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Abstract
4-(2-amino-2-oxoethyl) phenyl 4-methylbenzenesulfonate (APMBS), a novel compound, has been synthesized and 
characterized by spectro-analytical techniques. X-ray diffraction data reveals it crystallizes in the triclinic crystal system 
with space group P1 . The structure is stabilized through strong N–H⋯O, weak C–H⋯O and C–H⋯π hydrogen bond 
interactions yielding a supramolecular structure. The N1A–H1AA⋯O4A, C4–H4⋯O3, and C14–H14⋯Cg1 (Ring: C8–
C13) interactions link the molecules into dimers, while the interaction C9-H9–O2 results in the formation of a molecular 
chain along the a-axis. The optimized structural geometry, by and large, as calculated using DFT and HF techniques is in 
conformity with the corresponding X-ray data. The DFT computation further aid in the follow up investigations including 
frontier molecular orbitals (FMOs), density of states (DOS), atomic charges, and molecular electrostatic potential surface 
(MEP). For a comprehensive description of various molecular intersections, Hirsheld surface and fingerprint plots analysis 
has been reported, besides the combined atoms-in-molecules (QTAIM) and reduced density gradient (RDG) analysis. 
Docking studies have been performed against the target protein Tubulin-Colchicine: Stathmin-Like Domain Complex.
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Introduction

Crystal engineering, an interdisciplinary field of 
research, plays a vital role in various domains of science 
and technology, including physics, chemistry, biology, 
engineering, materials science, pharmaceuticals, etc. It 
involves the design and assembly of solid-state structures 
with desirable properties by exploiting an interplay of 
interactions existing between the molecules. Thus, the 
role of hydrogen bonding-a fundamental aspect of crystal 
engineering, becomes important due to the existence of 
weak non-covalent interactions (NCIs), including weak 
hydrogen bonds and π⋯π interactions. The study of such 
weak interactions in the crystal structure influences the 
crystal packing, thus impact the material’s properties [1–8].

Organo-sulfur compounds are of great significance due to 
their extensive applications in various scientific disciplines 

and also for their adaptability in chemical alterations. They 
are used in the synthesis of sulfur dyes, for their ability to 
produce vibrant colors and durability. Besides being integral 
to the production of surfactants which acts as active agents 
in many detergents [9], they have found a place in the 
production of ion-exchange resins used in softening and 
purification of water. Apart from these compounds being 
used in the agricultural field in the form of fungicides, 
pesticides, and herbicides to protect various crops [10], their 
use has also been found in the food industry as preservatives 
for the maintenance of freshness and color of food products 
like dried fruits and wines [11]. The aryl tosylates have 
recently gained interest as valuable electrophilic alternatives 
to aryl halides in cross-coupling reactions catalyzed by 
transition metals [12–15]. Therefore, we report the synthesis 
of a tosyl ester derivative, 4-(2-amino-2-oxoethyl) phenyl 
4-methylbenzenesulfonate (APMBS), using diglyme as 
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the solvent system. A variety of analytical methods have 
been used to characterize its chemical and crystallographic 
properties, including NMR, FT-IR, SCXRD, and advanced 
quantum mechanical calculations using Density Functional 
Theory (DFT) and Hartree–Fock (HF) methods. A 
comprehensive analysis of non-covalent interactions 
(NCIs) has been made by employing Hirshfeld surface, 
the quantum theory of atoms-in-molecules (QTAIM), and 
the reduced density gradient (RDG) techniques. Molecular 
docking of APMBS has been carried out against the target 
protein Tubulin-Colchicine: Stathmin-Like Domain Complex 
(PDB ID: 1SA0). Tubulin, consisting of an αβ-heterodimer, 
assembles into microtubules which are dynamic structures 
capable enough to polymerize and depolymerize exerting 
control over various essential cellular processes [16]. It 
plays a pivotal role in numerous cellular activities, including 
the maintenance of cell shape and cell division. This vital 
function of tubulin makes it an attractive and significant 
target in the development of anti-cancer drugs [17].

