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A series of three biologically active coumarin derivatives have been synthesised and their crystal 

structures have been determined from single X-ray analysis. The interactions between molecules were 

characterised by different synthons and via Hirshfeld surface analysis. The characteristic features of all 

structures are 2D sheets of molecules formed by C-H…O hydrogen bonds, which are enhanced by π…π 

interactions or C-H…O interactions. Additionally, the lipophilicity parameter (logP) which describes the 10 

compound’s ability to go through membranes was compared with respect to different intermolecular 

interactions. It was found that higher lipophilicity is associated with a larger contribution of C-H…π 

interactions in the crystal packing. 

Introduction 

 Noncovalent molecular interactions such as hydrogen bonds 15 

and aromatic π…π stacking interactions form the basis of the 
design of the supramolecular arrangement in organic crystals.1 
The functional substituents such as amino, hydroxyl, carbonyl 
groups etc. play an important role in the spatial arrangement of 
the neighbouring molecules, leading to repeated hydrogen bond 20 

patterns or supramolecular assemblies.2 Therefore, it is useful to 
study structural features as well as the interplay of noncovalent 
interactions when building possible supramolecular synthons. 
 In recent years, the discovery that coumarins have weak 
estrogenic activity has resulted in the use of such derivatives as 25 

therapeutic agents to prevent the emergence of menopause related 
diseases, such as osteoporosis, an increased risk of cardiovascular 
event/ disease and cognitive deficiencies.3. Coumarin and its 
derivatives are an interesting group of compounds with 
spasmolytic, antiarrhythmic, cardiotonic, photodynamic4 and 30 

antitumor properties.5 These compounds are widely distributed 
throughout nature and a lot of them  possess useful and diverse 
biological activities.6 Coumarins have been found to have 
numerous therapeutic applications including phototherapy, as 
central nervous system stimulants and as selective estrogen 35 

receptor modulators.7 
 The coumarins presented here (Fig. 1), originate from the 
group of derivatives, for which the biological activity has been 
proven.8 In this paper we present the crystal structure of three 
coumarins with respect to intermolecular interactions in the 40 

crystal lattice, which undoubtedly play an important role in the 
arrangement of the molecules in the crystal packing.9 We 
investigate crystal packing via the Hirshfeld surface10 and the 
breakdown of corresponding fingerprint plots revealing 
significant intermolecular interaction differences between 45 

compounds.  

  

 
Fig. 1 Scheme of investigated compounds 

Furthermore, systematic structural studies of biologically active 50 

compounds enables the relations between biological activity and 
unique structural features to be observed. This always supports a 
design of biologically active compounds. Among many 
parameters indicative of the biological activity we have focused 
on the lipophilicity which is responsible for transport into the 55 

cells.11 The aim of this paper is to investigate how different 
interactions and crystal packing are related to lipophilicity. 

Experimental section 

General procedure for the synthesis of compounds (I), (II), 
(III). 60 

A methanol solution (10mL) containing 1mmol of methyl ester of 
2-methylchromone-3-carboxylic acid (for I), ethyl ester of 2-
phenylchromone-3-carboxylic acid (for II) and methyl ester of 
chromone-3-carboxylic acid (for III) was added to 1mmol of the 
corresponding amine (3,4,5-trimethoxybenzylamine – for I & II 65 

and 1-(3-aminopropyl)imidazole - for III). The reagents were left 
for 24 hours at room temperature. Next the precipitated solid was 
filtered off and washed with ethyl ether and dried. The overall 
reaction is presented in Scheme S1. 
The melting points were visually determined using Büchi540 70 

apparatus and are uncorrected. The IR and far-IR spectra were  
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Table 1 Crystallographic parameters for compounds (I), (II) and  (III) at 100K 

 compound (I) compound (II) compound (III) 

Empirical formula C21H21NO6 C26H23N1O6 C16H15N3O3 
Molecular weight 383.39 445.47 297.31 

Size (mm) 0.04 x 0.05 x 0.44 0.1 x 0.1 x 0.24  
Crystal system monoclinic monoclinic monoclinic 
Space group P21 P 21/c P 21/c 

a[Å] 4.683(1) 11.415(1) 8.166(3) 
b[Å] 13.113(1) 15.581(1) 17.642(3) 
c[Å] 14.708(1) 15.059(1) 10.775(4) 
β[º] 90.090(2) 126.999(1) 117.060(2) 

