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Abstract: Crystal structures, Hirshfeld surface analy-
sis and a computational study have been carried out on 
2-oxo-2H-chromene-3-carboxylates. Crystal structures are 
reported for ethyl R-2-oxo-2H-chromene-3-carboxylate 
derivatives, 2a: R = 6-Me, 2b: 7-Me, 2c: 7-Me, 2d: R = 7-MeO. 
In contrast to 2-oxo-2H-chromene-3-carboxamides, 1, in 
which classical intramolecular N–H · · · O hydrogen bonds 
stabilize planar structures and hinder rotation of the amido 
group out of the coumarin plane in 2, without an equiva-
lent hydrogen bond, there is a greater rotational freedom 
of the carboxylate group. The interplanar angles between 
the coumarin core and its attached –C(O)–R substituent in 
crystalline 2a, 2b, 2c and 2d are 10.41(6), 36.65(6), 10.4(2) 
and 5.64(6)°, respectively, with distances between the car-
bonyl oxygen atoms of 2.8255(16), 2.9278(16), 4.226(2) and 
2.8328(14) Å, respectively. A theoretical study of molecu-
lar conformations was carried out at the M06-2X density 
level with the 6-31+G(d) and aug-cc-pVTZ basis sets, in 
methanol solution modeled by PCM, indicated that the 

most stable conformations had the carbonyl group of the 
ester in the plane of the coumarin core: the s-cis arrange-
ment of the ester carbonyl and the 2-oxo moieties being 
the slightly more stable than the s-trans form by less than 
0.5 kcal/mol. The experimental conformations of 2a and 
2d match well the low energy s-cis arrangement, and 2c 
matches the slightly lesser stable s-trans arrangement 
found in the theoretical study. A survey of the molecular 
conformations of more than 50 2H-chromene-3-carboxy-
lates derivatives in the CCDC data base indicated two dis-
tinct groupings of conformations, s-cis and s-trans, each 
with interplanar angles <30°.

Keywords: 2-oxo-2H-chromene-3-carboxylate derivatives; 
crystal structures; density functional theory; Hirshfeld 
surface analysis; molecular conformation.

Introduction
2H-Chromene-2-ones, or coumarins, are a group of 
natural product found in many plant species belong-
ing to the benzopyrone family. Derivatives, both natural 
and man-made, have been found to have a wide range of 
pharmacological activities [1–3], including as anti-HIV [4, 
5], antibacterial [6, 7], antifungal [8], anti-inflammatoryl 
[9], anti-TB [10, 11], antileishmanial [12], antimalarial [13], 
antitumor [14–16], and antidepressant activities [17], and 
act as anticoagulants [18], α-glucosidase inhibitors [19], 
topoisomerase II inhibitors [20], cholinesterase inhibi-
tors [21], Alzheimer’s diseaseinhibitors [22], and anti-
oxidants [23, 24]. Coumarins also have applications in 
cosmetics and can be used as optical brightening agents, 
laser dyes, and fluorescence markers [25, 26] and as liquid 
crystals [27].

The synthesis of the 2H-chromene-2-ones nucleus was 
first described in 1868 [28]. Since then, in keeping with 
their utilities, various synthetic procedures have been 
devised [29, 30]. The interest in establishing new synthetic 
routes continues today [31–33]. Among the recent devel-
opments has been the use of ultrasonics in the reactions 
between active methylene compounds and 2-hydroxyben-
zaldehydes or resorcinol [34].
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As part of our ongoing structural studies of com-
pounds having biological activities [35–38], some of us 
have reported the structures of 2-oxo-2H-chromene-3-car-
boxamides, 1, see Figure 1 [39, 40]. These studies, and a 
survey of related compounds in the CCDC data base, indi-
cated the near planarity of such molecules arising from 
the very strong classical intramolecular N–H · · · O hydro-
gen bond, involving the amido group and the chromene 
carbonyl oxygen atom, which essentially fixes the overall 
conformation to be near planar, see Figure 1. Alkyl 2-oxo-
2H-chromene-3-carboxylates, 2, see Figure 1, do not 
possess the ability to form a strong intramolecular hydro-
gen bond from the carboxylate and oxo group. Without 
a strong stabilizing hydrogen bond, compounds 2 will 
have the freedom to rotate about the coumarin-carboxy-
late bond and thus have potential for a range of differing 
conformations.