Experimental Methods

Synthesis

We used commercially available chemicals without 
purification. 1 mmol of 4-hydroxyphenyl acetamide and 
1.5 mmol of K2CO3 were suspended in 5 mL of diglyme 
at 0  °C. Then, 1.1  mmol of p-toluene sulfonyl (tosyl) 
chloride was added in lots. The resulting mixture was stirred 
continuously for 30 min at 0 °C, followed by stirring for 
2 h at 25 °C. After the conclusion of the chemical reaction, 
10 mL of methylene dichloride (MDC) and 10 mL of water 
were added. The separated organic phase was washed 
twice with 5 mL of saturated NaHCO3 solution and then 
with brine. After collecting the organic layer and drying 
it over Na2SO4, solvent was removed through evaporation 
under vacuum conditions. The purification of the crude 
was achieved through column chromatography (silica 
gel = 300–400; ethyl acetate/petroleum ether = 1:3), thus 
yielding the desired product. Using a methanol solvent and 
a slow evaporation technique, good-quality single crystals 
have been produced. TLC (silica gel 60 F-254 plates) has 
been used to monitor the reaction progress. Ultraviolet 
light (UV) has been used for the visualisation of products. 
Scheme-1 shows the synthetic procedure of APMBS. Yield: 
275 mg (90%); white solid; mp 130–132 °C.

Spectral Analysis

A Perkin Elmer FT/IR-4600typeA Spectrophotometer 
has been employed to record the FT-IR (KBr) spectra. 
An Agilent Technologies 1H NMR (at 400 MHz) and 13C 

NMR (at 100 MHz) spectrometer has been employed to 
record the NMR spectra. Using solvent resonance as the 
internal standard in dimethyl sulfoxide (DMSO) solution, 
the chemical shifts have been measured in parts per million 
(ppm) with reference to tetramethylsilane (TMS).

FT-IR (KBr, ν, cm−1): 3669.8, 2986.2, 1662.3 (C = O), 
1503.2, 1376.9, 1151.2, 1091.5, 872.6, 545.7. 1H NMR 
(DMSO, 400 MHz) δ 7.60 (m, 2H, J = 8 Hz), 7.27 (d, 2H, 
J = 8 Hz), 7.16 (d, 2H, J = 8 Hz), 7.05 (brd, NH), 6.79 (d, 
2H, J = 8 Hz), 6.32 (brd, NH), 3.36 (s, CH2); 2.36 (s, CH3); 
13C NMR (DMSO, 100 MHz): δ 173.1 (C = O), 148.2, 
145.5, 134.8, 132.0, 130.5, 129.9, 128.3, and 122.2 (Ar–C), 
41.9 (CH2), 21.7 (CH3). HRMS (EI): m/z (M+) calcd for 
C15H15NO4S: 305.3419.

X‑ray Intensity Data Collection and Structure 
Solution

Bruker Apex-II CCD diffractometer was employed to collect 
the intensity datasets with MoKα radiation (λ = 0.71073 Å). 
The data were collected using ω/φ scans at room temperature 
(290 K) with diffraction angles ranging from 4.1° to 50.1°. 
The data reduction and integration were performed by 
SAINT [18] program while absorption corrections using 
SADABS [19]. The SHELXT-2018 [20, 21] program was 
used for the structure solution (via intrinsic phasing), and 
the electron density maps (E-map) were used to determine 
the position of all non-H atoms. The SHELXL-2018 [22] 
program was used for the full-matrix least-squares on F2 
to perform anisotropic refinement on all non-H atoms. 
During the refinement process, the H-atom positions 
were determined using difference Fourier maps, with an 
exception of those on C10, C14, and nitrogen atoms (fixed 
geometrically at the ideal coordinates), and all H-atoms 
were constrained to ride on their parent atoms. A total of 
249 parameters were refined using 2524 unique reflections, 
which converged the final R-factor to 0.0526 [weighted 
R-factor (wR) = 0.145]; the goodness of fit in the last 
refinement cycle being S = 1.08. The atomic scattering 
coefficients were derived from the data provided in the 
International Tables for X-ray Crystallography [23]. The 
crystal structure and its geometrical features were obtained 
using PLATON [24], PARST [25], and MERCURY [26] 
software. The precise crystallographic data for APMBS are 
presented in Table 1.

