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Highlights

e Structurally diverse spirooxindole-pyrrolidine molecular scaffolds achieved.
e Their molecular structures were elucidated from NMR, X-ray and DFT studies.
o Hirshfeld analysis was performed to determine different intermolecular contacts.

e DFT computed parameters are in good agreement with experimental findings.
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Graphical abstract

Structurally diverse highly functionalized flouro- and nitro- substituted spirooxindole-pyrrolidine
molecular scaffolds have been achieved and their molecular structures were elucidated by NMR
spectroscopy and X-ray crystallographic studies. Geometric parameters calculated by DFT are in

good agreement with the experimental data obtained from the X-ray crystallography.
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Abstract

Structurally diverse highly functionalized flouro- and nitro- substituted spirooxindole-pyrrolidine
heterocyclic hybrids have been achieved in good yields. The molecular structure of these diverse
spiroheterocyclic hybrids was elucidated by spectroscopic analysis and further confirmed by single
crystal X-ray crystallographic studies and Density Functional Theory (DFT) calculations. Analysis

of molecular packing for these hybrids was performed using Hirshfeld analysis. Geometric

*Corresponding author: email: sraju@ksu.edu.sa, drrajusureshkumar@gmail.com (Suresh Kumar R).
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parameters calculated by DFT are in good agreement with the experimental data obtained from X-
ray crystallography.

Keywords: [3+2] Cycloaddition; fluoro- nitro- spirooxindole-pyrrolidine; lonic liquid; single
crystal; DFT studies.
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1. Introduction

Multicomponent reactions (MCR) received much attention from the research community in
recent years due to their efficient and atom economic process. Although the first MCR reaction
(Strecker Synthesis) has been reported 150 years back, many MCR reactions (Biginelli Reaction,
Mannich Reaction, etc.) ie., multi-component one pot synthesis of organic molecules are reported
extensively for the past two decades. In specific, design and construction of organic heterocyclic
hybrids through multicomponent reactions employing nonconventional solvents is the prime target
for organic chemists as this phenomenon has been accepted to be green. Many of the heterocyclic
hybrids obtained from one pot MCR are showing important applications in biological and/or
pharmaceutical area [1]. Pyrrolidines, an attractive five membered ring amines, are the central
moiety present in diverse natural and synthetic compounds, can be constructed through the [3+2]
cycloaddition reactions of azomethine ylides with olefinic dipolarophiles [2]. Spiropyrrolidines
have important applications in drug industry as potential antileaucamic, anticonvulsant agents and
possess antiviral and local anesthetic activities. Whilst, spirooxindoles gain noteworthy
consideration due to its exceptional structural features and distinct biological activities [3-6]. The
spirooxindole-pyrrolidine central moiety is the core unit in many alkaloids [7-9] possessing
antibacterial, antifungal, antimalarial, antidiabetic and antimycobacterial activities. Due to their
diverse structural features and biological significance, the effective green synthesis of these hybrid
architectures is the prime target of our group.

lonic liquids are well recognized for their high chemical and thermal stability, solvating
ability, behavior as acidic, basic catalysts and recyclability. These fascinating properties makes
them an environmentally friendly medium [10] for many organic transformations. Although many
ionic liquids are known and being used, 1-butyl-3-methylimidazolium bromide, [bmim]Br has
been considered to be one of the efficient reaction medium for [3+2] cycloaddition reactions [11-
14] leading to the formation of spiropyrrolidines.

In continuation of our research interest towards the synthesis and/or biological potential of
novel hybrid heterocycles [15-24], herein we report a simple and facile construction of fluoro- and
nitro- substituted spirooxindole-pyrrolidine central moiety via the [3+2] cycloaddition of
azomethine ylide generated in situ from 4-fluoroisatin/4-nitroisatin and sarcosine to (3E,5E)-1-
allyl-3,5-bis(4-methoxyphenylmethylidene)piperidin-4-one in an ionic liquid, [bmim]Br. The

molecular structure of these compounds is elucidated by NMR spectroscopy and further confirmed
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by X-ray diffraction and DFT studies. DFT calculations were being used to predict the electronic

properties and reactivity descriptors of these compounds.

2. Materials and methods

Experimental

2.1. Chemistry

Melting points were recorded using open capillary tubes and are uncorrected. The *H and *C NMR
spectra were recorded on a Bruker400 or 500 MHz instruments (Faellanden, Switzerland) in CDCl3
using TMS as internal standard. Standard Bruker software was used throughout. Chemical shifts
are given in parts per million (3-scale) and the coupling constants are given in Hertz. Elemental
analyses were performed on a Perkin Elmer 2400 Series Il Elemental CHNS analyzer (Waltham,
MA, USA).