V[Å3] 905.1(1) 2139.1(2) 1382.3(7) 
Z/ dx[g cm–3] 2/ 1.407 4 4 
µ[mm-1] 0.104  0.099 0.097 
λ[Å] 0.71073 0.71073 0.6000 

max θ[°] 26.49  25.00 21.72 
No. of measured reflections 7997 14059 54389 

No. of unique reflections 3657  3760  2668 
R(int) 0.0357 0.0351 0.0307 

No. of observed reflns (I>2 σ(I)) 2490 2595 2528 
Data/restraints/parameters 3657/1/262 3760/0/325 2668/0/203 

R1(obsd data) 0.0574 0.0555 0.0366 
R1(all data) 0.0337 0.0331 0.0355 

Goodness-of-fit on F2 0.800 0.861 1.031 
largest difference peak and hole [e/Å3] 0.167/-0.145 0.170-0.182 0.269/-0.296 

 

a Footnote text. 

recorded on FT-IR-8400S Shimadzu in KBr pellets. The 1H 
NMR spectra were recorded on a Varian Gemini 200 BB, CDCl3, 
200 MHz.The EI-MS data were determined using a Finnigan 5 

Matt 95 mass spectrometer. Satisfactory elemental analyses 
(within ±0.4% of the calculated values) were obtained for the new 
compounds in the Microanalytical Laboratory of the Department 
of Bioorganic Chemistry (Medical University, Lodz) using 
a Perkin Elmer PE 2400 CHNS analyser. 10 

Compound (I) m.p = 193.2-197.3°C IR(KBr) [cm-1]: 3443 v (N-
H), 3003 v (C-H), 1703 v(C=O), 1614 v (N=C), 1597, 1576 
v(aromat.), 1512, 1468 δ(aromat.), 1134 v(C-O-C), 1003 v(O-C),  
957 τ (CAr.-H), 760, 715 γ(CAr.-H, out-of-plane) 434 γ(C=O). 
Elemental Analysis C21H21NO6 (383.39 g/mol) Calc. C 65.79, H 15 

5.52, N 3.65. Found. C 65.60, H 5.33, N 3.66 %. 1H NMR 
(CDCl3 δ ppm) 2.78 (3H, s, CH3), 3.86 (s, 9H, OCH3), 4.66 (2H, 
d, J = 5.9 Hz, CH2), 6.42 (1H, d, J = 8.2 Hz, H5 aromat), 6.96(2H, 
s, H2’,6’ aromat.), 7.03 (1H, d, J = 8.2 Hz, H8), 7.45(2H, 2x t, H6, 
H7), 14.54 (1H, s, OH). 20 

Compound (II) m.p = 150.4-151.5°C IR(KBr) [cm-1]: (C-O-C),  
[cm-1] 3067 v (C-H), 1723 v (C=O), 1605 v(N=C), 1592, 1560 
v(aromat.),  1504, 1465 δ(aromat.), 1125 v(C-O-C),  1013 v(O-
C),  942 τ(CAr.-H), 764, 706 γ(CAr.-H, out-of-plane),  464 γ(C=O). 
Elemental Analysis C26H23NO6 (445.46 g/mol) Calc. C 70.10, H 25 

5.20, N 3.14. Found. C 70.14, H 4.91, N 3.27 %. 1H NMR 
(CDCl3 δ ppm) 3.84 (s, 9H, OCH3), 4.65 (2H, d, J = 5.9 Hz, 
CH2), 6.65 (2H, s, H2’,6’), 6.98 ( 2H, 2xt, H6, 7), 7.24 (1H, d, J = 
8.2 Hz, H5 aromat), 7.52 (3H, m, H3’’,4’’,5’’), 7.71 (1H, d, J = 5.9 Hz, 

H8), 8.01( 2H, d, J = 8.2 Hz,H2’’,6’’), 9.91 (1H, s, OH) 30 

Compound (III) m.p = 164.6-165.6°C IR(KBr) [cm-1]: 3139 v(N-
H), 2930 v(C-H), 1713 v(C=O), 1635 v(N=C), 1595, 1562 
v(aromat.), 1464 δ(aromat.), 1128, 1102 v(C-O-C), 1082 v(O-C), 
1028 τ(CAr.-H), 753 τ(CAr.-H, out-of-plane),  671 ω(N-H),  445 
γ(C=O). Elemental Analysis C16H15N3O3 (297.11 g/mol) Calc. C 35 

