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Recurrent π–π stacking motifs in three new 4,5-dihydropyrazolyl-
thiazole-coumarin hybrids: X-ray characterization, Hirshfeld 
surface analysis and DFT calculations
Murtaza Madnia, Muhammad Naeem Ahmedb*, Muhammad Hafeezb, Muhammad Ashfaqc, 
Muhammad Nawaz Tahirc, Diego M. Gil,d Bartomeu Galmése, Shahid Hameeda*, and Antonio 
Fronterae,*

The synthesis and X-ray characterization of three new 4,5-dihydropyrazolylthiazole-coumarin hybrids (1-3) are reported 
herein, namely 3-(2-(3,5-bis(4-chlorophenyl)-4,5-dihydropyrazol-1-yl)thiazol-4-yl)-2H-chromen-2-one (1), 3-(2-(5-(4-
chlorophenyl)-4,5-dihydro-3-phenylpyrazol-1-yl)thiazol-4-yl)-2H-chromen-2-one (2) and 3-(2-(3-(4-Chlorophenyl)-4,5-
dihydro-5-p-tolylpyrazol-1-yl)thiazol-4-yl)-2H-chromen-2-one (3). A detailed structural analysis of the noncovalent 
interactions and their evaluation using Hirshfeld surface analysis is also reported, evidencing the importance of C–H···O 
and π–π interactions. Finally, DFT calculations along with the molecular electrostatic potential (MEP) and NCIplot index 
analysis have been used to evaluate those interactions energetically and to investigate the relative importance of two 
different π-stacking modes that are recurrent binding motifs in the solid state architecture of the three complexes.

1. Introduction
Owing to numerous pharmacological and biological 
applications thiazole derivatives have gained tremendous 
attention in the scientific community. Thiazole is reported in 
literature as antibacterial,1 antiviral,2 anti-inflammatory,3 
antifungal,4 antitubercular,5 antitumoral,6 anti-HIV7 and 
antioxidant agent.8 Moreover, numerous marketed drugs 
possess thiazole scaffold as an active group.9 Besides thiazole, 
pyrazoline ring is also biologically valuable structural motif. 
Recently, various pyrazoline containing compounds e.g. 
kebuzone, mefobutazone, phenylbutazone10 and 
ramifenazone11 are found to have potent anti-inflammatory 
activity. Moreover, pyrazoline derivatives exhibit many 
pharmaceutical effects such as antitumor,12 antibacterial,13 
antifungal14 and antidepressant15 activities.
Coumarin moiety is also an important structural motif of many 
antibiotics. Moreover, in the literature antibacterial activity of 
coumarins against Gram-positive bacteria is also reported.16-18 
Dicoumarol and warfarin contain coumarin ring and are 

utilized as anticoagulant of blood in different organs (veins, 
lungs and heart) of living beings.19 Coumarin has diverse 
biological applications like anti-HIV,20 anticonvulsant,21 
antihyperglycemic,22 antioxidant,23 antifungal,24 and 
anticancer.25 Apart from the pharmacological properties,26 
substituted coumarin derivatives also find applications in dyes 
due to their unique optical and photophysical properties.27 
Coumarin-thiazoles based dyes are used as fluorescence 
labels,28 optical brighteners,29 non-linear optical materials,30 
solar energy absorbers, laser dyes and as two-photon 
absorption (TPA) materials.31 3-Substituted pyrazolyl thiazolyl 
based coumarin dyes have also been used as fluorescent 
brightening agents,32 red, green and blue dopants in organic 
light-emitting diodes.33

We have recently analysed the importance of antiparallel π–π 
interactions in isatin bases hidrazines34 and π-hole tetrel 
bonding35 in 2-triazolyl-2-oxoacetate derivatives. Herein, in 
this new investigation, we report the synthesis and X-ray 
characterization of three new 4,5-dihydropyrazolyl-thiazole-
coumarin hybrids that present almost coplanar 4,5-
dihydropyrazole, thiazole and coumarin rings, thus having an 
extended π-surface that strongly influence their solid state 
architecture. Several types of π-stacking motifs are found, 
which have been studied using Hirshfeld surface analysis and 
DFT calculations. Uncommon 4,5-dihydropyrazole···thiazole 
stacking interactions between aromatic and aliphatic rings are 
also described and studied. This type of stacking between 
heteroaromatic and heteroaliphatic five membered rings has 
not been studied before, as far as our knowledge extends. 
Conventional and well-accepted stacking interactions 
frequently occur between organic aromatic molecules or 
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fragments. However, a variety of fragments36 can also be 
involved in stacking interactions, like chelate rings,37 yielding 
to complexes that are usually stronger than stacking between 
benzene molecules.37,38 Theoretical calculations combined 
with statistical analysis of the Cambridge Structural Database 
have been used to analyse39 the geometric and energetic 
features of the interaction between benzene and cyclohexane 
that, remarkably, is stronger than either the benzene dimer, 
or the cyclohexane dimer (−2.62 kcal/mol).40

O
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N

O

R1

R2

1, R1 = R2 = Cl
2, R1 =Cl, R2 = H
3, R1 = CH3, R2 = Cl

Scheme 1. A Compounds 1-3 synthesized in this work.