Computational Methodology

The structural optimization of the system has been 
achieved by using Density Functional Theory (DFT) and 
Hartree–Fock (HF) approaches in its ground spin state in 
the gas phase, employing 6–311 +  + G (d, p) basis set and 
B3LYP functional using the Gaussian 09W software [27, 
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28]. The HF calculations provided crucial insights into the 
optimal structural geometry while the DFT calculations 
help derive various electronic parameters, including 
EHOMO, ELUMO (Energy of Highest Occupied and Lowest 
Unoccupied Molecular Orbitals), the ∆Egap (energy gap 
of Frontier molecular orbitals), related quantum chemical 
parameters, DOS, atomic charges, and MEP. The frequency 
calculations using DFT at the same level of theory have been 
performed to correlate the theoretical predictions with the 
experimental results. The CrystalExplorer 17.5 software was 
used to calculate the crystal voids, Hirshfeld surfaces (dnorm, 
shape index, and curvedness plots), and the fingerprint plots 
[29]. The combined QTAIM/RDG studies were performed 
with the help of Multiwfn software [30] by using the.
chk files outputted from the Gaussian single point energy 
calculations. These calculations provide valuable insights 
into the nature of NCIs within the molecular system and the 
presence of void spaces in the crystal lattice. The theoretical 
calculations were performed using atomic co-ordinates as 
retrieved from the CIF file. AutoDock Vina software [31] 
helped yield in silico molecular docking. The target protein 
Tubulin-Colchicine: Stathmin-Like Domain Complex (PDB 
ID: 1SA0) file was downloaded from the PDB database [32]. 
The.pdbqt [Protein Data Bank, Partial Charge (Q), & Atom 

Type (T)] files for both the protein and ligand molecule 
(APMBS) were prepared, and the grid box configuration 
was finalized using AutoDock Tools, with the binding site 
of the target identified by the grid centre coordinates set for 
docking simulations at X = 123.10, Y = 97.70, and Z = 5.99 
dimensions. Discovery Studio 4.1 Visualizer software [33] 
has been used to visualise the complete ligand–protein 
interactions.

Results and Discussion

Synthesis and Spectroscopy

4-(2-amino-2-oxoethyl) phenyl 4-methylbenzenesulfonate 
was successfully synthesized in a single-step reaction using 
4-hydroxyphenyl acetamide and tosyl chloride as starting 
materials. The reaction has been facilitated by the use of 
K2CO3 as a reagent at room temperature in diglyme solvent, 
employing a nucleophilic displacement mechanism. The 
selection of diglyme as the solvent has been driven by its 
environmentally friendly properties, including reduced 
volatility and lower toxicity compared to other conventional 
organic solvents commonly used in laboratory settings. The 

Table 1   X-ray data collection 
and refinement details

Parameter Value

CCDC number 2,295,504
Crystal system, space group Triclinic, P1̅
Chemical formula C15H15NO4S
Formula weight (Mr) 305.34
Crystal size (mm) 0.35 × 0.25 × 0.20
Lattice parameters a, b, c (Å) and α, β, γ (°) 6.0601 (6), 9.8695 (6), 12.1190 (9) and 

87.771 (3), 80.666 (3), 88.899 (2)
Volume V (Å3) 714.64 (10)
Z, Z' 2, 1
Absorption coefficient µ (mm−1) 0.24
Extinction coefficient 0.24 (2)
Diffractometer Bruker APEX-II CCD
Crystal shape Block
Colour Clear white
Temperature (K) 290
Absorption correction Multi-scan
Tmin, Tmax 0.745, 1.000
Scan method φ and ω scans
2θ values for data collection (°) 2θmax = 50.1, 2θmin = 4.1
No. of measured, independent and observed [I > 2σ(I)] 

reflections
23,274, 2524, 2227 [Rint = 0.074]

Range of h, k, l h =  − 7 → 7, k = − 11 → 11, l = − 14 → 14
R [F2 > 2σ(F2)], wR (F2), S 0.0526, 0.145, 1.08
No. of reflections/parameters/restraints 2524/249/0
Δρmax, Δρmin (e Å−3) 0.40, − 0.44
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synthesis has been verified subsequently through various 
spectroanalytical techniques (Scheme 1).