2.1.1. General procedure for the synthesis of 6

An equimolar mixture of N-allyl-bismethoxyphenyimethylidene-piperidone 3 (1 mmol), isatin
4(a,b) (1.1 mmol) and sarcosine 5 (1.1mmol), in 200 mg of [bmim]Br was heated with constant
stirring at 100 °C for 30 minutes. After the reaction was complete as noticeable from TLC, 50 mL
of water was added to the reaction mixture and extracted with ethyl acetate (3x30 mL). The solid
obtained was dried in vacuum and purified through column chromatography using hexane: ethyl

acetate (3:2 v/v) as eluent to obtain the product as colorless solid in good yields.

2.1.2. Spiro[2.3”]5"-nitrooxindole-spiro[3.3']-1'"-allyl-5’-(4-methoxyphenylmethylidene)-
tetrahydro-4'(1H)-pyridinone-4-(4-methoxyphenyl)-pyrrolidine (6a)

Mp: 182-183 °C; 'H NMR (500 MHz, CDCls): 8 1.82 (d, 1H, J = 13.0 Hz, 2'-CH,), 2.14, (s, 3H,
N-CHs), 2.72 (dd, 1H, J = 13.0, 8.0 Hz, 7-CH), 2.88 (dd, 1H, J = 14.5, 2.5 Hz, 6'-CH,), 3.01-3.06
(m, 1H, 7'-CHy), 3.24 (dd, 1H, J = 13.0, 1.5 Hz, 2'-CHy), 3.36-3.39 (m, 1H, 5-CH,), 3.43 (d, 1H, J
=14.5 Hz, 6'-CHy), 3.78 (s, 3H, OCHp3), 3.81 (s, 3H, OCHj3), 3.82-3.88 (m, 1H, H-5), 4.83 (dd, 1H,
J=11.0, 7.5 Hz, H-4), 4.98-5.02 (m, 2H, 9'-CH,), 5.47-5.55 (m, 1H, H-8"), 6.75 (d, 1H, J = 9.0
Hz, ArH), 6.80 (d, 2H, J = 9.0 Hz, ArH), 6.85 (d, 2H, J = 8.5 Hz, ArH), 6.99 (d, 2H, J = 9.0 Hz,
ArH), 7.27-7.35 (m, 3H, ArH), 8.02-8.04 (m, 2H, Ar-H), 8.46 (s, 1H, 1"-NH). *C NMR (125
MHz, CDCls): 6¢c 34.74, 44.65, 54.52, 55.25, 55.29, 56.50, 57.42, 61.04, 66.16, 76.24, 108.34,
113.70, 114.04, 118.00, 124.01, 125.75, 127.32, 128.77, 129.85, 130.27, 130.54, 132.32, 133.77,



Journal Pre-proof

139.00, 143.10, 147.58, 158.59, 160.41, 177.65, 197.95. Anal. calcd for C34H34N4O¢: C, 68.67; H,
5.76; N, 9.42 %; found: C, 68.51; H, 5.63; N, 9.55 %.

2.1.3. Spiro[2.3"]5"-fluorooxindole-spiro[3.3']-1'-allyl-5'-(4-methoxyphenylmethylidene)-
tetrahydro-4'(1H)-pyridinone-4-(4-methoxyphenyl)-pyrrolidine (6b)

Mp:189-190 °C; *H NMR (500 MHz, CDCls): & 1.81 (d, 1H, J = 13.0 Hz, 2'-CH,), 2.14, (s, 3H,
N-CHg), 2.70 (dd, 1H, J = 13.5, 7.5 Hz, 7'-CH,), 2.88 (dd, 1H, J = 14.5, 2.5 Hz, 6'-CH,), 3.06 (dd,
1H, J = 13.5, 5.0 Hz, 7'-CHy), 3.28 (dd, 1H, J = 12.5, 1.5 Hz, 2'-CH,), 3.30-3.34 (m, 1H, 5-CHy),
3.46 (d, 1H, J = 14.5 Hz, 6'-CHy), 3.79 (s, 3H, OCHg), 3.80 (s, 3H, OCH3), 3.86-3.90 (m, 1H, H-5),
4.75 (dd, 1H, J = 11.0, 7.5 Hz, H-4), 4.97-5.00 (m, 2H, 9'-CH;), 5.51-5.57 (m, 1H, H-8"), 6.54-
6.57 (m, 1H, ArH), 6.76 (td, 1H, J = 9.0, 2.5 Hz, ArH), 6.82-6.85 (m, 4H, ArH), 6.88 (dd, 1H, J =
8.5, 2.5 Hz, ArH), 7.09 (d, 2H, J = 8.5 Hz, ArH), 7.28 (s, 1H, ArH), 7.33 (d, 2H, J = 8.5 Hz, ArH),
7.91 (s, 1H, 1"-NH). **C NMR (125 MHz, CDCls): 8¢ 34.71, 45.01, 54.36, 55.24, 55.27, 56.45,
57.26, 60.97, 65.93, 76.49, 108.90, 113.60, 113.88, 114.97, 115.64, 117.54, 127.74, 129.55,
130.25, 130.54, 131.00, 132.17, 134.19, 137.75, 138.33, 158.47, 158.90, 160.18, 177.63, 198.61.
Anal. calcd for C34H34FN3O4: C, 71.94; H, 6.04; N, 7.40 %; found: C, 71.75; H, 6.27; N, 7.51 %.