2. Experimental 
2.1. Synthesis

Compounds 1-3 were synthesized by following a procedure 
already reported in literature26,41 with slight modification. A 2-
neck round bottom flask was charged with substituted 
chacones, thiosemicarbazide and sodium hydroxide in 
ethanol. The reaction mixture was refluxed to get 3, 5-
disubstituted phenyl-4, 5-dihydropyrazole-1-carbothioamide. 
Finally, 3,5-disubstituted phenyl-4, 5-dihydropyrazole-1-
carbothioamide was added to a suspension of 3-(2-
bromoacetyl)-2H-chromen-2-one in ethanol and stirred 
vigorously under reflux for 2 hours to get the desired 
compounds (1-3) Scheme 2.
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Scheme 2: Synthetic route for the target compounds (1-3).

3-(2-(3,5-Bis(4-chlorophenyl)-4,5-dihydropyrazol-1-yl)thiazol-
4-yl)-2H-chromen-2-one (1)
Pale yellow solid; Yield: 81%; m.p.: 249˚C; Rf: = 0.49 
(chloroform: acetone, 9:1);  IR (ν, neat, cm-1): 1723 (C=O), 
2903 (C-H), 3143 (C=C-H); 1H-NMR (300 MHz, CDCl3): δ 3.29 
(1H, dd, Jcis = 7.5Hz, Jgem = 17.4Hz, CH-pyrazoline), 3.91 (1H, 
dd, Jtrans = 12Hz, Jgem = 17.4Hz, CH-pyrazoline), 5.61 (1H, dd, Jcis 
= 7.5Hz, Jtrans = 12Hz, CH-pyrazoline), 7.27-7.85 (13H, m, Ar), 
8.13 (1H, s, CH-thiazole); 13C-NMR (75 MHz, CDCl3):  43.42, 
64.52, 111.91, 116.28, 119.63, 121.13, 124.44, 127.58, 128.01, 
128.13, 128.96, 129.04, 129.65, 131.08, 133.67, 135.96, 
138.57, 140.06, 144.40, 150.68, 152.78, 159.63, 163.92; ); 
HRMS (EI-TOF) [M+] Calcd. for: C27H17Cl2N3O2S: 518.414; 
found; 518.416.

3-(2-(5-(4-chlorophenyl)-4,5-dihydro-3-phenylpyrazol-1-
yl)thiazol-4-yl)-2H-chromen-2-one (2)
Pale yellow solid; Yield: 87%; m.p.: 199˚C; Rf: = 0.50 
(chloroform: acetone, 9:1); IR (ν , neat, cm-1): 1708 (C=O), 
2921 (C-H), 3136 (C=C-H); 1H-NMR (300 MHz, CDCl3): δ  3.32 
(1H, dd, Jcis = 7.5Hz, Jgem = 17.4Hz, C4H-pyrazoline), 3.94 (1H, 
dd, Jtrans = 12Hz, Jgem = 17.4Hz, CH-pyrazoline), 5.60 (1H, dd, Jcis 
= 7.5Hz, Jtrans = 12Hz, CH-pyrazoline), 7.26-7.84 (14H, m, Ar), 
8.14 (1H, s, CH-thiazole); 13C-NMR (75 MHz, CDCl3): δ  43.56, 
64.38, 111.83, 116.26, 119.68, 121.18, 124.42, 126.41, 128.06, 
128.13, 128.77, 128.91, 130.05, 131.01, 131.14, 133.57, 
138.50, 140.29, 144.37, 151.87, 152.78, 159.64, 164.12; ); 
HRMS (EI-TOF) [M+] Calcd. for: C26H30N4O5S2: 542.1658; found; 
542.1656.
3-(2-(3-(4-Chlorophenyl)-4,5-dihydro-5-p-tolylpyrazol-1-
yl)thiazol-4-yl)-2H-chromen-2-one (3)
Pale yellow solid; Yield: 88%; m.p.: 250˚C; Rf: = 0.52 Rf: = 0.45 
(chloroform: acetone, 9:1); IR (ν , neat, cm-1): 1709(C=O), 2934 
(C-H), 3128 (C=C-H); 1H-NMR (300 MHz, CDCl3): δ 2.35 (3H, s, 
CH3), 3.32 (1H, dd, Jcis = 7.2Hz, Jgem = 17.4Hz, CH-pyrazoline), 
3.89 (1H, dd, Jtrans = 12Hz, Jgem = 17.4Hz, CH-pyrazoline), 5.61 
(1H, dd, Jcis = 7.2Hz, Jtrans = 12Hz, CH-pyrazoline), 7.19-
8.21(13H, m, Ar), 8.64 (1H, s, CH-thiazole); 13C-NMR (75 MHz, 
CDCl3): δ  21.18, 43.49, 64.84, 111.69, 116.28, 119.73, 121.19, 
124.38, 126.59, 127.58, 128.08, 128.98, 129.43, 129.91, 
130.44, 130.98, 137.66, 138.55, 138.60, 144.39, 150.74, 
152.76, 159.65, 163.91; ); HRMS (EI-TOF) [M+] Calcd. for: 
C28H20ClN3O2S: 497.995; found; 497.994.