64.64, H 5.09, N 14.13. Found. C 64.43, H 4.19, N 14.27 %. 1H 
NMR (CDCl3 δ ppm) 2.03 (2H, t, CH2), 3.25 (2H, 2xt, CH2), 3.38 
(2H, t, CH2), 6.51 (1H, s, C≡H), 6.97 (1H, s, C≡H), 7.08 ( 2H, 
2xt, H6, 7), 7.36 (1H, d, J = 8.1 Hz, H5 aromat), 7.54 (2H, 2xd, 
H4’,5’), 7.96 (1H, d, J = 5.9 Hz, H8), 12.71 (1H, s, OH).  40 

Data collection, structure solution and refinement 

Data for compound I and II were measured from single crystals 
using an Oxford Diffraction Xcalibur CCD diffractometer at 
T=100(2) K with monochromatic MoKα radiation (λ=0.71073 
Å). Data reduction was perfomed using CrysAlis software.12 Data 45 

were corrected for Lorentz and polarisation effects; absorption 
correction was not applied.  
Diffraction data for compound III were collected at the F1 
beamline of storage ring DORIS III at HASYLAB/DESY in 
Hamburg. The beamline is equipped with a Huber 4-circle 50 

diffractometer with MARCCD 165. The temperature was 
maintained at 100(1) K and the wavelength was (λ= 0.6000 Å). 
The integration, data reduction and scaling of diffracted 
intensities were performed using the XDS package version 
2009.13 At this point intensities were corrected for oblique 55 
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incidence of X-rays on the detector surface.14 

 
Fig. 2 An ORTEP view and atom numbering scheme of compound (I), (II) and (III) with displacement ellipsoids at the 30% probability level. Hydrogen 

atoms are shown as small spheres of arbitrary radii

All structures were solved by direct methods with SHELXS9715 5 

and further refined on F2 using SHELXL97.15 A full matrix least-
squares refinement procedure was used. The methoxy group in 
compound II was disordered over two positions in ratio 
0.533(4):0.466(4). Non-hydrogen atoms were anisotropically 
refined. The positions of hydrogen atoms (excluding atom H1) 10 

were calculated from known geometry and treated as riding, 
where the isotropic displacement parameters of these hydrogen 
atoms were fixed as a multiple of the equivalent isotropic thermal 
parameters of the parent atoms. For atom H1 the position was 
located on the Fourier difference map and refined with isotropic 15 

thermal parameters. Further experimental details and 
crystallographic data are presented in Table 1 and in the ESI.†  

Hirshfeld surface analysis  

The Hirshfeld surfaces10 were generated using Crystal Explorer 
3.016 based on results from X-ray studies. In Crystal Explorer, the 20 

internal consistency is important when comparing structures; 
therefore, bond lengths to hydrogen atoms were normalised to 
standard neutron values (C-H = 1.083 Å, O-H = 0.983 Å, N-H = 
1.009 Å).17 The normalised contact distance (dnorm) based on both 
de (the distance from a point on the surface to the nearest atom 25 

outside the surface) and di (the distance from a point on the 
surface to the nearest atom inside the surface) and van der Waals 
radii of the atom, given by equation (1) enables identification of 
the regions of particular importance to intermolecular 
interactions.18 The value of the dnorm is negative (red colour) or 30 

positive (blue colour) when intermolecular contacts are shorter or 
longer than van der Waals separations, respectively. 

  (eq1) 

Lipophilicity analysis 

Lipophilicity is an indicator, which inform whether the molecule 35 

can easily pass through membranes or other barriers in our body 
or not. It is postulated that the more lipophilic the molecule is, the 
easier it goes through membranes due to stronger interactions 
with fatty acids of the lipid bilayer.19 The lipophilicity can be 
described as logP - the logarithm of the partition coefficient P. 40 

The coefficient P is defined as the ratio of the concentration of a 
substance in a non-polar phase to its concentration in the aqueous 
phase at thermodynamic equilibrium. The higher the polarity of 
the biologically active compound and the smaller the value of log 
P is, the less able the compound is to penetrate lipid membranes. 45 

In order to determine logP, the accepted standard solution is 
water as the polar phase and n-octanol as the non-polar phase. 
This system corresponds with the most polar and non-polar phase 
in a living organism. The value of log P has a significant impact 
on the fate of the drug in the body. In the literature, there are two 50 

methods for determining this parameter: experimental (direct and 
indirect) and theoretical ones.19 In this paper, we determined the 
lipophilicity for all compounds using the RP-TLC in the 
DMF/water solution.20 A compound is lipophilic if its logP value 
is higher than 0. Results presented in Table 2 demonstrate that all 55 

compounds possess good lipophilicity.  

