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Abstract

We have synthesized here a novel ninhydrin derivative 2,2"-(2-oxopropane-1,3-diyl)bis-(2-hydroxy-1H-indene-1,3(2H)-dione) (1)
through a green and facile strategy with the use of acetic acid as catalyst. The structure has been determined by spectral analysis
and by single crystal X-ray analysis. This molecule contains two 2-hydroxy-1,3-indanedione moieties fused with 2-oxo-propane
at 1 and 3 positions. The molecular structure of the title compound (C,;H,,0,) has been optimized and the structural parameters
have been calculated by DFT/B3LYP method using 6-311++G(d,p) basis set. The fundamental vibrational wave numbers and their
intensities were calculated and a good agreement between observed FT-IR spectrum and scaled calculated wavenumbers has
been achieved. The electronic properties of the molecule are discussed with the help of the descriptors such as HOMO-LUMO
and MEPS. In addition, the molecular docking and NBO analyses are also carried out to get a better insight of the molecule.

Graphical abstract The major intermolecular interactions in the crystal structure are established through hydroxy group
to carbonyl oxygen of the adjacent molecules by means of strong O-H...O hydrogen bonds leading to form a zigzag
arrangement running along b-axis.
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1 Introduction

Ninhydrin is a common coloration reagent for amino acids
and has been recounted as a useful compound in organic,
analytical, forensic sciences and biochemical [1]. Ninhy-
drin was first synthesized in 1910 by Ruhemann [2], after
that, various ninhydrin derivatives were synthesized and
their chemical properties were investigated [3]. Ninhydrin
can be considered as a tricarbonyl compound due to its
equilibrium with indane-1,2,3-trione (Scheme 1) [4]. The
middle carbon (C-2 position) of this trione is more elec-
trophilic and easily available for nucleophiles. Further-
more, in ninhydrin, acid catalyzes the formation of reac-
tive electrophilic species at C-2 position or make it is an
electrophilic centre. Although the reaction of ninhydrin
with amino acids and amines were studied by various
groups, the reactions of ninhydrin with active methylene
nucleophiles are scare [5]. In presence of acid, ninhydrin at
C-2 position, form condensation abduct with a-carbon of
carbonyls [6-9]. Previously, we have established a suitable
one-pot method for preparing the ninhydrin derivative as
2-Acetonyl-2-hydroxyindan-1,3-dione [6, 10]. In continu-
ation of our work, we are currently exploring the reac-
tions of ninhydrin with ninhydrin derivative containing
active methylene group. As part of our current program
to synthesized novel ninhydrin derivatives, we have suc-
cessfully synthesized this titled compound (1) by the reac-
tion of ninhydrin with our previously reported ninhydrin

O O

OH
o + HO

OH
(6] O

Ninhydrin
(2,2-dihydroxy-1,3-indandione) Indan-1,2,3-trione

Scheme 1 Equilibrium of ninhydrin with indane-1,2,3-trione

Ninhydrin ~ 2-hydroxy-2-(2-oxo-
propyl)-indane-1,3-

dione

derivative i.e. 2-Hydroxy-2-(2-oxo-propyl)-indane-1,3-di-
one [5, 6, 10] (Scheme 2). The equilibrium structure of the
titled compound is obtained and the intramolecular inter-
action is studied by quantum theory of atoms in molecule.
The vibrational spectral features of this compound have
been explained and the spectrum calculated by the DFT/
B3LYP method using the 6-311++G(d,p) basis set has been
compared with the experimentally recorded FT-IR spec-
trum. In this regard, the VEDA 4 program has been used
to carry out the potential energy distribution (PED) analy-
sis [13, 14]. This work also includes the analysis of HOMO,
LUMO and the 3D molecular electrostatic potential surface
(MEPS) analysis. We also studied the molecular docking of
the title compound in HEME OXYGENASE 1(2ZVU) protein
to find its possible pharmacological importance. Based on
our literature survey, we found that there are no reports
on the title molecule.

2 Experimental
2.1 Materials and physical measurements

Reagent grade ninhydrin was obtained from Sigma-
Aldrich and was used as received. All other chemicals and
solvents were procured from S. D. Fine Chemicals and
Merck, respectively and used without further purification.
TLCs were taken on silica gel plates (silica gel 60 F,, on
aluminium foil, Merck). Infrared spectrum was recorded
on a PerkinElmer Model 1320 spectrometer (KBr disk,
400-4000 cm™"). The 'H NMR and "3C NMR spectra were
recorded on a Bruker Avance spectrometer (600 MHz for
'H NMR and 150 MHz for '*C NMR) in DMSO-d, and chemi-
cal shifts are reported in ppm. The following abbreviations
are used: m (multiplet), s (singlet), brs (broad singlet). The
mass spectrum was recorded on Waters Q-Tof Premier-
HAB213 mass spectrometer in ionization mode. Elemental
analyses was performed with a Perkin-Elmer 240 analyzer.