2.2. Instrumentation

Compounds 1-3 were synthesized by following a procedure 
already reported in literature26,41 and were mainly 
characterized by IR, NMR and single crystal X-ray 
crystallography. Melting points were determined on a Yanaco 
melting point apparatus and are reported as uncorrected. FT-
IR spectra were recorded on Thermoscientific Fourier 
Transform Infra-Red Spectrophotometer USA model nicolet 
6700 using Attenuated total reflectance (ATR) facility. NMR 
spectra were acquired on a Bruker Avance 300 MHz 
spectrophotometer in CDCl3 solution. Chemical shifts (δ) are 
reported in ppm downfield from TMS. Chemical shifts were 
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calibrated relative to residual solvent signal. HRMS were 
obtained on a Bruker microTOF-QII spectrometer.

Table 1: X-ray details of compounds 1–3

Crystal data 1  2 3
CCDC 981487 1009298 1009300

Chemical formula C27H17Cl2N3O2S C27H18ClN3O2S C28H20ClN3O2S
Mr 518.40 483.95 497.98

Crystal system, 
space group

Triclinic, P-1 Monoclinic, P21/c Triclinic, P-1

Temperature (K) 296 296 296
a (Å)
b (Å)
c (Å)

8.6740(6)
11.8234(8)
12.4070(7)

8.5233(9)
22.329(3)

12.3340(12)

10.287(1)
10.938(2)

11.3049 (10)
 (°)
 (°)
 (°)

71.363(2)
73.094(3)
82.970(3)

90
106.201(4)

90

97.749(5)
100.075(4)
101.222(5)

V (Å3) 1152.98(13) 2254.1(4) 1209.6(3)
Z 2 4 2

Density (calculated) 1.493 mg/m3 1.426 mg/m3 1.367 mg/m3

F(000) 532 1000 516
Radiation type Mo K Mo K Mo K
Wavelength (λ) 0.71073 Å 0.71073 Å 0.71073 Å

µ (mm-1) 0.41 0.29 0.28
Crystal shape Prism Plate Needle
Crystal Colour Light yellow Light Yellow Yellow

Crystal size (mm) 0.38×0.26×0.24 0.35×0.28×0.20 0.37×0.23×0.21
No. of measured, 

independent 
And observed [I> 
2s(I)] reflections

18290, 5105, 426
2

21473, 5931, 383
0

19111, 5203, 261
4

Rint 0.025 0.051 0.041
Theta range for 
data collection

1.798 to 27.271° 1.824 to 27.425° 1.856 to 27.000°

Index ranges -11 h 11, -15 
k 15, -15  l 15

-9 h 11, -27 k 
28, -15  l 15

-13 h 13, -12 
k 13, -14  l 14

(sin θ/λ)max (Å-1) 0.645 0.648 0.639

R[F2> 2σ(F2)], 
wR(F2), S

0.039, 0.107, 1.0
5

0.051, 0.127, 1.0
0

0.053, 0.145, 1.0
1

No. of reflections 5105 5071 5203
No. of parameters 316 307 317
Δmax, Δmin (e Å-3) 0.48, −0.59 0.21, −0.33 0.28, −0.34

2.3. Crystal data and structure refinement. 

The single crystal x-ray diffraction computation of compounds 
(1-3) were performed on Bruker Kappa APEXII CCD X-ray 
diffractometer having graphite monochromated Mo-Kα 
radiation (λ = 0.71073 Å). The prism, plate and needle shaped 
single crystals of (1-3), respectively appropriate for X-ray 
investigation were acquired from EtOH/EtOAc and placed on a 
glass fiber in order to collect data on Bruker Apex-II 
software.42 The structures were solved effectively with the 
help of direct methods and subsequent difference fourier 
maps on SHELXS9743 and then refined on the square of atomic 
factors by a full-matrix least-squares procedure utilizing 
anisotropic displacement parameters. H-atoms in all three 
structures were sited in ideal positions and refined as riding 
atoms with relative isotropic displacement parameters. All 

refinements were carried out by utilizing SHELXL-2018/3 and 
WinGX-2014.1 programs.44,45 The method to collect data was 
ω-scans and data integration were performed using Bruker 
SAINT46 software package. Data were corrected for Lorentz 
and polarisation effects and for absorption by SADABS. The 
crystallographic illustrations for the structures were prepared 
by utilizing ORTEP-3.45 Experimental parameters related to 
single-crystal X-ray inspection of compounds are given in Table 
1.

2.4. Hirshfeld surface calculations

Hirshfeld surfaces and the associated 2D fingerprint plots47-51 
were generated using the CrystalExplorer17 software.52 The 
normalized contact distance (dnorm) based on both de and di, 
and the van der Waals (vdW) radii of the atoms (eq. 1) enables 
identification of regions involved in the main intermolecular 
interactions.47,53 The value of dnorm is negative or positive 
when contacts are shorter or longer than the vdW 
separations, respectively. Hirshfeld surfaces of the structures 
were also mapped with the shape index and curvedness 
properties. The dnorm surfaces were mapped over a fixed color 
scale of -0.025 (red) to 0.75 (blue), shape index mapped in the 
color range of -1.0 au (concave) to 1.0 au (convex) and 
curvedness in the range -4.0 au (flat) to 0.01 au (singular).

        (1)
The combination of de and di in the form of 2D fingerprint 
plots provides decomposition of Hirshfeld surfaces into 
relative contribution of different intermolecular interactions 
present in the crystal.53 The 2D fingerprint plots were plotted 
by using the translated 0.6-2.6 Å range and including 
reciprocal contacts.