2.2. X-ray details

The compounds 6(a,b) were obtained as single crystals by slow evaporation from ethylacetate
solution of the pure compound at room temperature. Data were collected on a Bruker APEX-11 D8
Venture area diffractometer, equipped with graphite monochromatic Mo Ka radiation, A = 0.71073
A. Cell refinement and data reduction were carried out by Bruker SAINT. SHELXT [25,26] was
used to solve structure. The final refinement was carried out by full-matrix least-squares techniques

with anisotropic thermal data for nonhydrogen atoms on F.

2.3. Hirshfeld surface analysis

The topology analyses were performed using Crystal Explorer 17.5 program [27].

2.4. Computational methods

All DFT calculations were performed using Gaussian 09 software package [28] using B3LYP/6-
31G(d,p) method. Natural bond orbital (NBO) analysis was performed using NBO 3.1 program as
implemented in the Gaussian 09W package [29].
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3. Results and Discussion

3.1. Synthesis

In our initial endeavor, the pre-requisite bismethoxyphenylmethylidene-piperidone 2 was
synthesized following the literature reported method [30]. The dipolarophiles, N-allyl-
bismethoxyphenylmethylidene-piperidone 3 required for the present study was prepared from the
reaction of 2 with allyl chloride [31] while the other component, the azomethine ylide is generated
in situ from the reaction of isatin (4) and sarcosine (5). With the functionalized dipolarophiles 3 in
hand, we attempted the cycloaddition of 3 with azomethineylide generated in situ from 4-
nitroisatin 4a and sarcosine. Initially, we performed the cycloaddition reaction in a conventional
solvent, methanol. The reaction of N-substituted dipolarophiles 3, 4a and 5 in 10 mL of methanol
was refluxed with constant stirring. The reaction progression and completion were evidenced
through TLC analysis. After 1 h of reaction time, formation of the sole product, the spirooxindole-
pyrrolidine 6a was extracted in good yield (86%) from the reaction mixture. Towards our endeavor
in the synthesis of heterocyclic hybrids employing green protocols, we planned to perform the
same reaction in an ionic liquid. The same reaction was performed in [omim]Br at 100 °C
(Scheme 1). TLC analysis of the reaction mixture revealed completion of the reaction in about 30
minutes displaying the formation of the sole reaction product. The reaction mixture was then
extracted with ethyl acetate and further purified by column chromatography. It is pertinent to note
that the reaction in [bmim]Br afforded relatively a better yield (90%) of the spiropyrrolidine
heterocyclic hybrid 6a over the conventional heating employing methanol (86%). The ionic liquid
[bmim]Br used in the above reaction was recycled in its pure form as done by us earlier [11]. The
recycled [bmim]Br was then used for the other reaction employing 4-fluoroisatin 4b. This reaction
also afforded the spiropyrrolidine 6b in an excellent yield (92%) in same reaction time revealing
that the original properties of the ionic liquid has been maintained even after its recyclization. The
molecular structure of spirooxindole-pyrrolidines 6(a,b) was derived through *H and *C NMR
spectroscopic studies (vide supporting data) and elemental analysis data. The presence of diverse
functionalities makes these molecules more attractive for generating different supramolecular

scaffolds.
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~ .HCI
HCI

CH,COOH

[bmim]Br
_— >
100 °C, 30 min

4a;R = NO, 6a; 90%; R = NO,
3 4b;R=F 6b; 92%; R=F

Scheme 1 Synthesis of spirooxindole-pyrrolidine hybrids 6(a,b)

A comprehensible mechanism for the construction of heterocyclic hybrids 6 is displayed in scheme
2. The electron-deficient hydrogen atom of [bmim]* possibly will form hydrogen bond with one of
the carbonyl group of 4-nitro or 4-fluoroisatin enabling the nucleophilic attack of the amino group
of sarcosine on isatin. The intermediate 7 formed by dehydration affords the cyclic intermediate 8.
Compound 8 on decarboxylation provides the azomethine ylide. At the same time, the formation of
hydrogen bond between the hydrogen atom of ionic liquid and the carbonyl group of dipolarophile

3 may further enhance rate of the reaction to afford 6.
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8 9a Azomethine ylide  9b

Scheme 2 Proposed mechanism for the formation of spirooxindole-pyrrolidine heterocyclic
hybrids 6

3.2. X-ray crystallographic studies
X-ray crystallographic study of a single crystals of 6a [32] and 6b [33] (Fig. 1) confirms the
structures inferred from NMR spectroscopic studies.
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6b

Fig. 1 ORTEP diagrams of Molecule A (left) and B (right) of 6a and 6b with displacement
ellipsoids plotted at 20% and 30% probability level respectively.

