8.1 Hz, 1H, C-Hα), 3.79 (d, J = 5.9 Hz, 1H, CH2), 3.45 (d, J = 5.4 Hz, 1H, CH2), 
3.12–3.04 (m, 1H, CH2), 2.93 (d, J = 6.6 Hz, 1H, CH2), 2.87 (s, 3H, CH3); 13C-NMR (101 MHz, 
DMSO-d6) δ 190.0, 179.2, 175.5, 153.5, 148.9, 143.1, 142.8, 138.7, 128.6, 127.5, 127.2, 127.0, 
124.9, 124.4, 124.0, 122.3, 122.1, 121.8, 120.4, 119.3, 113.3, 109.8, 109.34 74.5, 67.3, 63.0, 57.9, 
45.7, 32.3, 14.9; Anal. for C31H23N5O3S2; calcd: C, 64.45; H, 4.01; N, 12.12 Found: C, 64.49; 
H, 4.06; N, 12.15. 
(3S,6′R,7′S)-5-Chloro-7′-(3-methylbenzo[4,5]imidazo[2,1-b]thiazole-2-carbonyl)-7′,7a′-di-
hydro-1′H,3′H-dispiro[indoline-3,5′-pyrrolo[1,2-c]thiazole-6′,3″-indoline]-2,2″-dione 9b 

 
Yield (%): 75;White solid material; m.p.: 188–189 °C; Molecular Formula: 

C31H22ClN5O3S2; [M+] m/z: 612; IR (KBr, cm−1): 3412 (NH), 1725–1619 (C=O), 1567 (C=N); 
1H-NMR (400 MHz, DMSO-d6) δ 10.80 (s, 1H, N-H), 10.21 (s, 1H, N-H), 8.03 (d, J = 8.1 Hz, 
1H, Ar-H), 7.75 (d, J = 8.1 Hz, 2H, Ar-H), 7.34 (d, J = 8.1 Hz, 1H, Ar-H), 7.28 (s, 1H, Ar-H), 
7.26 (d, J = 5.9 Hz, 1H, Ar-H), 7.19 (t, J = 7.3 Hz, 2H, Ar-H), 7.11 (d, J = 5.9 Hz, 1H, Ar-H), 
6.71 (d, J = 8.1 Hz, 1H, Ar-H), 6.57 (d, J = 7.3 Hz, 1H, Ar-H), 5.19 (d, J = 6.6 Hz, 1H, C-Hα), 
5.01–4.94 (m, 1H, C-H), 3.89 (d, J = 8.8 Hz, 1H, CH2), 3.37 (d, J = 8.6 Hz, 1H, CH2), 3.14 (dd, 

Yield (%): 75;White solid material; m.p.: 188–189 ◦C; Molecular Formula: C31H22ClN5O3S2;
[M+] m/z: 612; IR (KBr, cm−1): 3412 (NH), 1725–1619 (C=O), 1567 (C=N); 1H-NMR
(400 MHz, DMSO-d6) δ 10.80 (s, 1H, N-H), 10.21 (s, 1H, N-H), 8.03 (d, J = 8.1 Hz, 1H, Ar-H),
7.75 (d, J = 8.1 Hz, 2H, Ar-H), 7.34 (d, J = 8.1 Hz, 1H, Ar-H), 7.28 (s, 1H, Ar-H), 7.26 (d,
J = 5.9 Hz, 1H, Ar-H), 7.19 (t, J = 7.3 Hz, 2H, Ar-H), 7.11 (d, J = 5.9 Hz, 1H, Ar-H), 6.71 (d,
J = 8.1 Hz, 1H, Ar-H), 6.57 (d, J = 7.3 Hz, 1H, Ar-H), 5.19 (d, J = 6.6 Hz, 1H, C-Hα), 5.01–4.94
(m, 1H, C-H), 3.89 (d, J = 8.8 Hz, 1H, CH2), 3.37 (d, J = 8.6 Hz, 1H, CH2), 3.14 (dd, J = 10.3,
5.9 Hz, 2H, CH2), 2.56 (s, 3H, CH3); 13C-NMR (101 MHz, DMSO-d6) δ 190.1, 176.3, 171.2,
154.4, 149.1, 142.3, 128.9, 127.4, 125.6, 125.4, 120.1, 114.8, 108.5, 96.9, 75.8, 68.2, 14.2; Anal.
for C31H22ClN5O3S2; calcd: C, 60.83; H, 3.62; N, 11.44 Found: C, 60.89; H, 3.56; N, 11.39.