Table 2 Lipophilicity index (logP) for all compounds 

 log P  

compound (I) 2.71 ± 0.63 

compound (II) 4.07 ± 0.73 

compound (III) 3.17 ± 0.74  
 

 
The highest logP value was observed for compound (II) and 
decreased in compounds (III) and (I), respectively. However, as 60 

lipophilicity is a sum of many parameters more advanced 
research is needed to be sure whether tested compounds are able  
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X 

Fig.  3 a) Formation of 2D supramolecular network in (I) generated through C6-H6…O37i and C34-H34…O2ii hydrogen bonds b) Formation of the 2D 
sheet in 1 generated through C38–H38…O4iii hydrogen bond c) Formation of two ribbons generated through π...π stacking interactions between pyrane 

and benzene ring propagating along the [100] direction (compound I). H atoms are omitted for clarity 5 

to pass through cell membranes. In order to obtain a theoretical 
value of log P, the program ALOGPs 2.121 was used. 

Results and discussion 

Crystal structural description 

 The presented structures consist of a coumarin ring with 10 

(trimethoxy-benzylimino)-ethyl, (phenyl-trimethoxy-
benzylimino)-methyl, and (imidazol-ethylimino)-methyl group 
substituted at position 3, for compounds (I), (II) and (III), 
respectively (Fig. 2). The coumarin backbone is planar and forms 
the following dihedral angles with substituents at atom C3: 85.7°, 15 

83.2° and 57.7°, for (I), (II) and (III), respectively.  
 A common feature of the studied derivatives is an 
intramolecular hydrogen bond which forms an extra six-
membered ring producing a graph set motif of S(6).22 The 
strength of intramolecular hydrogen bond is decreasing for (I), 20 

(II) and (III) with lengthening the N…O distances and decreasing 
angles <N-H…O. It seems that steric effect influences on the 
geometry of hydrogen bonds. On the other hand, the bond 
distances within the O=C-C=C-N-H conjugated bond ring 
systems (Table 3) indicate that these interactions can be classified 25 

as resonance-assisted hydrogen bonds (RAHB), proposed by 
Gilli.23 The phenomenon of RAHBs may be described by the 
contribution of two tautomeric forms connected with the process 
of the proton transfer reaction: O/N-H…O ↔ O/N...H-O for 
homonuclear and heteronuclear systems. It was stated that for 30 

RAHBs a π-electron delocalization within the O=C-C=C-O/N-H 
keto-enol/amine chelate ring has been observed. The most 
characteristic feature for RAHBs of heteronuclear systems is: the 
equalisation of the lengths of the bonds C4-C3 (formally single) 
and C3=C31 (formally double) and shortening of the C31-N1 35 

bond and lengthening of C4=O4 bonds with respect to other 
corresponding bonds that are not involved in the hydrogen 

bond.24 As can be observed in Table 3, the formally single bond 
C4-C3 appears shorter, the double C3=C31 bond appears longer, 
the C4=O4 bond is lengthened and C31-N1 is shortened with 40 

respect to reference values.25 This suggests that the π-electron 
delocalisation effect is strongest for compound (I) and (II). 
Further geometrical parameters for intramolecular hydrogen bond 
distances, especially H1...O4 and N1...O4 (Table 4), confirmed 
this and are with agreement with original concept proposed by 45 

Gilli.23  
 It is worth mentioning, that the concept of resonance-assisted 
hydrogen bonds is still under ongoing discussion,26 however, in 
the case of other coumarin derivatives, the experimental charge 
density studies and application of source function27 confirmed the 50 

existence of RAHBs for coumarin systems.28 

  

Table 3 Bond distances (Å) within hydrogen-bonding ring for the 
resonance assisted hydrogen bonds 