Fig. 2 Superimposed structures of the two molecules in the asymmetric unit of the compound 6a

10
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A view of the hydrogen bonding pattern of compounds 6a and 6b are shown in Fig.3.

6a

6b

Fig. 3 View of the intermolecular hydrogen bonding pattern of compounds 6a and 6b. The non-

interacting atoms are removed for clarity.

The crystallographic data, conditions used for the intensity data collection and some
features of the structure refinements are listed in Table 1. The geometrical parameters like bond
length, bond angles and dihedral angles are provided in the Tables S1 and S2 for the molecules 6a
and 6b. The selected geometric parameters like bond lengths from X-ray data and DFT
calculations are listed in Table S1 & S2 and Table S3 for the compounds 6a and 6b respectively.
The unit cell of the crystal structure of compound 6a contains two independent molecules with
different conformation, which is evidenced by the methoxy group in molecule A & B have

different orientations (Fig. 1). The superimposition of the independent monomers yielded RMSD

11
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of 1.016 A (Fig. 2). In both the molecules, the bond length and bond angles show normal values
and agree with each other [34] except for the bonds at spiro junction.

The sum of angles at atoms N1A, N1B in molecules A and B of 6a, N1 of compound 6b
of the pyrrolidine rings [337.06 (2)°, 339.55 (2) and 336.57 (2)° respectively] are in accordance
with sp® -hybridization [35] while the sums of angles at atoms N2A, N2B in molecules A and B of
6a, N2 of compound 6b of the indolin-2-one moiety are in agreement with sp®-hybridization
[359.07 (2)°, 359.79 (2)°, and 360 (2)° respectively] [36]. In all the compounds the bond lengths
among the indolin-2-one moiety match those in comparable structures but the C—C and C—N
bonds within the pyrrolidine ring are shorter. The six-membered piperidone rings in compounds
(Figs. 1-2) adopt the half-chair conformation, with deviations of atoms C21A and C23A from the
least-squares plane defined by atoms C20A/C22A/C9A/N3A of -0.7724(4) and 0.1454 (5) A in
molecule A of 6a, 0.7510 (4) and 0.1160 (4) in molecule B of 6a, 0.7284 (1) and 0.2197 (1) A in
6b and 0.7179 (2) and 0.3153 (2) A, respectively. The significant change in this variation is due
to steric hindrance of the different substituents present at the C9 and C23 positions of the
piperidine ring. The olefinic double bond in both the structures has an E conformation and the
pyrrolidine ring takes up the envelope conformation. The two spiro junctions at atoms C8 and C9
in the molecule link a 2-oxindole ring, a pyrrolidine ring and a piperidone ring.

The pyrrolidine ring (N2/C8/C9/C10/C11) is in an envelope conformation, which is same
as in the previously reported similar structures, it is the C atom of the CH, group of the
pyrrolidine which forms: the flap of the envelope or the N atom [37,38]. The puckering
parameters and the smallest displacement asymmetry parameters are g, = 1.6228 (6) A, ¢ =
59.32 (1) ° and AS (C21A)= 0.1590 (4) A for piperidone ring and g, = 0.4341 (1) A, ¢= 147.57
(1) ° and AS (C11A) = 0.0612 (7) A for pyrrolidine, molecule A of 6a, g, = 1.5529 (1) A, ¢=
58.26 (2) ° and AS (C21B)= 0840 (7) A for piperidone ring and g, = 0.4173 (9) A, ¢ = 162.52 (9)
and AS (N2B) = 0.1027 (9) A for pyrrolidine , molecule B of 6a, g, = 2.2738 (3) A, ¢=88.07 (5)
° and AS (C20)= 0. 2932 (1) A for piperidone ring and q, 0.5461 (2) A, ¢=-9.37 (9) ° and AS
(C8) = 0.0612 (7) A for pyrrolidine of 6b. The geometric plane that contains all the atoms in the
phenyl rings in both the structures are not same with the mean plane of the piperidone ring; the
torsion angle C23A —C24A—C25A—C26A is 6.43 (3)A in molecule A of 6a, C23B—C24B—
C25B—C26B is 8.15 (2) A in molecule B of 6a, C23—C24—C25—C26 is -12.50 (3)A in 6b.