(3S,6′R,7′S)-7′-(3-Methylbenzo[4,5]imidazo[2,1-b]thiazole-2-carbonyl)-5-nitro-7′,7a′-dihydro-
1′H,3′H-dispiro[indoline-3,5′-pyrrolo[1,2-c]thiazole-6′,3′′-indoline]-2,2′′-dione 9c
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J = 10.3, 5.9 Hz, 2H, CH2), 2.56 (s, 3H, CH3); 13C-NMR (101 MHz, DMSO-d6) δ 190.1, 176.3, 
171.2, 154.4, 149.1, 142.3, 128.9, 127.4, 125.6, 125.4, 120.1, 114.8, 108.5, 96.9, 75.8, 68.2, 14.2; 
Anal. for C31H22ClN5O3S2; calcd: C, 60.83; H, 3.62; N, 11.44 Found: C, 60.89; H, 3.56; N, 
11.39. 
(3S,6′R,7′S)-7′-(3-Methylbenzo[4,5]imidazo[2,1-b]thiazole-2-carbonyl)-5-nitro-7′,7a′-dihy-
dro-1′H,3′H-dispiro[indoline-3,5′-pyrrolo[1,2-c]thiazole-6′,3″-indoline]-2,2″-dione 9c 

 
Yield (%): 76;White solid material; m.p.: 182–184 °C; Molecular Formula: 

C31H22N6O5S2; [M+] m/z: 622; IR (KBr, cm−1): 3415 (NH), 1724–1616 (C=O), 1568 (C=N); 1H-
NMR (400 MHz, DMSO-d6) δ 11.03 (s, 1H, N-H), 10.68 (s, 1H, N-H), 8.36 (d, J = 2.9 Hz, 1H, 
Ar-H), 7.92 (d, J = 8.1 Hz, 1H, Ar-H), 7.62 (d, J = 8.1 Hz, 1H, Ar-H), 7.40–7.28 (m, 2H, Ar-
H), 7.24 (t, J = 8.1 Hz, 1H, Ar-H), 7.14 (d, J = 8.1 Hz, 1H, Ar-H), 6.89 (t, J = 7.7 Hz, 1H, Ar-
H), 6.83–6.74 (m, 2H, Ar-H), 6.39 (d, J = 8.1 Hz, 1H, Ar-H), 5.51–5.41 (m, 1H, C-H), 4.08 (d, 
J = 8.8 Hz, 1H, C-Hα), 3.75 (d, J = 5.9 Hz, 1H, CH2), 3.49 (d, J = 5.9 Hz, 1H, CH2), 3.11 (dt, J 
= 10.3, 5.5 Hz, 1H, CH2), 2.97 (t, J = 8.8 Hz, 1H, CH2), 2.85 (s, 3H, CH3); 13C-NMR (101 MHz, 
DMSO-d6) δ 189.8, 178.3, 175.8, 153.7, 149.8, 148.7, 143.1, 142.7, 142.5, 138.8, 130.3, 130.1, 
128.6, 128.0, 125.2, 124.9, 123.8, 123.2, 122.1, 121.7, 120.3, 119.3, 113.4, 110.5, 109.8, 73.7, 67.6, 
57.6, 45.9, 32.3, 14.2; Anal. for C31H22N6O5S2; calcd: C, 59.80; H, 3.56; N, 13.50 Found: C, 
59.87; H, 3.61; N, 13.56. 
(3S,6′R,7′S)-5-Bromo-7′-(3-methylbenzo[4,5]imidazo[2,1-b]thiazole-2-carbonyl)-7′,7a′-di-
hydro-1′H,3′H-dispiro[indoline-3,5′-pyrrolo[1,2-c]thiazole-6′,3″-indoline]-2,2″-dione 9d 

 
Yield (%): 81;Pale yellow solid material; m.p.: 186–188 °C; Molecular Formula: 