 C4=O4 C4-C3 C3=C31 C31-N1 

compound (I) 1.255(2) 1.435(2) 1.438(2) 1.313(2) 

compound(II) 1.255(2) 1.436(2) 1.428(2) 1.319(2) 

compound (III) 1.248(2) 1.446(2) 1.409(2) 1.310(2) 
 

 55 

The solid-state structures of all compounds include a combination 
of N-H...N, C-H…O, C-H...π and π…π stacking interactions. It is 
interesting to consider the substructures generated by each type of 
hydrogen bonds acting individually and the combination of all 
hydrogen bonds building the three-dimensional framework. The 60 

geometric parameters for hydrogen bonds in all structures are 
given in Table 4. In (I) the C6 and C34 atoms act as a donors in 
C-H…O hydrogen bonds with O37i [(i):-x, -1/2+y, 1-z] and O2ii 
[(ii): 1-x, ½+y, 2-z]. These two interactions form chains C(13)  
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Table 4 Geometrical parameters (in Å, º) for intra- and intermolecular hydrogen bonds; which in the Hirshfeld surface corresponds to H…O contacts and 
are marked as 1a, 1a*(intramolecular hydrogen bond) 

 d(D-H) d(H...A) d(D...A) <D-H…A symmetry 

compound (I) 

N1-H1…O4 0.99(2) 1.66(2) 2.531(2) 143(2)  

C6-H6…O37i 0.95 2.36 3.302(3) 170 -x, -½+y, 1-z 

C34-H34…O2ii 0.95 2.48 3.419(2) 170 1-x, ½+y, 2-z 

C38-H38…O4iii 0.95 2.47 3.403(2) 168 -1+x, y, z 

compound (II) 

N1-H1…O4 0.94(2) 1.74(2) 2.561(2) 144(1)  

C7-H7…O37iv 0.95 2.46 3.375(2) 161 1-x, 1-y, -z 

C371-H37C…O2v 0.98 2.43 3.259(2) 142 1+x, y, 1+z 

compound (III) 

N1-H1…O4 0.94(2) 2.11(2) 2.761(2) 125(2)  

N1-H1…N3vi 0.94(2) 2.29(2) 3.047(2) 137(2) 1+x, y, z 

C35-H35…O4vii 0.95 2.53 3.152(2) 124 -1+x, y, z 

C33-H33A…O1viii 0.99 2.55 3.442(2) 149 -x, -y, -z 

C36-H36…O2ix 0.95 2.45 3.089(2) 124 -x, ½+y, ½-z 
  

a Footnote text. 

 

 5 

Fig. 4 a) Formation of the 2D sheet in (II) generated through C7–H7…O37iv and C371-H371…O2v hydrogen bonds b) The π…π stacking interaction 
between pyrane and trimethoxybenzene rings in the crystal lattice of (II) 

 
and C(9), respectively. Alternatively two chains are linked into 
the R4

4(36) ring extended to form an infinite two-dimensional 10 

layer on the plane (100) (Fig. 3a). Such layers are connected by 
C38-H38 …O4iii [(iii): -1+x, y, z] hydrogen bond forming chain 
C(9) along the [100] direction (Fig. 3b). This substructure is 
reinforced by π…π interactions, which build 2-D ribbons 
extending along the [100] direction (Fig. 3c, Table 5). In the 15 

crystal lattice, one can observe significant C-H...π interactions for 
donors C351 and C371. The acceptor is a π-electron tri-
methoxybenzene ring in both cases (Fig. S1). It is worth 
mentioning, that the aromatic ring (C5-C10) is engaged in a lone 
pair...π interaction (C4=O4...π) in the crystal packing of 20 

compound (I) (Fig. S1, Table S1). As demonstrated by Egli and 
co-workers C=O...π interactions play a crucial role in stabilising 
biomacromolecules.29  
In the case of crystal packing of (II), molecules are linked by a 
combination of C-H…O, C-H…π and π…π stacking interactions. 25 

The formation of the molecular framework can be described as 
two different substructures. One substructure is formed by two C-
H…O interactions. Hydrogen bonds: C7-H7…O37iv and C371-
H37C…O2v; [(iv):1-x,1-y, -z, (v): 1+x, y, 1+z] generate one sheet 
of molecules with two rings, R2