CH,COOH

Reflux, 8h

1)

2,2'-(2-oxopropane-1,3-diyl)bis-(2-
hydroxy-1H-indene-1,3(2H)-dione)

Scheme 2 Synthesis of compound 1 i.e. 2,2'-(2-oxopropane-1,3-diyl)bis-(2-hydroxy-1H-indene-1,3(2H)-dione)
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The melting point was taken on Stuart SMP30 digital
melting point apparatus by open capillary method and
is uncorrected.

2.2 Synthesis of the title compound 1

A mixture of ninhydrin (1.78 g, 10 mmol) and 2-Hydroxy-
2-(2-oxo-propyl)-indane-1,3-dione (2.18 g, 10 mmol)
were stirred and refluxed in 50 ml of acetic acid for 8 h.
The conversion was monitored by TLCs and after com-
pletion of the reaction; the reaction mixture was dried
on rotary evaporator at low pressure. The crude prod-
uct was crystallized with chloroform-alcohol (1:1 v/v) to
give the translucent crystals of titled compound 1. Yield
2.31 g (60%); m.p. 150 °C, Rf=0.27 (hexane/acetone, 1:1);
IR (KBr): v,,,,=3421, 2913, 2850, 1750, 1707, 1599, 1385,
1317, 1294, 1266 cm™" (Fig. S2). "TH NMR (600 MHz, DMSO-
dg 6):=3.34 (s, 2H,>CH2), 3.36 (s, 2H, > CH2), 6.69 (brs, 2H,
OH), 7.86-7.90 (m, 8H, ArH) ppm (Fig. S3). *C NMR and
DEPT-135 (150 MHz, DMSO-d,, 6): 45.59 (2 X CH2), 73.20
(2 X-C-0H), 122.95 (4 X CH), 135.82 (4 X CH), 139.57 (4 X
Q), 197.93 (4 X C=0), 205.63 (C=0) ppm (Fig. S4, S5). MS
(El): m/z 378.0696 [M*] ((Fig. S7); Elemental anal. Calcd. for
C,,H;40, (378.06): C, 66.67; H, 3.73; O, 29.60%; Found: C,
66.54; H, 3.67; 0, 29.57%.

2.3 Computational methods

The molecular structure of titled compound (1) is modeled
by the Gaussview program package 5.0.8 [15] and shown
in Fig. 1 of the SI. All quantum chemical calculations of
the title compound are carried out on an Intel Core 13(TM)
CPU/4.20 GHz laptop computer using Gaussian 09 pro-
gram package, invoking gradient geometry optimization
and employing the B3LYP/6-311++G (d,p) levels of theory
to predict the molecular structure and vibrational wave
numbers [16].

2.4 X-ray structural studies

The crystal data for 1 has been collected on a Bruker APEX-
[I CCD diffractometer equipped with a graphite monochro-
mator and Mo —Ka (A=0.71073 A, 140 K) radiation. The
program SMART' was used for collecting frames of data,
indexing reflections, and determining lattice parameters;
SAINT [17] for integration of the intensity of reflections
and scaling; SADABS [18] for absorption correction; and
SHELXTL [19, 20] for space group and structure determina-
tion and least-squares refinements on F2.The crystal struc-
ture was solved and refined by full-matrix least-squares
methods against F2 by using the program SHELXL-2014
[21] and Olex-2 software [22]. All the non-hydrogen atoms
were refined with anisotropic displacement parameters.

Fig.1 Ortep-view of the 2,2'-(2-oxopropane-1,3-diyl)bis-(2-hy-
droxy-1H-indene-1,3(2H)-dione). The thermal ellipsoids are drawn
at 50% probability level

Hydrogens positions were fixed at calculated positions
and refined isotropically. Lattice parameters, data collec-
tion and refinement parameters are summarized in Table 1
and selected bond distances and bond angles are given
in Table S2 of supplementary data. Crystallographic data
for the structure reported in this paper have been depos-
ited with the Cambridge Crystallographic Data Center
number, CCDC 1831708. Copies of this information may
be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (fax: +44 1223 336
033; e-mail: deposit@ ccdc.cam.ac.uk or http://www.ccdc.
cam.ac.uk).