C31H22BrN5O3S2; [M+] m/z: 655; IR (KBr, cm−1): 3414 (NH), 1724–1618 (C=O), 1569 (C=N); 
1H-NMR (400 MHz, DMSO-d6) δ 10.47 (s, 1H, N-H), 10.18 (s, 1H, N-H), 8.00 (d, J = 8.8 Hz, 
1H, Ar-H), 7.76 (d, J = 7.3 Hz, 2H, Ar-H), 7.57 (s, 1H, Ar-H), 7.42 (d, J = 7.3 Hz, 2H, Ar-H), 
7.19 (t, J = 7.3 Hz, 2H, Ar-H), 7.13 (d, J = 8.1 Hz, 1H, Ar-H), 6.65 (d, J = 8.1 Hz, 1H, Ar-H), 
6.38 (d, J = 8.1 Hz, 1H, Ar-H), 5.19 (d, J = 7.3 Hz, 1H, C-Hα), 5.04–4.94 (m, 1H), 3.89 (d, J = 
8.1 Hz, 1H), 3.69 (d, J = 5.9 Hz, 1H), 3.19–3.10 (m, 2H), 2.60 (s, 3H, CH3); 13C-NMR (101 
MHz, DMSO-d6) δ 189.0, 178.8, 175.0, 153.5, 149.3, 142. 7, 137.7, 133.7, 130.2, 126.4, 124.0, 
122.3, 122.2, 118.7, 113.0, 73.7, 67.5, 60.1, 30.8, 13.0; Anal. for C31H22BrN5O3S2; calcd: C, 
56.71; H, 3.38; N, 10.67 Found: C, 56.75; H, 3.34; N, 10.71. 
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Yield (%): 76;White solid material; m.p.: 182–184 ◦C; Molecular Formula: C31H22N6O5S2;
[M+] m/z: 622; IR (KBr, cm−1): 3415 (NH), 1724–1616 (C=O), 1568 (C=N); 1H-NMR
(400 MHz, DMSO-d6) δ 11.03 (s, 1H, N-H), 10.68 (s, 1H, N-H), 8.36 (d, J = 2.9 Hz, 1H, Ar-H),
7.92 (d, J = 8.1 Hz, 1H, Ar-H), 7.62 (d, J = 8.1 Hz, 1H, Ar-H), 7.40–7.28 (m, 2H, Ar-H), 7.24 (t,
J = 8.1 Hz, 1H, Ar-H), 7.14 (d, J = 8.1 Hz, 1H, Ar-H), 6.89 (t, J = 7.7 Hz, 1H, Ar-H), 6.83–6.74
(m, 2H, Ar-H), 6.39 (d, J = 8.1 Hz, 1H, Ar-H), 5.51–5.41 (m, 1H, C-H), 4.08 (d, J = 8.8 Hz, 1H,
C-Hα), 3.75 (d, J = 5.9 Hz, 1H, CH2), 3.49 (d, J = 5.9 Hz, 1H, CH2), 3.11 (dt, J = 10.3, 5.5 Hz,
1H, CH2), 2.97 (t, J = 8.8 Hz, 1H, CH2), 2.85 (s, 3H, CH3); 13C-NMR (101 MHz, DMSO-d6)
δ 189.8, 178.3, 175.8, 153.7, 149.8, 148.7, 143.1, 142.7, 142.5, 138.8, 130.3, 130.1, 128.6, 128.0,
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[M+] m/z: 655; IR (KBr, cm−1): 3414 (NH), 1724–1618 (C=O), 1569 (C=N); 1H-NMR
(400 MHz, DMSO-d6) δ 10.47 (s, 1H, N-H), 10.18 (s, 1H, N-H), 8.00 (d, J = 8.8 Hz, 1H, Ar-H),
7.76 (d, J = 7.3 Hz, 2H, Ar-H), 7.57 (s, 1H, Ar-H), 7.42 (d, J = 7.3 Hz, 2H, Ar-H), 7.19 (t,
J = 7.3 Hz, 2H, Ar-H), 7.13 (d, J = 8.1 Hz, 1H, Ar-H), 6.65 (d, J = 8.1 Hz, 1H, Ar-H), 6.38 (d,
J = 8.1 Hz, 1H, Ar-H), 5.19 (d, J = 7.3 Hz, 1H, C-Hα), 5.04–4.94 (m, 1H), 3.89 (d, J = 8.1 Hz,
1H), 3.69 (d, J = 5.9 Hz, 1H), 3.19–3.10 (m, 2H), 2.60 (s, 3H, CH3); 13C-NMR (101 MHz,
DMSO-d6) δ 189.0, 178.8, 175.0, 153.5, 149.3, 142. 7, 137.7, 133.7, 130.2, 126.4, 124.0, 122.3,
122.2, 118.7, 113.0, 73.7, 67.5, 60.1, 30.8, 13.0; Anal. for C31H22BrN5O3S2; calcd: C, 56.71; H,
3.38; N, 10.67 Found: C, 56.75; H, 3.34; N, 10.71.