2.5. Theoretical methods

The BSSE54 corrected energies were computed using the 
Turbomole 7.0 program55 at the M06-2X56–D357/def2-TZVP58 
level of theory and using the crystallographic coordinates. The 
formation energies of the assemblies were evaluated by 
calculating the difference between the total energy of the 
assembly and the sum of the monomers that constitute the 
assembly, which were kept frozen. This methodology has been 
previously used in the literature.59 The molecular electrostatic 
potential was computed at the same level of theory and 
plotted onto the 0.001 a.u. isosurface. The NCIplot60 
isosurfaces have been used to characterize non-covalent 
interactions. They correspond to both favourable and 
unfavourable interactions, as differentiated by the sign of the 
second density Hessian eigenvalue and defined by the 
isosurface colour. The colour scheme is a red-yellow-green-
blue scale with red for ρ+

cut (repulsive) and blue for ρ−
cut 

(attractive).

3. Results and discussion
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3.1. Description of crystal structures 

ORTEP plots of the solid state structures of compounds 1-3 are 
displayed in Figs. 1-3 and their X-ray geometrical parameters 
such as bond lengths and angles are shown in Table 2. 
Compound 1 crystallized in the triclinic P-1 space group with 
Z= 2 molecules per unit cell. The crystallographic results 
shown in Table 2 reveal that the C12-N1 and C21-N3 bond 
lengths are 1.294(2) and 1.284(2) Å, indicating a double bond 
character of these bonds. The C10-N1 and C12-N2 bond 
lengths are 1.395(2) and 1.357(2) Å, respectively which are 
considerably shorter than that expected for a single C(sp2)-
N(sp2) bond length, with an average value of 1.472(5) Å.  
These observations are attributed to the importance of the 
resonance forms in this structure involving the N1 and N2 
atoms. As shown in Fig. 1a, 2H-chromen-2-one moiety A (C1-
C9/O1/O2), thiazole ring B (C10-C12/N1/S1), 4,5-dihydro-1H-
pyrazole ring C (C13/C20/C21/N2/N3), chlorobenzene 
moieties D (C14-19/CL1) and E (C22-C27/CL2) are planar with 
r.m.s deviation of 0.0031, 0.0019, 0.0698, 0.0034 and 0.0043 
Å, respectively. The dihedral angle between A/B, A/C, A/D, 
A/E, B/C, B/D, B/E, C/D, C/E and D/E are 5.2(8)°, 8.09(9)°, 
86.02(3)°, 14.5(7)°, 7.06(1)°, 80.98(4)°, 19.53(9)°, 83.6(4)°, 
19.5(9)° and 79.51(4)°, respectively. These dihedral angles 
show that the 2H-chromen-2-one moiety A and thiazole ring B 
are almost parallel to each other whereas the 4,5-dihydro-1H-
pyrazole ring C and chlorobenzene moiety D are almost 
perpendicular to each other. 

Fig. 1 (a) ORTEP diagram of 1 drawn at the probability level of 50%. H-atoms are shown 
by small circles of arbitrary radii. (b) X-ray packing diagram of 1 showing formation of 
H-bonding and π–π stacking interactions.

In the crystal packing of 1, the molecules are linked via non-
classical C16-H16···O2 and C19-H19···Cl2 hydrogen bonds 
(Table 3, Fig. 1b, red and blue dashed lines). The 
supramolecular assembly also includes the existence of three 
intermolecular π···π interactions (Table 4 and Fig 1b). The 
shorter contact involves the 2H-chromen-2-one (Cg3 centroid) 
rings, with d(Cg3···Cg3) = 3.4584(2) Å indicating the stronger 
π-stacking interaction. These interactions are further analysed 
below. In addition, Cg1···Cg4 and Cg3···Cg6 π-stacking 
interactions are also responsible of the crystal stabilization. 
The centroid of the chlorobenzene ring (centroid Cg5) is in 
contact with the O1 of the 2H-chromen-2-one moiety through 
lone pair···π interaction. The distance between O1 and the 
centroid of the π-face is 3.841 Å [angle α(C1-O1···Cg5) = 
100.7°]. The shorter separation O1···C16 of 3.114 Å and the 
value of the angle α show significant lone pair···π 
interactions.51 Additional stabilization is contributed by C-H···π 
interactions involved the H2 atom and the chlorobenzene ring 
(Cg5 centroid) to form C2-H2···Cg5 interactions [d(H2···Cg5)= 
2.83 Å and <(C2-H2···Cg5)= 160°, symmetry: -x,1-y, 1-z].

Table 2. Selected geometrical parameters of compounds 1-3 (Å, °).

Parameters 1 2 3
C10-N1 1.395(2) 1.390(3) 1.390(3)
C12-N1 1.295(2) 1.297(3) 1.297(4)
C12-N2 1.357(2) 1.354(3) 1.354(4)
N2-N3 1.380(2) 1.387(3) 1.380(3)
C21-N3 1.284(2) 1.287(3) -
C13-N2 1.476(3) 1.476(4) 1.463(3)
C21-C22 1.460(2) 1.461(3) -
C22-C23 - - 1.463(4)
C10-C8 1.465(2) 1.472(3) -

C10-C8-C7 121.3(1) 121.1(2) 122.6(2)
N3-N2-C12 119.8(2) 119.9(2) 118.6(2)
N2-C13-C14 111.4(1) 111.8(2) 113.0(2)
N3-C21-C22 121.4(2) 121.2(2) -

Table 3. Hydrogen bond geometrical parameters (Å, °) for compounds 1-3.