This lack of coplanarity is caused by non-bonded interactions between one of the ortho H atoms

12
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in the aryl ring and the equatorial H atoms at the 2-position of the piperidone ring (H26A/H20A or
H20B) in molecule A of 6a, (H26B/H20C or H20D) in molecule B of 6a, (H26/H20A) in 6b.
Steric repulsions are reduced by the expansion of the C23A—C24A—C25A angle [133.98° in
molecule A of 6a], C23B—C24B—C25B angle [132.47° in molecule B of 6a], C23—C24—C25
angle [132.90° in 6b respectively]. The CBA—N2A, C11A -N2A bond length 1.477 (3) A, 1.447
(2)A in molecule A of 6a, C8B—N2B, C11B -N2B bond length 1.462 (2) A,1.446 (2) A in
molecule B of 6a, C8—N2 , C11 - N2 bond length 1.475 (3) A, 1.456 (2) A in 6b, and these
values are comparable with the Csp>—Nsp? distances found in similar structures [39].

The exocyclic angles around C28A, C16A in molecule A of I, C28B, C16B in molecule B
of 6a and C28 in compound 6b show considerable asymmetry, with O4A— C27A—C28A, O2A
— C16A—C17A in molecule A of 6a, 04B—C27B—C28B, O2B- C16B—C17B in molecule B
of 6a, 04—C27—C28 in compounds 6b being wider than O4A—C28A—C29A, O2A— C16A—
C15A in molecule A of 6a, 04B—C28B—C29B, 02B—C16B—C15B in molecule B of 6a, and
04—C28—C29 in 6b respectively (values listed in Table S1 and S2). This difference is due to
the steric repulsion between the benzyl rings and its attached methyl groups of the methoxy
phenyl rings. The torsion angles C31A--04A—C28A—C29A, C31A—04A—C27A—C28A and
C19A—02A—C16A—C17A, C19A—02A—C16A—C15A in molecule A of 6a, C31B—04B—
C28B—C29B, C31B—04B—C27B—C28B and C19B —02B—C16B—C17B, C19B—02B—
C16B—C15B in molecule B of 6a, C31—04—C28—C29, C31—04—C27— C28 and C19—
02—C16—C17 in compounds 6b indicate that the methoxy group does not deviate significantly
from coplanarity with its benzene ring (values listed in Table S1 and S2). The benzene and
pyrrole rings present in the indolin-2-one systems are individually planar and make dihedral
angles of 4.81 (6)°, 3.97 (6), 2.40 (1)° in molecule A, B of 6a and 6b, respectively while the
deviation of the atoms O1A, O1B and O1 in molecule A, B of 6a, 6b from the pyrrole ring of the
indolin-2-one systems by 0.1360 (2) A, -0.0949 (3) A, and 0.0143 (9) A respectively is because
these O atoms are involved in different interactions (Tables 2 and 3). The indolin-2-one moiety
stands nearly perpendicular with the respective to the pyrrolidine rings which is evidenced from
the dihedral angles [85.39 (2°), 85.95 (1)° and 84.03 (4)°].

The geometry of the oxindole part of the molecules is fundamentally very similar for both
the structures, and contrasts intently with oxindole fragments found in the pursuit of the
Cambridge Structural Database (CSD, Version 5.30 with November 2008 and February 2009

13
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updates; Allen, 2002). Also, in the two structures the atom C8 is sp® hybridized, displays
remarkably longer CTA—C8A, C1A—C8A, C7B—C8B, C1B—C8B, C7—C8 bond lengths in
molecule A, B of 6a and 6b, respectively which is due to the effect of spiro attachment at atom
C8. The oxindole part of all the structures is exceptionally planar, while the whole molecule does
not commonly digress a long way from planarity and this by all accounts identified with the
formation of intramolecular interactions between groups in the oxindole and substituent segments
of the molecules. The structures are also affected by the formation of intermolecular hydrogen
bonds involving the oxindole N—H and C=0 units, which leads to the formation of molecular
dimers in every case. The hydrogen-bonding motif prompting to the formation of the molecular
dimers can be portrayed as an R, (8) ring. The hydrogen-bonded networks of 6a and 6b are
formed by a combination of N—H---O and C—H---X (where X= O in 6a and 6b) hydrogen-
bonded supramolecular motifs.

In 6a, an C29A—H29A.--02A © [symmetry code: (i) 2-x, 1/2+y, 1/2-z] (Table 2) hydrogen
bonded C (14) motif [40] links molecules into a linear chain parallel to the [001] direction. The
C(14) motif along the b axes, is the fundamental linking units in the formation of a supramolecular
two-dimensional corrugated sheet parallel to the (100) plane characterized by R,%(18) and R,* (18)
motifs [40] (Fig.3) formed due to C11A—H11A.--06A™ and C20B— H20D---05A™) [symmetry
codes: (ii) 2-x, -y,1-z, (iii) x, 1/2=y, -1/2+z ]. In addition, the C19B—H19D---O1A™ [symmetry
code: (iv) -1+x, y, z] (Table 2) hydrogen bonded C(13) [40] chain and its inversion-related pair are
connected through N— H+--O bond dimers between the oxindole rings (Fig. 3).