3. Results and Discussion
3.1. Synthesis of Spiro Compounds (9a–d)

Nitrogen- and sulfur-containing heterocycles are common substructures in a wide
range of biologically active natural products and pharmaceutical small molecules. Some
of the most important ones are imidazo[2,1-b]thiazole derivatives because of their di-
verse biological activities. In this work, as a last example of the synthesis of new spiro-
derivatives, an attempt is made to synthesize a novel series of spiro compounds grafted
with imidazo[2,1-b]thiazole scaffold, as depicted in Scheme 1.

3.1.1. Synthesis of Acetyl Derivative (4)

In the present work, 2-mercptobenzimidazole 2 was synthesized via the reaction of
o-phenylenediamine with carbon disulfide using the reflux method and the presence of an
equivalent amount of potassium hydroxide in a mixture of ethanol and water as a solvent.
Compound 3 was synthesized via the reaction of compound 2 with 3-chloroacetylacetone
using 2-butanone as a solvent. The acetyl derivative 4 was synthesized via a condensation
reaction of compound 3 in 5% HCl for 3 h. The prepared compounds were characterized
on the basis of their elemental analysis as well as 1H-NMR, 13C-NMR, and IR spectroscopy.
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3.1.2. Synthesis of Spiro Compounds (9a–d)

To synthesize the targeted spiro compounds, three synthetic routes were outlined in
Scheme 1. The first step in this synthesis involved crossed aldol condensation between
the acetyl derivative 4 with the isatin in a basic medium using piperidine to give the
aldol product 6 which then dehydrated easily in the second step by using acetic acid with
drops of hydrochloric acid, to yield the expected α,β-unsaturated carbonyl compound 7.
The final step, the multicomponent reaction, was carried out using a mixture of isatin
derivatives 5a–d with (R)-thiazolidine-4-carboxylic acid 8 in ethanol followed by the addi-
tion of an equivalent amount of chalcone 7. The reaction proceeds through decarboxylative
condensation of isatin with (R)-thiazolidine-4-carboxylic acid to generate an azomethine
ylide 10a–d. The generated TAC subsequently undergoes 32CA reaction with the chalcone 7
to afford novel dispiro-oxindolopyrrolizidines 9a–d. The prepared compounds were char-
acterized on the basis of their elemental analysis as well as 1H-NMR, 13C-NMR, and
IR spectroscopy. In all cases the TLC of the product showed the presence of one single spot
referring to only one product. Similarly, the proposed structures of aldol product 6 and
α,β-unsaturated carbonyl compound 7 were confirmed by the same spectroscopic analysis
tools. The IR spectrum of 6 showed peaks at 3277 cm−1 for the O-H group and 1702 cm−1

due to the oxindole ring carbonyl whilst the benzoyl carbonyl appeared at 1668 cm−1

(see Supplementary Materials). The 1H-NMR spectrum of 6 exhibited the NH proton at
δ 10.28 ppm, the aromatic protons in the region of δ 8.01–6.78 ppm, and the O-H proton at
δ 6.14 ppm (see Supplementary Materials). The 13C-NMR spectrum of the proposed carbon
atoms is perfectly shown in the supplementary materials. The IR spectrum of compound 7
revealed two strong absorption bands at 1716 and 1653 cm−1 due to two carbonyl groups,
and revealed the absence of a band corresponding to the OH group and the appearance
of an absorption band for the NH group at 3428 cm−1 (see Supplementary Materials).
Comparative analysis of the 1H-NMR spectrum of compound 7 confirms my interpretation
because the elimination of the OH-group proton via the dehydration reaction led to an
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extinction peak for the O-H group in compound 7 and the appearance of the signal at
7.39 ppm for the CH(α) proton (see supplementary materials) from the 13C-NMR spectrum.
The structures of the desired spiro compounds 9a–d were deduced by the IR and 1H-NMR
spectrum, for example, The IR spectrum of compound 9c, taken as a typical example of the
prepared series, revealed two strong absorption bands at 1724 and 1616 cm−1 due to two
carbonyl groups, and the appearance of an absorption band for the NH group at 3415 cm−1

(see supplementary materials). The 1H-NMR spectrum of compound 9c displayed two
singlet’s signals at δ 11.03 and 10.68 ppm, assignable to two N-H group, and the aromatic
protons in the region of δ 8.37–6.38 ppm (see Supplementary Materials). The 13C-NMR
spectrum of the proposed carbon atoms is perfectly shown in the Supplementary Materials,
which appeared three peaks for carbonyl groups at 189, 178, and 175 ppm.