D-H···A d(D···H) d(H···A) d(D···A) < (D-H···A)
Compound 1
C16-H16···O2i 0.93 2.99 3.725(3) 136
C19-H19···Cl2ii 0.93 2.83 3.598(3) 140
Compound 2

C18-H18···O1iii 0.93 2.69 3.502(3) 146
Compound 3

C11-H11···O1iv 0.93 2.50 3.2462(6) 137
C21-H21B···O1v 0.97 2.28 3.1902(6) 156
C24-H24···O1vi 0.93 2.92 3.753(3) 150

Symmetry codes: (i) –x,-y+1,-z+1, (ii) –x+a,-y+2,-z-1, (iii) –x,+y+1/2,-z+1/2+1, (iv) 
1-x,1-y,-z, (v) x,-1+y,z, (vi) x,y-1, z.

Compound 2 crystallizes in the monoclinic P21/c space group, 
with Z= 4 molecules per unit cell. In this compound, the 2H-
chromen-2-one moiety A (C1-C9/O1/O2), thiazole ring B (C10-
C12/N1/S1), 4,5-dihydro-1H-pyrazole ring C 
(C13/C20/C21/N2/N3), chlorobenzene moiety D (C14-19/CL1) 
and benzene ring E (C22-C27) are planar with r.m.s deviation 
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of 0.0021, 0.0012, 0.0568, 0.0083 and 0.0050 Å, respectively. 
The dihedral angle between A/B, A/C, A/D, A/E, B/C, B/D, B/E, 
C/D, C/E and D/E is 3.7(1)°, 8.41(1)°, 86.9(4)°, 10.6(1)°, 
5.32(2)°, 84.93(6)°, 12.42(2)°, 85.81(6)°, 13.1(2)° and 82.69(6)°, 
respectively. These dihedral angles show that the 2H-
chromen-2-one moiety A and thiazole ring B are almost 
parallel to each other. The crystal structure stabilization of 2 is 
supported by weak C18-H18···O1 hydrogen bonding 
interactions [d(H18···O1) = 2.69 Å, d(C18···O1) = 3.502(3) Å 
and <(C18-H18···O1) = 146°) resulting in infinite chains along 
the c axis (see Fig. 2b). These chains are further stabilized by 
π-stacking interactions between adjacent rings, with centroid 
to centroid distances between 3.4497(5) and 3.7713(5) Å (see 
Table 4). In addition, the crystal packing of 2 is also stabilized 
by C-H···π interactions (see Fig. 2c) involving the H2 atom and 
the chlorobenzene ring (centroid Cg5), with d(H2···Cg5) = 2.76 
Å and <(C2-H2···Cg5)= 160°, symmetry: -x,-y, 1-z]. In the 
theoretical section below both interactions are further studied 
and characterized.

Fig. 2 (a) ORTEP diagram of 2 drawn at the probability level of 50%. H-atoms are shown 
by small circles of arbitrary radii. (b) Packing diagram of 2 showing formation of C–
H···O bonds (c) Packing diagram of 2 showing formation of C–H···π and π–π 
interactions.

The crystal structure of 3 reveals that it crystallizes in the 
triclinic P-1 space group, with Z= 2 molecules per unit cell. 
Table 2 includes selected bond lengths and angles derived 
from the structural refinement. The geometrical parameters 
obtained for 3 are very similar to those observed for 
compounds 1 and 2 (see Table 2). In 3, 2H-chromen-2-one 
moiety A (C1-C9/O1/O2), thiazole ring B (C10-C12/N1/S1), 4,5-
dihydro-1H-pyrazole ring C (C13/C21/C22/N2/N3), toluene 
moiety D (C14-C20) and chlorobenzene ring E (C23-C28/CL1) 
are planar with r.m.s deviation of 0.0201, 0.0035, 0.0051, 
0.0102 and 0.0049 Å, respectively. The dihedral angle 
between A/B, A/C, A/D, A/E, B/C, B/D, B/E, C/D, C/E and D/E is 
9.5(1)°, 4.9(2)°, 75.7(2)°, 7.45(1)°, 8.55(2)°, 83.1(8)°, 16.7(1)°, 
74.6(9)°, 11.42(2)° and 71.73(8)°, respectively. 

Fig. 3 (a) ORETP diagram of 3 drawn at the probability level of 50%. H-atoms are shown 
by small circles of arbitrary radii. (b) Packing diagram of showing dimerization of 
molecules with H-atoms and π-stacking interactions.

The molecules are connected with each other through C11-
H11…O1 hydrogen bonds into centre-symmetric dimers 
stacked, giving R2

2(12) graph-set motif, as shown Fig. 3b. The 
crystal packing of 3 is also stabilized by weak C21-H21B···O1 
hydrogen bonds involving the acceptor O1 oxygen atom from 
the carbonyl group and the H21B atom of the methylene 
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group from the 4,5-dihydro-1H-pyrazole ring as donor. 
Additionally, the H24 atoms of the chlorobenzene ring are 
involved in intermolecular hydrogen bonds to the O1 atom 
from the carbonyl group to form C24-H24···O1 with H24···O1 
distance of 2.92 Å (see blue dashed lines in Fig. 3b). The 
structure of 3 shows π···π stacking interactions with Cg3···Cg6 
and Cg1···Cg2 intercentroid distances of 3.6510(7) and 
3.8770(7) Å, respectively. The crystal packing of 3 also shows 
intermolecular C-H···π interactions involving the 
methylbenzene ring (centroid Cg5) and the H2 atom of the 2H-
chromen-2-one moiety. 