In 6b, N— H---OY[symmetry code: (i) 1-x, 1-y, 1-z] (Table 2) hydrogen bonded R,%(18) motif
[40] links molecules along b axes. Each such chain is linked to its adjacent parallel pairs through
an C36— H36--F" and C6— H6---F" [symmetry code: (ii) 1-x,1-y, -z] hydrogen bonded
characterized by R,%(20) and R,® (8) ring motif [40] respectively, leading to the formation of a
two-dimensional supramolecular sheet parallel to the (100) plane (Fig. 3).

The absence of O—H---O hydrogen bonds in the molecular interaction pattern, in spite of there
being sufficient scope for them due to the presence of twelve O atoms in the compound 6a and
four O atoms in compound 6b respectively, is prominent in the regard of the prediction of
intermolecular interaction patterns. In addition, there are weak m...m stacking interactions as
indicated by the relatively long C28---C29 (3.540(2) A; symmetry code: 1-x,2-y,-z) and
C28---C30 (3.595(2) A; symmetry code: 1-x,2-y,-z) distances for 6b. The shortest 7...7 contact
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in 6a is 3.362 A (C4A---C4B; symmetry code: 1+x,-1/2-y,-1/2+z). It was believed that the n-n

stacking interactions could exist at large C---C distances up to 7 A [41].

Table 1 The crystal and experimental data of compound 6a and 6b

Crystal data 6a 6b

Chemical formula C34H34N406 C34H34FN304
Mr 594.65 567.64
Crystal system, space group Monoclinic, P2;/c Triclinic, P-1
Temperature (K) 293 100

a, b, c(A) 12.3598 (9), 21.1459 11.4244 (3), 11.8388
(16), 24.9180 (15) (3), 11.9418(6)

o, B, v(°) 99.649 (2), 92.791
90, 109.686 (3), 90 (2), 116.274 (1)

V (A% 6131.9 (7) 1413.93 (9)

Z 8 2

Radiation type Mo Ka Mo Ka

g (mm™Y) 0.09 0.09

Crystal size (mm)

0.58 x 0.20 x 0.19

0.33x0.27 x 0.16

Data collection

Diffractometer

Bruker Kappa

Bruker Kappa

APEXII APEXII
Absorption correction Multi-scan SADABS; | Multi-scan SADABS;
Sheldrick 1996 Sheldrick 1996
Trminy Trmax 0.950, 0.983 0.971, 0.986

No. of measured, independent
and observed [1> 26(1)]
reflections

58820, 14048, 7210

29178, 6478, 4961

Rint

0.040

0.051

Refinement

R[F*> 20( F9)], wR( F%), S

0.075, 0.277,1.01

0.045, 0.126, 1.10

No. of reflections 14048 6478

No. of parameters 799 383

No. of restraints 0 0

Apmax> Apmin (€ A’S) 0.59, -0.29 0.32,-0.19
CCDC number 1452069 1572706
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Table 2 Hydrogen-bonding parameters (A, °) of compound 6a and 6b

D—H---A D—H H---A D---A D—H---A
C6B—HG6BA---O3B  0.93 2.60 3.209 (5) 124
C10B—H10B---03B  0.98 2.28 2.795 (4) 112
C11B—H11D---O1B  0.97 2.57 3.156 (4) 119
C19B—H19D---O1A  0.96 2.43 3.248 (6) 143
C21B—H21C---0O1B  0.97 2.36 2.936 (4) 118
N1A—HINA.--O1B" 0.86 2.03 2.855 (4) 160
N1B—HINB:--O1A" 0.88 2.01 2.895 (4) 173
C11A—H11A---06A™ 0.97 2.49 3.296 (5) 141
C19B—H19E---O6A" 0.96 2.41 3.023 (7) 121
C20B—H20D---05A" 0.97 2.56 3.495 (6) 161
C29A—H29A.---02A"  0.93 2.59 3.333 (5) 138

Symmetry codes: (i) x, —y+1/2, z+1/2; (ii) x, —y+1/2, z—1/2; (iii) =X, =y, —z+1; (iv) x+1,, z; (V)
X+1, —y+1/2, 2—1/2; (vi) =X, y+1/2, —z+1/2.