3.2. MEDT Study of the 32CA Reaction between AY 10a and Chalcone 7

A theoretical MEDT [21] study was conducted to comprehend the experimental for-
mation of spiro compounds 9a–d through the final 32CA reaction step of the reported
process (see Scheme 1). To do so, the 32CA reaction of chalcone 7 with the simplest AY 10a,
generated in situ through the reaction between isatin 5a and (R)-thiazolidine-4-carboxylic
acid 8, was theoretically investigated as the reference prototype.

3.2.1. Analysis of Reactivity Indicators

The reactivity indices [22,24] offer valuable insights into predicting and understanding
reactivity in polar reactions [25]. Table 1 presents the global reactivity indices, such as the
electronic chemical potential µ, chemical hardness η, electrophilicityω, and nucleophilicity
N, for both AY 10a and chalcone 7.

Table 1. ωB97X-D/6-311G(d,p) gas-phase electronic chemical potential µ, chemical hardness η,
electrophilicityω and nucleophilicity N indices, in eV, of AY 10a, and chalcone 7.

µ η ω N

Chalcone 7 −4.61 6.45 1.65 3.56
AY 10a −3.29 6.83 0.79 4.70

Comparing the electronic chemical potentials, µ [26], of AY 10a and chalcone 7 reveals
a notable difference, with AY 10a having a higher value, −3.29 eV, compared to chalcone 7,
−4.61 eV. This difference indicates that, in a polar 32CA reaction, there will be a global
electron density transfer (GEDT) [27] from AY 10a to chalcone 7. Therefore, AY 10a plays
the role of the nucleophile, while chalcone 7 takes on the role of the electrophile, leading
to the classification of the corresponding 32CA reaction as a forward electron density flux
(FEDF) process [28].

Delving further into the properties of AY 10a, its electrophilicity ω index [29] is
0.79 eV, placing it in the category of a moderate electrophile according to the electrophilicity
scale [24,30]. Additionally, it exhibits a nucleophilicity N index [31] of 4.70 eV, signifying
its classification as a strong nucleophile based on the nucleophilicity scale [24,30]. In fact,
its nucleophilic character exceeds 4.0 eV, being classified as a supernucleophile [25,30]. On
the other hand, chalcone 7 presents electrophilicity ω and nucleophilicity N indices of
1.65 eV and 3.56 eV, respectively, indicating its status as both a strong electrophile and a
strong nucleophile.

Considering the supernucleophilic character of AY 10a and the strong electrophilic
character of chalcone 7, it can be inferred that the corresponding FEDF 32CA reaction will
possess a high polar character [25]. This high polarity enhances reaction rates by reducing
activation energies, primarily due to more favorable nucleophilic/electrophilic interactions
that effectively stabilize the electrophile [27].

Chalcone 7 presents several susceptible sites for the nucleophilic addition of AY 10a.
In particular, α,β-unsaturated carbonylic compounds such as chalcones can experience
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cycloaddition at the conjugated C4–C5 double bond or at the C6–O7 carbonyl group.
In order to rule out unlikely reaction paths, the electrophilic P+

k Parr functions [32] at
chalcone 7 were analyzed (see Figure 2).
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Figure 2. 3D representation of the Mulliken atomic spin densities of the radical anion of chalcone 7,
together with the electrophilic P+

k Parr functions of chalcone 7 at the most relevant centers.

Analysis of the electrophilic P+
k Parr functions at chalcone 7 shows that the ethylene

C4–C5 double bond and carbonyl C6–O7 group that constitute the central α,β-unsaturated
carbonyl core of chalcone 7 are the two most electrophilically activated regions, with
an average value of P+

k = 0.35 each one. Note that the benzimidazole carbonyl and the
benzimidazothiazole regions are not sufficiently activated electrophilically (see Figure 2).
Consequently, only two chemoisomeric paths involving the 32CA reaction on C4–C5 and
C6–O7 will be considered.