Table 4. Geometrical parameters for the π-stacking moieties involved in the π···π 
interactions in compounds 1-3 (Å, º).

Rings (I)-(J)a Rcb R1vc R2vd αe βf γg

Compound 1
Cg1···Cg4i 3.6980(3) 3.3479 3.4322 5.0 21.9 25.1
Cg3···Cg3i 3.4584(2) 3.3373 3.3373 0.0 15.2 15.2
Cg3···Cg5i 5.1589(4) 0.1165 4.0905 86 37.5 88.7
Cg3···Cg6ii 3.6838(3) 3.4272 3.5844 14 13.3 21.5

Compound 2
Cg3···Cg6iii 3.5560(5) 3.3997 3.4944 10 10.7 17.0
Cg3···Cg3iii 3.4497(5) 3.3494 3.3494 0.0 13.8 13.0
Cg1···Cg4iv 3.7619(5) 3.4643 3.4461 4.0 23.6 22.9
Cg1···Cg2iii 3.7713(5) 3.6020 3.6891 5.0 12.0 17.2

Compound 3
Cg3···Cg6v 3.6510(7) 3.5023 3.5172 7.0 15.6 16.4
Cg1···Cg2v 3.8770(7) 3.6524 3.6910 9.0 17.8 19.6

a Cg1, Cg2, Cg3, Cg4, Cg5 and Cg6 are the centroids of the rings S1/C11/C10/N1/C12, 
N2/N3/C21/C20/C13, O1/C1/C6/C7/C8/C9, C1-C6, C14-C19 and C22-C27, respectively. 
bCentroid distance between ring centroid I and J. cVertical distance from ring centroid I 
to ring J. dVertical distance from ring centroid J to ring I. eDihedral angle between mean 
planes I and J. fAngle between the centroid vector Cg(I)···Cg(J) and the normal to the 
plane (I). gAngle between the centroid vector Cg(I)···Cg(J) and the normal to the plane 
(I). Symmetry codes: (i) -x,1-y,1-z; (ii) 1-x,1-y,-z; (iii) 1-x,-y,2-z; (iv) -x,-y,1-z; (v) 1-x,-y,-z.

3.2. Hirshfeld surface analysis

Hirshfeld surface analysis has been performed to identify and 
elucidate the contribution of significant intermolecular 
interactions observed in the crystal packing. The pattern of 
intermolecular contacts is similar in the three compounds, 
which prompted us to explore the contribution of weak non 
covalent interactions in the supramolecular assembly, as well 
as the importance of C-H···π and π···π stacking interactions in 
establishing the organization of the extended structure. Fig. 4 
shows the Hirshfeld surfaces mapped over the dnorm, shape 
index and curvedness properties of compounds 1-3. The 2D 
fingerprint plots for 1-3 are shown in Fig. 5. 
The two red regions labelled 1 in the dnorm map of 1 are 
attributed to weak C-H···Cl hydrogen bonds involving the 
acceptor Cl2 chlorine atom from one chorobenzene ring 
(Table 3). The pair of narrow pointed spikes labelled 1 around 
(de + di) of 2.7 Å in the fingerprint plot show the presence of 
H···Cl/Cl···H contacts which comprise 17.3% of total Hirshfeld 
surface area. The red spots located in the chlorobenzene 
(centroid Cg6) and in the 2H-chromen-2-one moiety (centroid 
Cg3) are attributed to π···π stacking interactions associated to 
Cg3···Cg6 contacts with a distance of 3.6838(3) Å. The Cg···Cg 
interactions described previously for 1 can be seen on the 