C6—H6---03 0.93 2.57 3.1710 (19) 123
C10—H10:--03 0.98 2.25 2.7804 (19) 113
C21—H21B---01 0.97 2.37 2.9473 (19) 117
N1—H1.--01' 0.86 2.07 2.9088 (17) 167
C6—H6---F" 0.97 2.60 3.2048 (19) 121
C36—H36---F" 0.97 2.55 3.345 (2) 139
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Symmetry codes: (i) —x+1, —y+1, —z+1; (ii) —x+1, —y+1, -z

3.3. Hirshfeld Analysis

Analysis of molecular packing for 6a and 6b with the aid of Hirshfeld calculations are presented in
Figs. S5 and S6 (Supplementary data), respectively. The decomposed fingerprint plot of each
intermolecular contact shed the light on its percentage contribution in the molecular packing. Since,
the asymmetric unit in the crystal structure of 6a comprised two molecular units so; Fig. 4 gives
the percentages of all intermolecular contacts for both molecular units in the crystal of 6a.
Summary of the most important contacts are listed in table 3 while the corresponding fingerprint
plots are shown in Fig. 5.

mA mB
53.6

)]
o
]

iy
o
1

17.4

%Contact
N
o

o

O

H
H...
C

2
Contact

Fig. 4 The contributions of each intermolecular contact in the molecular packing of 6a. For
definition of A and B, refer to Fig. S5 (vide supplementary data).

17



Journal Pre-proof

d] d |

T O T 1T T TS T 70 3 78 75 2% S T 5 n s i m R mn s auragurs aued o

TE U TU T T 1% 7% 20 73 243 7% % =

Fig. 5 Decomposed fingerprint plots of the important contacts in 6a.

Table 3 The shortest H---H, O---H and H---C contacts in 6a.

Contact Distance Contact Distance

O1A.---H20D  2.456 O2A---H11A 2.404
O1A---H33B  2.571 O4A---H29A 2.476
O2A---H19E =~ 2.349  H26A.---C15B  2.729
O3A---H19D  2.336 H26A---C16B  2.642
O4B---H21A 2527 H4BA.---C25A  2.741
O1B---H19C 2581  H10A---H31F  2.140
O3A---H2NB  1.891  H19C---H34B  2.053
O3B---H2NA  1.893

It is clear that, the molecular packing in the crystal structure of 6a is dominated by H---H, O---H
and H---C(m) contacts. The other intermolecular contacts are less dominant and considered weaker
compared to the significant O---H, H---C(x) and H---H interactions. These interactions appeared as
red regions in the dnom map indicating their significance (Fig. 6). The O---H contacts ranges from
1.891 A (O3A---H2NB) to 2.581 A (O1B:--H19C) while the C-H---x interactions ranging from
2.642 A (H26A---C16B) to 2.741 A (H4BA---C25A). On other hand, the H---H contacts are the
most common. The shortest H---H interaction distances are 2.140 and 2.053 A for H10A.--H31F
and H19C---H34B, respectively.
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Fig. 6 Decomposed dnom maps showing the most important H---H, O---H and H---C(n)

interactions in 6a. All appeared as red spots indicating significant interactions.

Also, the packing of 6b is dominated by significant amount of H---H, O---H and H---C(x) contacts
(Fig. 7) where the corresponding fingerprint plots for these interactions are presented in the upper
part of Fig. 8. Similar to 6a, the O---H interactions appeared as sharp spikes indicating that these
contacts are strong in both compounds. In agreement with this observation, it appeared as intense
red regions in the corresponding dnorm map (Fig. 8, lower part). The O---H contact distances
ranging from 1.906 A (O1---HIN2) to 2.472 A (O4---H24B). Summary of the shortest contacts
along with their interaction distances are listed in table 4. On other hand, the H---C (C-H---7)
interactions appeared as less sharp spikes compared to the O---H contacts and hence considered
weaker but with interaction distances shorter (2.704-2.705 A) than those in 6a. In contrast, the
H---H interaction distances are shorter in the 6a compared to 6b (Table 4). Additionally, Hirshfeld
calculations indicated some C---C contacts of 1.6 and 3.5% in 6a and 6b respectively. The C---C
contacts are generally longer than the van der Waals radii sum of two carbons indicating weak nt-nt

interactions.