The FTIR spectra of APMBS shows a sharp peak at 
1662 cm−1 due to the C=O stretching of the unconjugated 
amide group. The N–H stretching peak is exhibited at 
3669.8 cm−1. The characteristic peaks have been observed 
at 1376–1091 cm−1 range due to the presence of SO2 group. 
This confirms the product formation and also signifies the 
stability of the tosyloxy group. The theoretical IR spectra for 
APMBS is consonance with the corresponding experimental 
spectra (Fig. S1).

The 1H– and 13C–NMR spectra of the compound APMBS 
(Figs. S2 and S3) were acquired in DMSO-d6, and the 
signals were calibrated with respect to tetramethylsilane 
(TMS), and the chemical shifts were assigned to the 
respective protons and carbon atoms based on their chemical 
environment. The 1H NMR spectra of the APMBS shows 
two singlets at δ 3.36 and 2.36 ppm, integrating for two 
protons in the CH2 and three protons in the CH3 groups, 
respectively. Also, the ortho coupled aromatic protons 

having coupling constant J = 8.0 Hz exhibit four doublets 
in the range of 7.60–6.79 ppm, integrating eight protons of 
CH=CH. The NH protons were observed as a downfield 
singlet at 6.32 ppm. The 13C NMR spectra reveals eleven 
signals corresponding to the total number of carbon atoms. 
Two signals were observed in the aliphatic region, one at 
41.9 ppm, which was ascribed to the carbon atom of the 
–CH2 group, and the other at 21.7 ppm, which was linked 
to the benzylic carbon or –CH3 group carbon atom. The 
signals for the six aromatic carbons of the phenyl rings were 
observed between 102 and 148 ppm. The carbonyl of the 
amide group was observed at 173.1 ppm. The proton and 
carbon spectra confirms the structure of APMBS.

X‑ray and Optimized Structure Analysis

The compound crystallizes in the triclinic system (space 
group P1 ) with Z = 2. The intramolecular hydrogen 
bond C6–H6⋯O2 forms S(5) graph set motif (Fig. 1). 
The amide group shows rotational disorder, occupying 

Scheme 1   Reaction scheme of APMBS

Fig. 1   An ORTEP view of the molecule APMBS with thermal ellipsoids drawn at 50% probability level showing S(5) graph set motif and atom 
numbering scheme
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two positions with site occupancies of 0.50 for both 
parts. The dihedral angle between the two phenyl rings 
is 72.55° and the crystal structure is stabilized through 
C–H⋯O, C–H⋯π, and N–H⋯O hydrogen bonds (Table 2). 
The intermolecular weak H–bond C9–H9⋯O2 links 
the molecules along the a-axis and forms a C(6) chain 

(Fig. S4), while the intermolecular hydrogen bonds 
N1A–H1AA⋯O4A and C4–H4⋯O3 results in the 
formation of dimers having R2

2
(8) and R2

2
(10) ring set motifs 

(Fig. 2a and b). Beside this, a centrosymmetric inverted 
dimer has also been observed (Fig. 2c) which results in the 
formation of a supramolecular architecture (Fig. 3). The 
experimentally observed bond lengths and bond angles 
are in agreement with some analogous structures [34–38]. 
The structural optimization has been achieved using DFT 
and HF methods. The plot for variation in selected bond 
lengths and bond angles (Tables S1 and S2) are shown 
in Figs. S5 and S6, respectively. From the bond lengths 
plot, it is seen that the HF values are in more agreement 
with the experimental values while the DFT values are 
slightly higher than the experimental value but these 
deviations are within the acceptable range of experimental 
errors. However, from the bond angles plot, it is seen 
that the theoretical values of calculated bond angles are 

Table 2   Hydrogen bond interactions (Å, °)