Hirshfeld surface mapped over shape index (Fig. 4, column 2), 
as a pattern of alternating red and blue triangles with suitable 
symmetry. In addition, the curvedness map (Figure 4, column 
3) clearly shows large green regions at the same side of the 
molecule, evidencing π···π stacking interactions. The 
fingerprint plot of 1 (Fig. 5) also highlights the green area 
around de = di ~ 1.8 Å which corresponds to aryl-stacking 
interactions with 10.0% of contribution to the total Hirshfeld 
surface area.  The H···S/S···H contacts attributed to weak C-
H···S interactions can be seen as white regions in the dnorm 
surface, with 5.7% of contribution. The red areas labelled 4 in 
the dnorm map represent H···C/C···H contacts associated to C-
H···π interactions. These C-H···π contacts are also evident from 
a pair of wings in the top left and button right region of the 2D 
fingerprint plots (Figure 5). The shape of the observed wings 
and the sum of de and di point out the importance of this 
interaction. The 2D fingerprint plot of 1 indicates that 
H···C/C···H contacts comprise 15.0% of the total Hirshfeld 
surface. The deep red spots labelled 3 in the dnorm map of 
compound 1 is attributed to lope pair···π interactions involving 
the O1 atom of the 2H-chromen-2-one moiety and the 
chlorobenzene ring (centroid Cg5), as was described 
previously.
The dnorm surface of compound 2 shows a small red spot 
labelled 1 attributed to weak C18-H18···O1 hydrogen bonds. 
These H···O/O···H contacts are visible in the 2D fingerprint plot 
as broad spikes labelled 2 and comprise 9.2% of total Hirshfeld 
surface area. The red spots labelled 2 in the dnorm map is an 
indicative of C-H···π interactions involving the H2 atom and 
the chlorobenzene ring (Cg5 centroid). These interactions are 
also visible in the fingerprint plots as a pair of wings at (de + di) 
~ 3.1 Å contributing 12.6% to the total Hirshfeld surface area. 
The presence of π···π stacking interactions in compound 2 is 
confirmed by the two deep red spots labelled 3 in the dnorm 
map and by the appearance of red and blue triangles on the 
shape index surfaces identified as red circles in Figure 4, 
column 2. These interactions comprise 13.2% of the total 
Hirshfeld surface area.
The Hirshfeld surfaces of compound 3 mapped over dnorm 
function shows two deep red spots labelled 1 attributed to 
C11-H11···O1 hydrogen bonds and the red spot labelled 2 
corresponds to C21-H21B···O1 hydrogen bonds, as was 
described previously. These contacts appeared as narrow 
pointed spikes at (de + di) ~ 1.75 Å in the fingerprint plots 
(Figure 5) contributing 9.5% of the total Hirshfeld surface. The 
red regions labelled 3 in the dnorm surface are assigned to π···π 
stacking interactions, as shown in shape index and curvedness 
surfaces. The H···H contacts have the most important 
contribution to the total Hirshfeld surface area with 29.3%, 
38.9% and 42.4% for compounds 1, 2 and 3, respectively. 
These contacts are visible in the 2D fingerprint plots as middle 
scattered points and showed as two symmetrical broad 
regions. 
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Fig. 4 Hirshfeld surfaces dnorm, shape index and curvedness for compounds 1-3. Molecule 1 is shown in two different orientations. The numbered arrows are discussed in the main 
text.

Fig. 5 2D fingerprint plots for compounds 1-3 showing: (1) H···Cl/Cl···H, (2) H···O/O···H, (3) H···S/S···H, (4) H···C/C···H contacts.
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3.3. DFT study

The theoretical study is devoted to analyse the interesting 
supramolecular assemblies observed in compounds 1–3 
governed by different types of π-stacking interactions in 
combination with C–H···π interactions. The existence of a 
variety of heteroaromatic rings in these compounds facilitates 
the formation several types of π–π stacking interactions, 
including the nonaromatic 4,5-dihydropyrazole ring. First of 
all, we have computed the molecular electrostatic potential 
surface of compound 1 as a model of the three compounds, 
that is shown in Fig. 6. The MEP minimum (most negative) is 
located at the O-atom of the coumarine ring (–40 kcal/mol) 
and the most positive values at the H-atoms of the 4,5-
dihydropyrazole ring. Interestingly, the surface also reveals 
that the MEP values over the coumarin ring are of opposite 
sign, thus anticipating a strong tendency to form antiparallel 
π-stacking interactions to maximize attractive electrostatic 
forces. The same occurs with the adjacent thiazole and 4,5-
dihydropyrazole ring that exhibit negative and positive MEP 
values over the centre of the rings. Finally, the MEP values are 
negative over the chlorophenyl rings, thus supporting the 
formation of C–H···π interactions. It is also worthy to comment 
that the MEP values alternate from positive to negative in the 
different coplanar rings of compound 1. This fact explains the 
tendency to form antiparallel displaced π–π assemblies as 
recurrent motifs in the solid state architecture of compounds 
1–3.

Fig. 6 MEP surface (0.001 a.u. isosurface) of compound 1 at the M06-2X-D3/def2-TZVP 
level of theory. The energies at selected points of the surface are indicated in kcal/mol.

Fig. 7a shows a partial view of the X-ray structure of 1 focusing 
on the π-stacking. It can be observed the formation of two 
different π–π stacking modes. In the denoted as (π–π)1 (see 
Fig. 7b), the chlorophenyl and the lactone rings of both ends 
are stacked in addition to the formation of an antiparallel 
arrangement of the 4,5-dihydropyrazolylthiazole moieties. 