3.2.2. Study of the Competitive Reaction Paths

Due to the non-symmetry of the reagents, the corresponding 32CA reaction of AY 10a
on the main α,β-unsaturated carbonyl core of chalcone 7 can take place along two ortho/meta
regioisomeric and two endo/exo stereoisomeric approach modes for each chemoisomeric
path, thus leading to a total of eight competitive reaction paths (see Scheme 2). Relative
Gibbs free energies of the characterized stationary points are given in Scheme 2, the Gibbs
free energy profiles associated with the eight competitive reaction paths are represented in
Figure 3, and full thermodynamic data are given in Table S1 in the Supplementary Materials.

Thorough examination of the eight reaction paths shows that the 32CA reaction
proceeds via a one-step mechanism. Each path involves the formation of a stable molecular
complex (MC), brought about by weak intermolecular interactions between the reagents.
However, due to thermodynamic equilibrium among all of them, only the most stable
complex, MC-CC-mn, was selected as the energy reference. Formation of MC-CC-mn is
slightly exergonic, releasing 3.8 kcal·mol−1 (see Figure 3).

Taking into account the formation of MC-CC-mn, the activation Gibbs free energies for the
competitive isomeric reaction paths range from 8.6 (TS-CC-on) to 12.7 (TS-CC-ox) kcal·mol−1

for the addition on the C4–C5 double bond, and from 16.6 (TS-CO-on) to 26.4 (TS-CO-mn)
kcal·mol−1 for the addition on the carbonyl C6–O7 bond. The reactive pseudo(mono)radical
structure previously characterized [33] for AY 10a contributes to these low activation
barriers. Furthermore, while the chemoisomeric C4–C5 reaction paths are highly exergonic.
from 28.0 (13a) to 14.7 (11a) kcal·mol−1, rendering the corresponding addition on the
C4–C5 double bond irreversible under the reaction conditions, the C6–O7 reaction paths
are only slightly exergonic, from 5.0 (14a) to 4.0 (16a), making the corresponding addition on
the C6–O7 bond reversible. Consequently, the 32CA reaction involving the C4–C5 double
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bond of chalcone 7 is clearly favored both kinetically and thermodynamically over the one
involving the carbonyl C6–O7 bond.
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Due to the irreversibility of the more favorable chemoisomeric C4–C5 reaction paths,
the product distribution is kinetically controlled. Utilizing the Eyring–Polanyi kinetics
equation [34], the predicted product distribution is 81.1% (9a), 0.2% (11a), 18.0% (12a), and
0.6% (13a); no cycloadduct from the 32CA reaction on the C6–O7 carbonyl is expected, based
on the 0.0% obtained for 14a–17a. These results indicate absolute C4–C5 chemoselectivity,
complete endo stereoselectivity, and high ortho regioselectivity, leading to the formation of
spirooxindole 9a as the main product through TS-CC-on, which aligns precisely with the
experimental data (see Scheme 1).

Figure 4 displays the optimized geometries of the four isomeric transition state
structures (TSs) associated with the more favorable 32CA reaction on the C4–C5 double
bond in ethanol. The C–C distances between the interacting carbons reveal that, while
the ortho regioisomeric TSs are related with highly asynchronous bond formation processes,
the meta TSs are rather synchronous, especially TS-CC-mn with a ∆l = 0.02 Å (see Figure 4).
With the exception of synchronous TS-CC-mn, the shorter C–C distance in the other three
TSs involves the C3 carbon of the thiazole ring of AY 10a. Similarly, except for TS-CC-
mx, formation at the C5 carbon of chalcone 7 is more advanced. This implies that at the
more favorable ortho regioisomeric reaction paths, the preferred two-center interaction
is that between the C3 and C5 carbons. The most stable TS-CC-on, characterized by C3–
C5 and C1–C4 distances of 2.186 and 2.688 Å, respectively, shows the highest degree of
asynchronicity, though it is very similar to TS-CC-ox. Examining the intrinsic reaction
coordinate (IRC) path [35] from the most favorable TS-CC-on to 9a reveals that the 32CA
reaction indeed follows a non-concerted two-stage one-step mechanism [36], characterized
by complete formation of the first C3–C5 single bond before initiating the formation of the
second C1–C4 single bond (see Figure S20 in Supplementary Materials).
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Figure 4 also includes the GEDT [27] values for the four isomeric TSs associated
with the 32CA reaction on the C4–C5 double bond. The GEDT at the TS serves as a
measure of the polar character of the 32CA reaction. GEDT values below 0.05 e indicate
non-polar processes, while values above 0.20 e indicate highly polar processes. The most
favorable TS-CC-on presents a GEDT value of 0.30 e. This high value is attributed to the
supernucleophilic nature of AY 10a and the strong electrophilic character of chalcone 7 (refer
to Table 1). Consequently, the 32CA reaction through TS-CC-on possesses a remarkable
polar character, which accounts for its low activation Gibbs free energy of 8.6 kcal·mol–1