Symmetry codes: (i) −x, 2-y, 1-z (ii) 1-x, 1-y, -z (iii) -1 + x, y, z (iv) 
1-x, 1-y, 1-z. Cg1 is the centroid of the phenyl ring (C8–C13)

D–H⋯A D–H H⋯A D⋯A D–H⋯A

N1A–H1AA·O4Ai 0.86 2.16 2.984(8) 162
C4–H4·O3ii 0.94(3) 2.58(3) 3.492(3) 162(2)
C6–H6·O2 0.95(3) 2.48(3) 2.881(3) 105(2)
C9–H9·O2iii 0.88 2.55(3) 3.418(3) 170(2)
C14–H14B·Cg1iv 0.97 2.98 3.956 122

Fig. 2   a Dimer forming R2

2
(8) ring set motif through N–H⋯O interactions b Dimer forming R2

2
(10) ring set motif through C–H⋯O interactions c 

Centrosymmetric inverted dimer linked through C–H⋯π interactions and showing S(5) graph set motif
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in agreement with the experimentally calculated angles 
with slight deviations except for the angles C8–O3⋯S1 
and C11–C14⋯C15 which shows large deviation. This 
deviation of bond angles from the experimental structure 
might be attributed to the existence of rotational disorder 
within the amide group atoms.

Molecular Orbital Analysis

Frontier molecular orbitals (FMO) provide better insights 
about the biological potential and chemical reactivity of 
a molecule [39]. In the instant case, the HOMO–LUMO 
energies as EHOMO = − 6.906 eV and ELUMO = − 1.833 eV, 
respectively. The HOMO is localized over the whole 
molecular moiety, except for the methylbenzene part, 
while the LUMO too is localized, except for the acetamide 
group (Fig. 4). The energy gap (∆ELUMO-HOMO = 5.073 eV) 
and the global reactivity parameters as computed by using 
Koopman’s theorem [40] are presented in Table 3. A large 
value of the energy gap is indicative of reduced chemical 
reactivity and high kinetic stability, thus making the 
molecule chemically hard, with effective electron donating 
capacity.

DOS Analysis and Atomic Charge Distribution

The Density of States (DOS) is a representation of the 
number of states per unit energy in a material, as a function 
of energy. It acts as a useful tool when the discrete energy 
levels are artificially stretched into continuous curves. The 
Total DOS (TDOS) provides a comprehensive view of the 
system's overall orbitals, while the Partial DOS (PDOS) 
breaks down the total density of states into contributions 
from specific atomic or molecular orbitals within the system 
[41–43]. Figure 5 shows the TDOS and PDOS plots for the 
APMBS.

The position of HOMO molecular orbital is indicated 
by the dotted line at -0.25381 au in the vertical direction. 
The black and grey lines at the bottom show the position 
of various occupied and unoccupied orbitals, respectively. 
To analyse the contribution of s-, p- and d-orbitals to the 
whole system orbital, the PDOS spectra clearly indicates 
that the contribution of s- orbitals is more than that of the 
p-orbitals in the energy range − 1.25 to − 0.68 au (approx.) 
and the contribution of the p-orbitals increases as it moves 
towards the HOMO orbital. The contribution of d-orbitals 
in comparison to s- and p-orbitals to the occupied molecular 
orbitals is minimal. Also, the Frontier molecular orbitals do 

Fig. 3   A view of the crystal packing; part B of the disordered amide group has been omitted for pictorial clarity
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not have degenerate energy levels and energies are solely 
contributed by single HOMO and LUMO orbitals.

The atomic charge distribution plays an important role 
which affects the dipole moment and atomic polarizability 
of a molecular system [44]. The atomic charges for APMBS 
have been computed for Mulliken analysis by using HF/DFT 
techniques (Table S3, Fig. S7). The charge on nitrogen and 
oxygen atoms is negative while it is positive on the sulphur 

and hydrogen atoms: The magnitude of the charge varies as 
we move from HF to DFT, except for H1A and H1C.