This binding mode strongly agrees with the MEP surface 
analysis, since the positive part (π-acidic) of coumarine 
interacts with the negative (π-basic) chlorophenyl ring and 
also the positive 4,5-dihydropyrazole is stacked with the 
negative thiazole ring. It is worthy to mention that exactly the 
same motif is found in compounds 2 (see Fig. 8a,b) and 3 (see 
Fig. 9a,b). In fact, the interactions energies are large, negative 
and similar for the three compounds, ranging from –22.6 to –
22.7 kcal/mol, thus confirming the importance of this motif in 
the solid state of the three compounds. This large interaction 
energy is due to the large overlap of the π-systems and the 
perfect combination of π-acidic···π-basic interactions 
(electrostatically enhanced π–π stacking). It is also interesting 
to highlight the unconventional stacking of the 4,5-
dihydropyrazole···thiazole moieties since it involves a partial 
aliphatic ring. In the other binding mode, denoted as (π–π)2 
(see Fig. 7c), the coumarine rings form an antiparallel 
electrostatically enhanced π–π stacking interactions, also in 
good agreement with the MEP surface analysis. Moreover, the 
π–π stacking interaction between the thiazole ring and the 
coumarine is significantly displaced to avoid the electrostatic 
repulsion between the negative rings. In fact, the geometry of 
this stacking mode is clearly influenced by the formation of 
two short C–H···π interactions (2.84 Å). The interaction energy 
of (π–π)2 binding mode in 1 is ΔE2 = –23.3 kcal/mol, very 
similar to that of (π–π)1, thus revealing that both binding 
modes are equally important. Compounds 2 and 3 (see Figs. 8c 
and 9c, respectively) also present very similar arrangements 
and binding energies, thus confirming the relevance of this 
motif. The main difference is that in compound 3 the 
dimerization energy for the (π–π)2 binding mode is weaker 
that likely due to the longer C–H···π interaction (3.04 Å) 
observed for this compound.
To further characterize both π–π stacking modes described 
above, “non-covalent Interaction plot” (NCI plot) index has 
been used in both dimers of compound 1 as representative 
example. The NCI plot is an intuitive visualization index that 
facilitates the visualization and characterization of non-
covalent interactions and clearly shows which molecular 
regions interact. The colour scheme is a red-yellow-green-blue 
scale with red (repulsive) and blue (attractive). Yellow and 
green surfaces correspond to weak repulsive and weak 
attractive interactions, respectively. The NCI plot isosurfaces 
of both dimers of compound 1 are shown in Fig. 10 using two 
different orientations (perspective and on-top). The on-top 
representation of the (π–π)1 stacking mode confirms the large 
overlap of the π-systems since the green isosurface extends 
from one end to the other of the conjugated system.
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Fig. 7 (a) Partial view of the X-ray structure of 1. (b,c) Theoretical models used to evaluate the dimerization energies at the M06-2x-D3/def2-TZVP level of theory. Distances in Å. H-
atoms omitted for clarity apart from those participating in the C–H···π interaction

Fig. 8 (a) Partial view of the X-ray structure of 2. (b,c) Theoretical models used to evaluate the dimerization energies at the M06-2x-D3/def2-TZVP level of theory. Distances in Å. H-
atoms omitted for clarity apart from those participating in the C–H···π interaction
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Fig. 9 (a) Partial view of the X-ray structure of 3. (b,c) Theoretical models used to evaluate the dimerization energies at the M06-2x-D3/def2-TZVP level of theory. Distances in Å. H-
atoms omitted for clarity apart from those participating in the C–H···π interaction

Fig. 10 NCI surface of the (π–π)1 (a) and (π–π)2 (b) stacking modes in compound 1, using perspective and on-top views The gradient cut-off is s  =  0.35 au, and the colour scale is 
−0.04 < ρ < 0.04 au.

Moreover, the NCIplot also shows that the Cl-atom of the 
p-chlorophenyl ring also participates in the binding 
mechanism (Cl···π). It is also interesting to highlight that in the 
p-chlorophenyl···coumarine stacking, only the lactone ring 
participates in the interaction (see Fig. 10a, on-top 
representation), in sharp agreement with the MEP surface 
analysis commented above. The NCIplot representation of the 

(π–π)2 stacking mode (see Fig. 10b) also shows a large and 
green isosurface that characterizes the antiparallel π–π 
stacking of the coumarine rings, which also extends to the 
displaced thiazole rings. Moreover, two symmetrically 
equivalent green isosurfaces are located between the 
perpendicular chlorophenyl rings and the aromatic H-atoms, 
thus confirming the existence of the C–H···π interactions. 
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These isosurfaces almost embrace the whole aromatic ring, 
thus confirming the importance and energetic relevance of the 
C–H···π interactions in the stabilization of this assembly. 
Finally, the NCIplot also shows the existence of a small 
isosurface located between the S and N groups of the thiazole 
and 4,5-dihydropyrazole rings, respectively. Therefore, an 
interesting chalcogen bond also contributes to the planarity of 
the 4,5-dihydropyrazolylthiazole moiety.

4. Concluding remarks
Three new 4,5-dihydropyrazolylthiazole-coumarin hybrids 
have been synthesized and X-ray characterized that present 
recurrent π–π stacking motifs, which have been studied by 
means of Hirshfeld surface analysis and DFT calculations. The 
energetic study reveals that both π-stacking motifs present 
very strong interaction energies because the antiparallel 
arrangement of the π-systems that facilitates the formation of 
electrostatically enhanced π–π staking interactions, as 
demonstrated by the MEP surface analysis. The NCIPlot 
confirmed the strong complementarity of the π systems and 
the relevance of the C–H···π interactions in one of both π–π 
staking modes. Finally, it is interesting to highlight the 
behaviour of the 4,5-dihydropyrazolylthiazole fragments 
where the aliphatic ring stacks over the aromatic one and vice 
versa to maximize the electrostatic attraction. To our 
knowledge, this type of stacking involving heteroaliphatic and 
heteroaromatic five membered rings is unprecedented. Future 
directions of this work include fluorescence experiments to 
investigate whether pyrazol-thiazol fragments quench the 
expected coumparin-centered emission.
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Two different π–π stacking modes are described, studied and characterized in the crystal 
structures of 4,5-dihydropyrazolyl-thiazole-coumarine hybrids, including a partial aliphatic ring.
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