and the observed total endo stereoselectivity. Note that polar cycloaddition reactions are
typically endo stereoselective. Furthermore, the positive sign of the GEDT computed at
the AY framework of the TS indicates an electron density flux from AY 10a to chalcone
7, classifying this 32CA reaction as FEDF [28], in line with the previous analysis of the
reactivity indices.

4. Conclusions

A novel series of dispiro-oxindolopyrrolizidines analogs were synthesized with incor-
poration of a thiazolo[3,2-a] benzimidazole scaffold via a 32CA reaction approach in one-pot
multi-component reaction. The desired novel dispiro-oxindolopyrrolizidines 9a–d was
obtained in high chemical yield, in a stereoselective fashion with four stereogenic centers.

An MEDT study of the key 32CA reaction step between the simplest in situ generated
AY 10a and chalcone 7 was performed at the ωB97xD/6-311g(d,p) computational level in
order to characterize the molecular mechanism and understand the experimental outcomes.
Among the eight possible isomeric reaction paths, the ortho/endo reaction path leading to
spiro-compound 9a is the most favorable one, explaining the experimentally observed
high selectivity with a computed regioisomeric product distribution ratio of ca. 80:20.
Analysis of the geometrical parameters at the TSs reveals a non-concerted two-stage one-step
mechanism with complete formation of the first C3–C5 single bond before initiating the
formation of the second C1–C4 single bond. Finally, the very high polar character of the
reaction is a consequence of the high supernuleophilic character of AY 10a and the strong
electrophilic character of chalcone 7. Thus, both the reactive pseudo(mono)radical electronic
structure of the generated AYs and the high polar character of the corresponding pmr-type
32CA reactions account for the low computed activation Gibbs free energies and total endo
stereoselectivities of this exergonic reaction.

The present study adds new compounds to the valuable family of bioactive thiazolo[3,2-a]
benzimidazole-embodied dispiro-oxindolopyrrolizidines, and provides a comprehensive
MEDT study of their formation via the key 32CA reaction that helps us understanding the
high reaction rates and selectivities for future synthetic designs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemistry5040158/s1, Figure S1: 1H-NMR Spectrum of compound (2);
Figure S2: 13C-NMR Spectrum of compound (2); Figure S3: 1H-NMR Spectrum of compound (4);
Figure S4: 13C-NMR Spectrum of compound (4); Figure S5: IR Spectrum of compound (6);
Figure S6: 1H-NMR Spectrum of compound (6); Figure S7: 13C-NMR Spectrum of compound (6);
Figure S8: IR Spectrum of compound (7); Figure S9: 1H-NMR Spectrum of compound (7);
Figure S10: 13C-NMR Spectrum of compound (7); Figure S11: 1H-NMR Spectrum of compound (9a);
Figure S12: 13C-NMR Spectrum of compound (9a); Figure S13: 1H-NMR Spectrum of compound (9b);
Figure S14: 13C-NMR Spectrum of compound (9b); Figure S15: IR Spectrum of compound (9c);
Figure S16: 1H-NMR Spectrum of compound (9c); Figure S17: 13C-NMR Spectrum of compound (9c);
Figure S18: 1H-NMR Spectrum of compound (9d); Figure S19: 13C-NMR Spectrum of compound (9d);
Computational Protocol; Table S1: ωB97X-D/6-311G(d,p) enthalpies, entropies, and Gibbs free ener-
gies, and the relative ones with respect to the separated reagents, for the stationary points involved in
the 32CA reaction of AY 10a with chalcone 7; Figure S20: ωB97X-D/6-311G(d,p) IRC path associated
with the most favorable ortho/endo reaction path via TS-CC-on in ethanol; Cartesian coordinates
and electronic energies of the stationary points involved in the 32CA reaction between AY 10a and
chalcone 7 in ethanol. Imaginary frequencies for TSs at 78 ◦C are included.
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