3 Results and discussion
3.1 Chemistry

The C-2 of indane-1,2,3-trione (ninhydrin) is much more
electrophilic and this is why it reacts readily with nucle-
ophiles. In presence of acid, it protonates the hydroxyl
group in ninhydrin that causes elimination of water
molecule to produce a reactive electrophilic species; a
C-2 carbocation [7]. In our previous study, we reported
the synthesis of 2-Hydroxy-2-(2-oxo-propyl)-indane-
1,3-dione in excellent yield [6]. Title molecule 1 was
synthesized in 60% yield by the reaction of ninhydrin
with 2-Hydroxy-2-(2-oxo-propyl)-indane-1,3-dione [6]
in acetic acid medium. 2-Hydroxy-2-(2-oxo-propyl)-
indane-1,3-dione in acetic acid form a carbon based nul-
cleophile which attacks on electrophilic C-2 position of
ninhydrin to form condensation product (Scheme 1) [8,
9]. In this reaction, a new C-C bond is formed between
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Table 1 Crystallographic and Structure Refinement Data for 1

Parameters 1

Empirical formula Cy Hy, O
Formula wt 378.32
Crystal system Orthorhombic
Space group 1ba2

a A 6.1608 (9)

b, A 16.395

A 16.395 (2)

a (deg) 90.00

B (deg) 90.00

y (deg) 90.00

v, A3 1656.0 (3)

z 4

Peaic 9/cm’ 1.517

y, mm™ 0.115
Temperature (°K) 100 (2)

6 max 28.33

F (000) 784

Refl. collected 11,530
Independent refl. 2053

GOOF 0.974

Final R indices R1=0.0386
[I1>20(1)] wR2=0.0935
Rindices R1=0.0454
(all data) wR2=0.0976

C-2 of ninhydrin and methyl carbon of 2-oxo-propyl in
2-Hydroxy-2-(2-oxo-propyl)-indane-1,3-dione.

The structure of compound 1 was assigned based on
the IR (Fig. S2), "TH NMR (Fig. S3), "*C NMR (Fig. S4), DEPT-
135 (Fig. S5), C-H HSQC (Fig. S6), mass spectra (Fig. S7),
elemental analysis and single crystal x-ray analysis. In
the IR spectra of compound 1, the OH absorption bands
appeared at 3421 cm™'. Weak bands at 3070 cm™' and
1599 cm™' confirmed aromatic C-H and C=C stretchings.
The band at 2913 cm™" was assigned to the C-H stretching
vibrations of the methylene groups. The intense bands at
1750 and 1707 cm™" were assigned to the > C=0 vibrations
in indane rings & condensed 2-oxypropyl moiety. In the 'H
NMR spectrum of title molecule, four protons as singlet at
6 3.36 ppm were assigned for two -CH,. This four-proton
singlet at § 3.36 correlates with '*C peak at § 45.59 ppm in
HSQC; which goes negative in dept-135 spectrum and con-
firmed as two methylenes. Two multiplets integrating for
four protons each at 6 7.86-7.88 and 7.88-7.90 ppm clearly
show expected aromatic protons on two indane moieties
of 1. These two multiplets correlate in HSQC with '3C peaks
at 6 122.95 and 135.82 ppm, those gone positive in dept-
135 spectrum and confirmed as aromatic -CHs. One broad
singlet at 6 6.69 ppm integrating for two protons indicated
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Fig.2 Packing diagram of the compound 1 showing hydrogen
bonding and weak non-classical contacts. Each color corresponds
to compound 1

two OH groups. The desired signal for two tertiary carbons
attached with OH; falls on § 71.16 ppm. The '3C signals at
6 205.63 (C=0) and 197.93 (4C=0) are absent in dept-135
and correlating with no proton in HSQC, that confirm them
as five carbonyl carbons. The '3C signal in aromatic at &
139.57 (4C) is absent in dept-135 and correlating with no
proton in HSQC and assigned as aromatic tertiary carbons.
Along with all desired peaks, it clearly indicates the for-
mation of condensation product between ninhydrin and
2-Hydroxy-2-(2-oxo-propyl)-indane-1,3-dione.