2(28) and R4
4(20), respectively 30 

(Fig. 4a, Table 4). These sheets of molecules are linked by π…π 
stacking interactions which is observed between pyran and  
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Fig. 5 a) Formation of the 2D sheet in (III) generated through N1-H1…N3 vi , C35-H35…O4vii and C33-H33…O1viii interactions b) Formation of the 1D 

chain in (III) generated through C36-H36…O2ix hydrogen bonding c) The π...π stacking interactions between pyrane and benzene rings in the crystal 
lattice of (III) 

 5 

 

 Table 5 Geometrical parameters (Å, º) for the π…π stacking interactions for all derivatives 

 Cg(I)...Cg(J) Cg(I)...Perp Cg(J)...Perp α β γ symmetry 

compound (I) 

Cg(1)...Cg(2) 3.8236(12) 3.4397(8) 3.4875(8) 1.73(9) 24.20 25.90 -1+x, y, z 

compound (II) 

Cg(1)...Cg(3) 3.8567(9) 3.2075(7) 3.6383(7) 14.37(8) 19.38 33.73 x,1/2-y, -1/2+z 

compound (III) 

Cg(1)...Cg(1) 3.9930(16) 3.4704(5) 3.4703(5) 0 29.64 29.64 1-x, -y, -z 

Cg(2)...Cg(2) 3.7846(16) 3.5130(5) 3.513(5) 0 21.84 21.84 -x, -y, -1-z 
 

Cg(1), Cg(2), Cg(3) are centroids of pyran ring, benzene ring from coumarin moiety and trimethoxy-benzene ring, respectively; α- refers to the dihedral 
angle between planes (I) and (J), β- refers to angle between Cg(I)---Cg(J) vector and normal to the plane (I) and γ- refers to  angle between Cg(I)---Cg(J) 
vector and normal to the plane (J) 10 

 

trimethoxy-benzene rings (Fig. 4b, Table 5). In the crystal 
packing, further C313-H313…π and C371-H37C…π interactions, 
are also observed, where the π-electron rings are: benzene ring 
C5-C10 at –x,-½+y, -½-z and the phenyl ring C311-C316 at 1+x, 15 

y, 1+z, respectively. C-H…π interactions aggregate two ribbons 
propagating along the [010] direction (Fig. S2, Table S1). 
 The crystal packing of (III) seems to be stabilised by a 
combination of intermolecular N-H…N, C-H…O, C-H…π 
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hydrogen bonds and π…π stacking interactions. The N1 atom 
acts as a donor to N3vi atom related by symmetry 1+x, y, z 
propagating the C(8) chain (Fig. 5a). The other chain C(11) is 
formed by the C35-H35… O4vii interaction [(vii); -1+x, y, z]. 
However, both N1-H1…Nvi and C35-H35… O4vii hydrogen 5 

bonds create the R2
2(9) ring (Fig. 5a). Moreover the C33 atom 

acts as a donor to oxygen atom O1viii [(viii): -x, -y, -z] forming 
next dimeric ring R2

2(16) (Fig.4a, Table 4). In another 
substructure the C36 atom acts as a donor to the O2ix atom in the 
molecule at –x, ½+y, ½-z, thus generating a 1D zig-zag chain 10 

along the [001] direction (Fig. 5b). The π…π stacking 
interactions are seen in the crystal packing. They occur between 
parallel pyran rings, and parallel benzene rings (Fig. 5c, Table 5). 
The other substructure is formed by C7- H7…π interaction. Atom 
C7 is a donor to π electrons from the imidazole ring at –x, -½+y -15 

½-z. (see Fig. S3, Table S1). Moreover π-electrons from 
imidazole ring are acceptor for lone-pair…π interaction (Fig. S3, 
Table S1). 