MEP Analysis

The MEP surface generally predicts a molecule's reactivity 
by visual inspection of various coloured patches that 
correlate to various electrostatic potential (ESP) values. 
Maximum negative ESP (related with electrophilic 
reactivity) is indicated by the red colour zone, while the blue 
colour zone indicates maximum positive ESP (associated 
with nucleophilic reactivity) and the green represents 
the region of neutral ESP. Thus, the ESP increases in the 
order of red, orange, yellow, green, and blue across various 
coloured regions. In the MEP surface and contour map 
(Fig. 6a, b) of the molecule, as generated using the DFT, 
the area around the oxygen atoms bonded to the sulphur 
and carbon atom of the amide group exhibits negative ESP 
(red); thus making these sites prone to an electrophilic 
attack. On the contrary, the region around the hydrogens 
bonded to the nitrogen of the amide group and other carbon 
atoms exhibits positive ESP (blue) and makes these sites 
more prone to the nucleophilic attack. The presence of these 

Fig. 4   FMOs energy gap

Table 3   Energy of FMOs and related parameters for APMBS

Parameter Symbol and Formula Value (eV)

Energy (HOMO) EH − 6.906
Energy (LUMO) EL − 1.833
Energy gap (∆Egap) ∆Egap = (EL–EH) 5.073
Ionization potential I = − EH 6.906
Chemical potential μ = (EH + EL)/2 − 4.369
Electronegativity χ = − μ 4.369
Electron affinity A = − EL 1.833
Global hardness η = (EL – EH)/2 2.536
Global softness σ = 1/2η 0.197 (eV−1)
Electrophilicity index ω = μ2/2η 3.763
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reactive sites provides valuable insights into the molecule's 
biological activity and hence serves as confirmation of its 
good electrical properties [45, 46].

Hirshfeld Surface (HS) and Crystal Voids Analysis

To characterize various non-covalent intermolecular 
contacts in the crystal structure, HS and 2D fingerprint plots 
(2D-FPs) have been used. The dnorm surface has been used 
to describe the contacts shorter, longer and comparable to 
the van der Waals (vdW) separation using red, blue, and 
white colour on the dnorm surface [47]. The prominent deep 
red colour spots on the dnorm surface are due to the presence 
of shorter N–H⋯O and H–H intermolecular contacts while 
the tiny light red colour spots are due to the presence of 
shorter C–H⋯O intermolecular contacts (Fig. 7a). The shape 

index plot, being highly sensitive to even minor changes 
in the surface structure, helps identify the complementary 
bump convex and hollow concave regions located around the 
donor and acceptor atoms. In Fig. 7b, the presence of a red 
hollow region on the phenyl ring indicates the occurrence 
of a C–H⋯π interaction [48]. The lack of complementary 
red-blue regions on the shape index surface suggests that 
there is no π⋯π stacking interactions in the structure and 
this fact is further ascertained by the non-existence of flat 
green region (Fig. 7c).

To evaluate the impact of different molecular interactions 
within the crystal structure, fingerprint plots have been 
used which reveal complementary regions where one 
molecule serves as an acceptor (de < di) while the other acts 
as a donor (de > di) [49]. Figure 8 illustrates the plots of 
different interaction types, each contributing relatively to 

Fig. 5   TDOS and PDOS plots 
for APMBS

Fig. 6   a MEP surface map and b contour map of 2D electrostatic potential for the molecule APMBS
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the overall pattern, while forming a complete fingerprint 
plot. The O⋯H/H⋯O intermolecular contacts, appearing 
in the form of two sharp symmetrical spikes in the FPs, 
contribute 27.8% to the total Hirshfeld surface and are 

associated with strong N–H⋯O and weak C–H⋯O hydrogen 
bond interactions. The highest contribution to the 2D FPs is 
from the H–H contacts which contributes 46.5% to the total 
HS, thus indicating the significance of weak non-covalent 

Fig. 7   a dnorm (front/back) 
surface plot b a shape index plot 
and c a curvedness plot

Fig. 8   FPs showing contribution of different contacts to the complete HS surface
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interactions in the crystal structure. The remaining 0.1% 
contribution which is not reflected in the plots, is from the 
S–O/O–S and the S–H/H–S contacts.