3.2 Crystal structure analysis

The single crystal X-ray structural study revealed that the
compound 1 crystallizes in orthorhombic space group
Iba2 with half of molecule in the asymmetric unit. An
ORTEP diagram of the compound 1 is shown in Fig. 1,
indicating the presence of 2-oxopropane moiety (C—O0:
1.209(2) A-1.419(2) A, and C—C: 1.384(3) A-1.542(2) A)
which is flanked on both side by the 2-hydroxy-1H-in-
dene-1,3(2H)-dione moiety. The planes of the 2-hydroxy-
1H-indene-1,3(2H)-dione moiety and 2-oxopropane
moiety are approximately orthogonal to each other
(inter-planar angle =82.29°). The bond lengths and
bond angle of the titled compound is present within
the expected ranges for ninhydrin derivatives [10]. Fig-
ure 2 demonstrates the crystal packing of compound
1 which is stabilized by hydrogen bonding and some
weak, non-classical contacts [11, 12] viz. m---m, C=H---T,
and lone pair---m. These interactions are intermolecular
in nature. The strong hydrogen bonding is observed
between O(002)-H---O(003), with interatomic distance
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(a)

Fig.3 Crystal packing of the compound 1, showing the perspective view of a O-H...O hydrogen bonding, b m--m and O--m contacts, and ¢

C-H--m contacts. Each color corresponds to compound 1

of 2.145(3) A (Fig. 3a) where as the weak non-classical:
[1] mm---m and O(004)---i1 contacts are observed between
C(00C)--C(00C) and O(004)---C(00B), with interatomic
distances of 3.385(2) A and 3.204 (3) A, respectively
(Fig. 3b), and [2] C-H---r contact is observed between
C(00A)-H---C(00D) with interatomic distance of 3.099
(4) A (Fig. 3¢). The major intermolecular interactions in
the crystal structure are established through hydroxy
group to carbonyl oxygen of the adjacent molecules
by means of strong O-H...O hydrogen bonds leading
to form a zigzag arrangement running along b-axis, as
depicted in Fig. 4. These zigzag arrangements in the
single layer are propagates through C(00C)--C(00C) and
0(004)--C(00B) contacts to form a 2D supramolecular lay-
ers. Each 2D supramolecular layers are further connected
through C(00A)-H---C(00D) contacts to form overall crys-
tal lattice.

Fig.4 View of a the crystal
lattice of compound 1,and b
showing the zigzag arrange-

3.3 Vibrational analysis

In a nonlinear molecule, number of normal modes of
vibrations, are (3 N-6), where N is the number of atoms
[23, 24]. The title compound (1) contains 42 atoms and
hence exhibits 120 normal modes of vibrations. The
Gaussview 5.0.8 program package is used for the assign-
ment of calculated frequencies which provides a 3D view
of the vibrational modes VEDA 4 software program is
used to calculate the potential energy distribution
(PED). An empirical uniform scaling factor of 0.983 up to
1700 cm~" and 0.958 for above 1700 cm™' were used to
correct the overestimations of the calculated harmonic
frequencies [25, 26]. All the vibrational assignments are
presented in table S1.

ment running along b-axis.

Each color corresponds to
compound 1

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2019) 1:351 | https://doi.org/10.1007/542452-019-0366-y

3.3.1 O-H stretching

(O-H) stretching appears generally at 3600-3400 cm™'
[27]. In the FTIR spectrum of the title molecule (Fig S2)
a very strong absorption peak is observed at 3421 cm™'
and this mode is calculated at 3501 cm™" with 100% PED.

3.3.2 (C-H) stretching

The characteristic region for the (C-H) stretching is
3100-2900 cm™". A weak absorption peak is observed at
2913 cm™' which is assigned to six calculated frequencies
obtained at 3104, 3094, 3081, 3068, 3015 and 2958 cm™".
The (C-H) in plane bending modes are useful for char-
acterization and they appear as strong band in the FTIR
spectrum at frequency peaks 1385, 1334, 1317, 1294,
1266 cm™' and are well assigned well with calculated
frequencies.

3.3.3 (C=0) Stretching

This stretching mode makes the skeleton of the compound
as rigid and the formation of hydrogen bond checks the
charge distribution in the ring and side chains. In the pre-
sent study this mode is observed with two strong peaks
at 1750 & 1707 cm™" in the FTIR spectrum and are calcu-
lated at 1736 & 1621 cm™' by DFT/B3LYP method. It is in
good agreement with the reported literature which is in
the range 1750-1630 cm™' [28].

3.3.4 (C-C) stretching

The semicircle aromatic stretching (C-C) gives rise to char-
acteristics bands in the spectral range 1600-1000 cm™'
[29]. In this study this vibrational mode is calculated in
the range 1583-886 cm™' and spectral peaks for these
modes are observed at 1599, 138, 1334, 1266, 1179, 1078
and 969 cm™" in the FTIR spectrum. The corresponding in
plane bending and torsional modes were found to be con-
sistent with the recorded spectral values.