Hirshfeld surface 

 The Hirshfeld surface of titled compounds is illustrated in Fig 20 

6 showing the surface that has been mapped over dnorm (-0.3 to 
1.3 Å), shape index (-1.0 to 1.0 Å ) and curvedness (-4.0 to 0.4 
Å). The surfaces are shown as transparent to allow the 
visualisation of a coumarin moiety in a similar orientation for all 
structures. The geometric parameters presented in Table 4 are 25 

summarised effectively in the deep red spots visible on the dnorm 
surfaces, indicative of hydrogen bonds and other weak 
interactions like H…H contacts. The unusually short normalised 
O…H distance can be seen in Hirshfeld surfaces as vivid red 
spots and are marked as a. The light red spots labelled b are due 30 

to H…C interactions. Other visible contacts marked as c 
correspond to H…N interactions in structure (III). The C-H…O 
interactions and intramolecular N-H…O hydrogen bond are 
represented as two spikes in the 2D fingerprint plots (Fig. 7) in 
the region 2.1 Å <(de+di) < 2.6 Å marked as 1a and 1a*, 35 

respectively. However, the shortest de+di = 2.1 Å is associated 
with C6-H6…O37i interactions. The proportion of O…H and 
H…O interactions contains 14.9% and 12.4% of the Hirshfeld 
surface for molecule (I). Other visible, yet light red spots in the 
Hirshfeld surface correspond to C-H…π interactions labelled 1b. 40 

In the 2D fingerprint plot, this interaction is represented as mild 
spikes, where di+de equals 2.74 Å. The proportion of C…H and 
H…C interactions is 9.4% and 7.7%, respectively. The dominant 
interaction in all compounds is H…H interaction, with the values 
equal 46%, 48%, and 40%, for compounds (I), (II) and (III), 45 

respectively. The π…π interaction is also observed in compound 
(I) and is visible in the distribution of scattered points in the 2D 
graph – the region near 1.8 Å on the diagonal. Another 
characteristic feature of π…π interactions is the pattern of red and 
blue triangles on the shape index. It is also visible on the 50 

curvedness surface.  
 For compound (II), the 2D fingerprint plot has a different 
shape compared to the fingerprint plot of compound (I) without 
sharp spikes; however, the contribution of particular interaction 
does not differ significantly (Fig. 6 & 7). The bright red spot 55 

labelled 2a is the C371-H37C…O2v interaction with di+de 
equalling 2.4 Å. Similar to structure (I), the proportion of O…H 
and H…O interactions is 12.8% and 10.8%. The light red spot  

 
Fig. 6 Hirshfeld surfaces mapped with dnorm (left), shape index (middle) 60 

and curves for the presented compounds.For compound (II) the zoom of 
H…Hinteractions is presented 

(2b) on the Hirshfeld surface appears to be due to C-H…π 
interactions with di+de = 2.8 Å similar to compound(I). The 
proportion of H…C and C…H interactions varies from 9.7% to 65 

12.8%. The C…C contact on the fingerprint plot is presented as 
characteristic stacking kite (see last column of Fig. 7), which is 
mainly attributed to π…π interaction. On the shape index surface 
it is reflected by a pattern of red-blue triangles, but not so visible 
like for compound (I). The C…C contact includes only 3.7% of 70 

the Hirshfeld surface with equal di and de = 1.8 Å. The percentage 
of H…H contact is 48% - the maximum among other coumarin 
derivatives. Additionally, the completely different distribution of 
scattered points on the fingerprint plot is observed with very short 
distance di and de = 0.8 Å. The shortest H…H distance is visible 75 

as the vivid red spot and could be attributed to the contact 
between disordered hydrogen atoms from methyl group. (Fig. 6). 
The lowest C…C contact and the highest H…H contact seems to 
be related to more bulky spatial structure of molecule (II) in 
itself.  80 

 On the Hirshfeld surface of structure (III) we can distinguish 
three types of interactions: 3a is associated with H…O contact, 
3b represents H…C contact, while H…N interaction is labelled 
3c (Fig. 6). The intramolecular N-H…O interaction and C-H…O 
intermolecular interactions are reflected in the 2D fingerprint plot 85 

in the region 2.45 Å < (di+de) < 2.75 Å. The C-H…π interaction 
is presented by spikes where di+de equals 2.8 Å similar to 
compound (I) and (II). The other interaction, presented by large 
bright red spot on the Hirshfeld surface and the longest spikes on 
the fingerprint plot, is connected with N1-H1…N3vi 90 

intermolecular hydrogen bond. Sum of di+de amounts 2.25 Å. 
This kind of hydrogen bond is only observed for structure (III). 
The C…C contact contribution in the Hirshfeld surface is larger 
than for compound (I) and (II), however di and de equals 1.8 Å,  
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Fig. 7 Fingerprint plots of compound (I) – top row, compound (II) – middle row  and and compound (III) – bottom row: full (left) and resolved into H…O, 
H…C, H…H, C…C contacts showing the percentages of contacts contributed to the total Hirshfeld surface area of molecules 

the same as for compound (I).  5 

Contribution of different interactions to Hirshfeld surface for 

related structures from CSD 

 The relative contribution of the different interactions to the 
Hirshfeld surface was calculated for presented compounds as well 
as for other similar coumarin derivatives available in the 10 