While assessing the mechanical stability of a crystal, 
a crucial factor demanding thorough investigation is 
the comprehensive analysis of crystal voids and their 
corresponding volumes [50]. The crystal voids occupy a 
volume of 43.23 Å3 and a surface area of 203.95 Å2, thus 
occupying 6.04% volume of the unit cell (714.64 Å3) (Fig. 
S8). Such a relatively low percentage of void space suggests 
that the molecules are tightly packed within the crystal 
structure, which in turn signifies a high degree of mechanical 
stability.

Combined QTAIM/RDG Theoretical Studies

Combining Quantum Theory of Atoms in Molecules 
(QTAIM) and Reduced Density Gradient (RDG) 
analysis provides a potent method for exploring non-
covalent interactions (NCIs), viz. strong as well as weak 
interactions in the molecular systems. QTAIM assesses 
electron density features at bond critical points (BCPs), 
such as charge density (ρ), Laplacian of ρ (∇2ρ), and total 
energy density (H(r)). Positive H(r) signals non-covalent 
dominance, while negative H(r) indicates partial covalent 
character. Furthermore, positive H(r) and ∇2ρ signify weak 
interactions, whereas H(r) < 0 and ∇2ρ > 0 denotes relatively 
stronger interactions [51]. RDG analysis, utilizing color-
mapped isosurfaces and scatter plots, correlates RDG with 
sign (λ2)ρ (λ2 is the Hessian eigen value). The value of sign 
(λ2)ρ < 0 indicates attractive interactions, sign(λ2)ρ > 0 
signifies repulsive interactions, and sign(λ2)ρ ≈ 0 suggests 
vdW interactions while the ρ serves as a fundamental 
parameter to determine the strength of these interactions. 
Color intensity (blue for strong attractions, green for weak 
interactions, and red for repulsions) on 2D scatter plots and 
isosurfaces corresponds to interaction strength [52–54].

To describe various interactions existing in the crystal 
structure, we have used four dimers (Fig. 9a–d) along with 
colored mapped isosurfaces and QTAIM distributed BCPs 
and bond paths (BPs). The corresponding 2D scatter plots 
are shown in Fig. S9. Figure 9a describes the existence of 
C9–H9⋯O2 hydrogen bond characterized by the BCP and 
BP along with the green coloured RDG isosurface between 
H9 and O2 atom confirming its weak attractive nature as 
indicated by the dotted rectangle. Figure 9b describes the 
existence of N–H⋯O interactions [ R2

2
(8) ring set motif] 

characterized by the BCPs and BPs along with the little 
bluish green isosurfaces establishing its attractive nature. 
The bluish green isosurfaces indicates that these interactions 
are stronger relative to all other interactions in the crystal 
structure supported by the bluish green peak in the scatter 
plot (Fig. S9b) around ρ = 0.016 a.u. (approx.). Similary, the 

existence of R2

2
(10) ring set motif formed by the C4–H4⋯O3 

interactions (Fig. 9c) is characterized by the presence of BPs 
and BCPs (shown by dotted rectangles) and its attractive 
nature is supported by the green RDG isosurfaces between 
the H4 and O3 atoms. The greenish RDG isosurface 
localized over a large region in the two molecules (Fig. 9d) 
shows the existence of the of C–H⋯π interactions in the 
crystal structure and supported well by QTAIM BCPs and 
BPs between the H14B and C13 atom of the benzene ring 
(C8–C13). The topological parameters at BCPs for various 
interactions derived from the QTAIM analysis are given 
in Table S4. The C–H⋯O weak intramolecular hydrogen 
bond as mentioned in the crystal structure description 
is not evident in the QTAIM analysis of BCPs and BPs, 
suggesting the contact is extremely weak or it does not exist. 
However, the RDG analysis provides a unique perspective, 
revealing the presence of a green–red RDG isosurface 
between the interacting atoms which signifies an electron 
density distortion caused by the proximity of nearby atom 
[55]. This distortion is not be evident in the QTAIM analysis 
but is highlighted by the RDG analysis, emphasizing the 
electron density's role in characterizing various interactions 
in the QTAIM analysis. The red isosurfaces in the benzene 
rings are due to steric effect and sharp spikes appear in the 
2D scatter plots around 0.024 a.u. corresponding to it. In 
addition, QTAIM analysis also predicts the existence of the 
weak C–H⋯N hydrogen bond interaction but this interaction 
is not observed geometrically.