3.3.5 (C-0) stretching

The (C-0) stretching along with bending and torsional
modes, are calculated in the range 1115-705 cm™' and is
well matched with literature [29].

3.3.6 Low frequency vibrational modes

In the study of weak intermolecular interactions which
generally occurs in enzyme reactions, study lower fre-
quency vibrations play vital role [30]. It is also helpful
in the interpretation of the reaction of electromagnetic
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radiation on biological systems [31]. In the present study,
several out of plane modes mixed with torsional modes
are calculated in the range 700-50 cm™' and these are
observed in the form of three peaks observed at 692,
567, and 500 cm™" in the FTIR spectrum.

3.4 Electronic properties

The frontier molecular orbitals (HOMO and LUMO) par-
ticipate in chemical reactions and their energy gap
decides the intensity of the chemical reactivity and sta-
bility of a compound [32]. A molecule with small energy
band gap is more polarizable and generally possesses
high chemical reactivity and low kinetic stability and is
termed as soft molecule [33, 34]. In this study the plots
of LUMO and HOMO are shown in Fig. 5 and their val-
ues are given in table S1. From 2D plot, it is evident that
the entire HOMO is spread on the benzene rings and
penta rings in increasing order. The 2D plot of LUMO
(—2.7265 eV) of the title molecule shows that LUMO is
uniformly distributed on benzene rings and penta rings.
Unlike HOMO, small amount of LUMO is also spread on
backbone atoms 02,01, C11 and C6 in decreasing order.
The frontier orbital gap is calculated as 2.2271 eV for the
title molecule. The molecular electrostatic potential sur-
face (MEPS) is shown in Fig. 6 with color scale ranging
from —4.001 to +4.001 a.u for the title molecule. MEPS
displays the molecular shape, size and electrostatic
potential values in terms of color coding which is a use-
ful tool for the correlation between molecular structure
and physiochemical properties of the molecules [35, 36,
371

Fig.5 2D plot of HOMO-LUMO of compound 1 as seen by Gauss-
view 5.0.8
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Fig.6 2D plot of MEPS of compound 1 as seen by Gaussview 5.0.8

3.5 Molecular docking

The process of molecular docking decides the manner
in which two molecules, like a drug (ligand) and a recep-
tor (protein), fit to each other and it inhibits its function
and thus behaves effectively as a drug [38]. Initially using
Pass10 evaluation professional package we choose the
structure which is most resemble with our title molecule
and by considering the anticarcenogenic activity we select
the gene HEME OXYGENASE 1. The data in pdb format of
the target protein has been obtained from the protein data
bank (PDB) [39] database with PDBID = (2ZVU). In the pre-
sent theoretical study the inhibition of HEME OXYGENASE
1(2ZVU) with the title compound (C,,H,,0), molecular
docking study has been carried out using Hex program
8.0. Figure 7 shows the docked conformation of the pro-
tein 2ZVU with the binding site of the target ligand. The
docking method is a model which provides the binding
affinity of a particular site in terms of the e-value. Larger
the negative e-value the better the docking is. In present
study total e-value calculated from Hex program is -182.42
for HEME OXYGENASE 1(2ZVU) protein, which indicates
that the title compound (C,;H,,0,) can inhibit the protein
HEME OXYGENASE 1(2ZVU).

4 Conclusion

The optimized molecular geometry, vibrational wave-
numbers, electronic parameters of the title compound,
2,2'-(2-oxopropane-1,3-diyl)bis-(2-hydroxy-1H-indene-
1,3(2H)-dione) have been calculated using DFT B3LYP
method adopting 6-311++G(d,p) basis set. A good agree-
ment between experimental and calculated normal modes
of vibrations has been achieved. The frontier orbital energy

Cluster: 1 Solution: 1 Models: 0:0 H-Bonds: -1 Bumps: -1 RMS: -1.00

Etotal: -187.42 Eshape: -187.42 Eforce; 0.00 Eair: 0:00

Frame Rate: 7/s

Fig.7 2D Docking structure of HEME OXYGENASE 1(2ZVU) with
compound 1

gap is calculated as 2.2271. The results of molecular dock-
ing studies speculate that this biologically active molecule
(C,;H;40,) might serve as a potential candidate for the
inhibition to protein “HEME OXYGENASE 1(2ZVU)" thereby
indicating its possible pharmacological importance.
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