Cambridge Structural Database (version 1.15 CSD 2013 
release)30 including coumarin derivatives determined by 
us.Error! Bookmark not defined.31 A number of structures 
found is 15 with different substituents on the coumarin moiety 
(scheme of query used in database search contains coumarin 15 

backbone with double bond at atom C3, see Scheme S2).   
 The dominant interaction in coumarin derivatives is H…H 
interaction (Fig. 8). The contribution to the Hirshfeld surface is in 
the range 28% to 50.8% for UPATAH32 and PUMJIR33. The 
smallest H…H contribution to the Hirshfeld surface for 20 

UPATAH32 corresponds with evenly distributed other 
interactions for that structure. The investigation of the crystal 
packing of UPATAH32 displays a characteristic type of layered 
structure, where molecules lie on planes separated by 3.45 Å 

(Fig. S4). The same tendency is observed for other available 25 

Hirshfeld surface analysis of coumarin derivatives.34 
 The π…π stacking interaction is reflected in the C…C 
interactions for which a contribution to the Hirshfeld surface vary 
from 0% to 7.9% for all structures. Among eighteen analysed 
structures four of them has significantly small contribution 0% to 30 

0.8% since the hetero ring (tetrahydropyran) is not planar for 
those structures (PUMJIR,33 LAPVAB,35 RUZXEP,36 
RUZXAL36). However, for the remaining structures the C…C 
contribution is in the range 1.4% to 7.9% which corresponds with 
the pattern of red and blue triangles on the shape index surface 35 

(Fig. 6). The next significant percentage of the contribution to the 
Hirshfeld surface is for O/N...H contact (green and red colour on 
Fig. 8) and varies from 17.4% to 37.6%. The contributions of 
C…H interactions vary from 10.1% to 30.5% in WACWAA37 
and LAPVAB35, respectively. Since the contributions of C…H 40 

interactions are related to the lipohilicity index, the more detailed 
analysis of C...H contribution is presented below.  

Lipophilicity index vs C…H contact 

It was found that the contribution of C…H interactions to the  

Page 8 of 11CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  9 

X 

Fig. 8 Relative contributions of various intermolecular contacts to the Hirshfeld surface area in compound (I), (II) and (III) and other related structures 
retrieved from the CSD 

Hirshfeld surface corresponds with logP value. LogP describes 5 

lipophilicity which refers to an ability of molecule to dissolve in 
non-polar solvents. We compare the logP value with the 
contribution of C…H interactions to the Hirshfeld surface for 
four coumarin derivatives; three presented here and one 
IXAZIQ31 for which we determined logP earlier.8a Among the 10 

four structures the highest logP value was reported for compound 
(II) (4.07%), relating to the highest C...H (22.3%) contribution in 
the Hirshfeld surface. The lowest logP value and lowest C...H 
contribution is observed for compound IXAZIQ (-0.34% and 
12.2%, respectively). For the four structures, we found a 15 

tendency when logP is decreasing with the percentage of C...H 
contribution to the Hirshfeld surface. 
 

Conclusion 

 Three new coumarin derivatives have been synthesised and 20 

determined by X-ray crystallography. Our study has focused on 
analysis of the crystal structures, interactions and different 

structural motifs.  
The structural feature of these compounds is the appearance of 
two types of motifs: R (rings) and C(chains) formed by weak C-25 

H…O hydrogen bonds. In every structure these interactions lead 
to building the 2D supramolecular network of bonds. In case of 
crystal structure (II) and (III) the successive 2D sheets of 
molecules are linked by π…π interactions, while these are 
additionally enhanced by C-H…O interactions in crystal structure 30 

of (I). 
Since, the presented compounds exhibit biological activity, we 
elucidate the lipophicility parameter (logP) and compare it with 
respect to different intermolecular interactions. It was seen that 
the contribution of C…H interactions to the Hirshfeld surface 35 

correlates well with logP value. 
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