Molecular Docking Analysis

The binding position of the ligand at the active site of the 
1SA0 target protein is shown in Fig. 10a. The 2D binding 
interactions of the ligand at the binding site of target protein 
Tubulin (PDB code: 1SA0) are shown in Fig. 10b. Table 4 
contains information about the binding energy, type of 
interaction, and binding distance of the ligand with the target 
protein Tubulin. The resulting ligand–protein complex is 
stabilized by three hydrogen bond (HBs), one electrostatic, 
and three hydrophobic bond interactions. The ARG158 
residue engages in two conventional hydrogen bonds (HBs) 
with the ligand molecule. Specifically, the two hydrogen 
atoms of ARG158 form interactions with the ligand's 
oxygen atom at distances of 2.78 Å and 2.58 Å, respectively. 
Additionally, another conventional hydrogen bond occurs 
between the ligand's oxygen atom and the ARG112 residue, 
with a bond distance of 2.65 Å. The electrostatic interactions 
(Pi-Anion) occur between the six-membered ring of the 
ligand and oxygen atom of the active amino acid ASP199 at 
a distance of 3.85 Å. The hydrophobic interaction (Amide-Pi 
Stacking) takes place between the six-membered ring of 
the APMBS ligand and the nitrogen and carbon atoms of 
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the corresponding residues, ARG264 and PRO263. This 
interaction is observed at a distance of 4.32 Å. The alkyl 
hydrophobic bonding interactions occur between the carbon 
atom of the ligand and the residues ARG264 and PRO263, 
with distances of 4.13 Å and 5.32 Å, respectively. The 
binding energy score of -7.9 (Kcal/mol) for ligand-1SA0 
complex shows that APMBS has the potential to act as a 
potent anti-microtubule agent and hence can be useful in the 
development of anti-cancer drug.

Conclusions

In the present paper, a novel tosyl ester derivative, 
4-(2-amino-2-oxoethyl) phenyl 4-methylbenzenesulfonate 
(APMBS), has been synthesized and characterized by 
1H NMR, 13C NMR, FT-IR spectroscopic techniques. 

Crystallographic studies reveal that the compound 
APMBS crystallizes in the triclinic system with space 
group P1 . The molecular packing is stabilized through 
a unique combination of weak intra- and intermolecular 
C–H⋯O and strong intermolecular N–H⋯O hydrogen 
bond interactions, besides the intermolecular C–H⋯π 
hydrogen bond interactions. FMOs analysis shows a large 
energy gap of 5.073 eV, thus predicting high stability and 
low reactivity for the molecule. DOS analysis shows the 
contribution of s-, p-, and d-orbitals to the overall system 
orbitals and predicts that d-orbitals contribute more to 
the occupied orbitals as compared to s- and p-orbitals. 
The MEP surface and atomic charge distribution indicates 
the presence of reactive sites prone to the nucleophilic 
and electrophilic attack in the molecule. The HS analysis 
confirms that the strong N–H⋯O, weak C–H⋯O and 
C–H⋯π interactions play a crucial role in the crystal 

Fig. 9   Combined QATIM/RDG analysis showing a C–H⋯O hydrogen bond that form chains. b N–H⋯O hydrogen bond that forms R2

2
(8) ring 

set motif. c C–H⋯O hydrogen bond that forms R2

2
(10) ring set motif d Centrosymmetric inverted dimer linked through C–H⋯π interactions
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structure stabilization. FPs analysis shows that H–H 
contacts contribute 46.5% to the total HS, thus indicating 
the significance of weak non-covalent interactions in the 
crystal structure. The combined AIM and RDG studies 
provide strong support for the HSA and 2D-FPs' assertion 
that the non-covalent interactions are crucial for the 
stabilization of the crystal structure. Molecular docking 
analysis shows that the molecule has the potential to be 
useful in the development of anti-cancer drug.
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