Table 4 The H---H, O---H and H---C shortest contacts in 6b

Contact | Distance Contact Distance

03---H14A 2.212 | H2A---C33 2.715

O4.-.-H24B 2.472 | H2A---C32 2.704

O1---HIN2 1.906 | H10A---H34B 2.200
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Fig. 7 Pie chart showing the intermolecular contacts and their percentages in 6b.
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Fig. 8 Decomposed fingerprint plots (upper) and dnorm maps of the most important H---H, O---H

and H---C interactions in 6b.
3.4. DFT Studies

The optimized structural geometries of 6a and 6b are shown in Figs. S7 and S8 together with their

matching with the corresponding experimental X-ray structures. It is clear that the calculated
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structures are in good agreement with the experimental ones as indicated from the high correlation
coefficients between the calculated and experimental bond distances (Fig. S9). The correlation
coefficients for bond angles are 0.9824 and 0.9750, respectively. Complete list of bond distances
and angles are given in table S3 (vide supplementary data). The partial charges at the different
atomic sites are listed in table S4 (vide supplementary data). The studied molecules comprised
many electronegative atoms such as nitrogen and oxygen which have the highest negative partial
charges and most of carbon atoms as well. In contrast, all hydrogen atoms and carbon attached
directly to either N or O sites are electropositive and the nitro group nitrogen atom as well.
Presentation of the electron density mapped over molecular electrostatic potential (MEP) map is
shown in Fig. 9. As a consequence of the presence of many polar sites in these compounds, the
calculated dipole moment is predicted to be 6.415 and 5.552 Debye for 6a and 6b, respectively.
The compound with nitro group (6a) is more polar than the one with fluoro-substituent (6b). In
addition, the red regions in MEP which are related to the carbonyl oxygen atom represent the most
probable sites as hydrogen bond acceptor while the blue or turquoise colored regions are related to
N-H proton and some of the C-H protons which are the most candidates as hydrogen bond donor.

The HOMO and LUMO levels as well as their energies are important for studying the molecular
reactivity of compounds (Fig. 9). The ionization potential (1), electron affinity (A), chemical
potential (p), hardness (1) as well as electrophilicity index () are reactivity indices based on the
HOMO and LUMO energies [42-48]. These parameters are calculated and the results are listed in
Table 5. These descriptors are important to describe the ability of molecule towards charge transfer

processes.

Table 5 The calculated reactivity indices of the studied compounds.

Parameter Equation 6a 6b
HOMO -5.6758 -5.4600
LUMO -2.1935 -1.7704

I -Enomo  5.6758  5.4600
A -ELumo 21935 1.7704

n (IFA)2 34823 3.6896
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i -(1+A)/2  -3.9347 -3.6152
X 3.9347 3.6152
o pi2n 22229 1.7711

The HOMO of both molecules has relatively close energies indicating their ability to donate
electron is almost the same where 6b has slightly higher ability to make electron donation than 6a.
In contrast, the LUMO of 6a is lower than that for 6b. Hence, 6a which has the nitro group as
strong electron withdrawing moiety has higher ability to accept electrons than 6b. In agreement

with these results, the electrophilicity (o) of 6a is higher than 6b.

Fig. 9 The MEP maps of the 6a (upper) and 6b (lower). The color index from blue to turquoise to

yellow to red in MEP indicated the more negative electron density.
3.5. NBO analysis

Analysis of the natural bond orbitals (NBO) included in the intramolecular charge transfer (IMCT)
interactions sheds the light on the importance of electron delocalization processes in stabilizing the

studied system [49,50]. The stabilization energy (E®) of the different 6-0*, n—n*, n—c* and
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n—7* charge transfer processes are listed in Table S5 (Supplementary data). In general, the 6-0*
IMCT are weak with net stabilization energy of 16.0 and 26.0 kcal/mol for 6a and 6b, respectively.
In contrast, there are many n—n* IMCT which stabilized the system. The net stabilization energy
due to the m—n* IMCT processes are comparable in both compounds. Their net E® values are
388.75 and 395.27 kcal/mol, respectively. On other hand, the n—c* are generally weaker than
n—7* IMCT in both compounds. The net n—c* IMCT stabilization energies are 168.78 and
124.58 kcal/mol for 6a and 6b, respectively. The corresponding values for the n—zn* IMCT are
287.89 and 180.97 kcal/mol, respectively.

4. Conclusions

In the present study, structurally robust highly functionalized spirooxindole-pyrrolidine
heterocyclic hybrids 6(a,b) have been constructed stereoselectively through a [3+2] cycloaddition
strategy in [bmim]Br. The ionic liquid, [omim]Br played dual role both as the reaction medium and
a catalyst thus accelerating the rate of the reaction affording the cycloadducts in excellent yields.
The structure of these spiroheterocyclic hybrids was explicated by spectroscopic analysis and the
stereochemistry has been established by single crystal X-ray crystallographic studies. The DFT
calculated geometric parameters are in good agreement with the experimental data obtained from
X-ray crystallography. Hirshfeld analysis revealed the importance of the O---H, H---H and
H---C(m) interactions in the molecular packing of 6a and 6b. Their electronic properties and
reactivity descriptors were computed using B3LYP/6-31G(d,p) method. NBO analyses revealed
the importance of the different o-0*, n—n*, n—c* and n—n* charge transfer processes in
stabilizing the studied molecular systems. These interesting results obtained led us to explore and

unearth structural properties more complex spiro heterocyclic analogues.
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