With ready access to alkyl 2-oxo-2H-chromene-
3-carboxylates, prepared using ultrasonics [34], we ini-
tiated a crystal structural and Hirshfeld surface study 
of such carboxylates. Four compounds were chosen, 
for study, namely 3-ethoxycarbonyl-6-methylcou-
marin, 2a, 3-ethoxycarbonyl-7-methylcoumarin, 2b, 

3-ethoxycarbonyl-8-methylcoumarin, 2c and 3-ethoxycar-
bonyl-7-methoxycoumarin, 2d, see Figure 1. Each of the 
chosen compounds has relatively small substituents in 
order to avoid the influence of serious steric effects on the 
structures. The structures were solved from data collected 
at 100 K. The crystal structure of 2d had been previously 
determined from data collected at 296 K (Ref. [41]: CCDC.
KIWCIE: 928907): the same phase was obtained at both 
temperatures.

The molecular conformation is the basic building 
block for developing the crystal structure and thus is an 
important feature to investigate. However, due to the pos-
sibility of bond rotation in solution, the solid state con-
formation may be greatly changed on dissolution. To see 
what changes may occur in a model solvent, a computa-
tional study of the molecular conformations of the com-
pounds was carried out at the M06-2X density level with 
the 6-31+G(d) and aug-cc-pTVZ basis sets, in methanol 
solution modelled by the Polarizable Continuum Model.

Comparisons of the structural features found in this 
study were made with those of organyl 2H-chromene-
3-carboxylate compounds present in the CCDC data on 
Jun 22nd, 2017.
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2a:  R = Et; X = 6-Me
2b:  R = Et; X = 7-Me
2c:  R = Et; X =  8-Me
2d:  R = Et; X = 7-MeO
2f:  R = Et; X = 8-MeO [58]
2g:  R = Et; X = 8-EtO [59]

2e: Dimethyl 4-(8-t-butyl-3-
(methoxycarbonyl)-2-oxo-2H-chromen-6-yl)-
2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate [ref 57]

2h: (2R,3R)-Diethyl tartrate 2,3-bis(7-
diethylaminocoumarin-3-carboxylate) [ref 63]
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Fig. 1: (a) Compounds dealt with in this study, (b) cis and trans forms of 2.
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Experimental
General synthesis

The compounds were produced as previously reported, see Scheme 1 
[34]. The samples used in the crystal structure determinations were 
grown from methanol solutions. Physical properties were in agree-
ment with reported values [34].

Experimental crystallography

Details of the data collection and refinement are given in Table 1 
[42–47].

The Hirshfeld surface analysis

The Hirshfeld surfaces and two-dimensional fingerprint (FP) plots 
[48] were generated using Crystal Explorer 3.1 [49]. The Hirshfeld 

surfaces were mapped over dnorm (all scaled between −0.250 and 
1.200). The Hirshfeld surfaces and FP plots for the four compounds 
are discussed at appropriate points in the Results and Discussion 
section.

Computational methodology

Starting structures for geometry optimizations were created from the 
X-ray crystal structures of the different coumarins, with further geom-
etries formed by rotating around the flexible bonds. Dihedral angles 
of 0 and 180° were used for the rotation of the (coumarin)C–O(OEt) bond in 
all four molecules and for the O–CH3 bond in 2d, and values of 0, 90, 
180 and 270° for the last two bonds in the O=C–O–CH2–CH3 moiety. 
The structures were optimized using the M06-2X density functional 
[50] and the 6-31+G(d) basis set, in methanol solution modelled by the 
Polarizable Continuum Model [51] using the integral equation formal-
ism variant (IEFPCM). The optimized structures were sorted into dif-
ferent groups (A–G) and selected conformers were re-optimized at the 
M06-2X/aug-cc-pVTZ level [52, 53]. All calculations were carried out 
with Gaussian 09 [54] and employed Gaussian’s “ultrafine” integration 

Tab. 1: Crystallographic details.

2a 2b 2c 2d

Crystal data
 Chemical formula C13H12O4 C13H12O4 C13H12O5 C13H12O4

 Mr 232.23 232.23 248.23 232.23
 Crystal system, space group Monoclinic, C2/c Monoclinic, P21/c Monoclinic, C2/c Monoclinic, C2/c
 Temperature (K) 100 100 100 100
 a, b, c (Å) 23.8307 (5),  

7.1205 (2), 13.4435 (8)
13.1258 (5),  
6.5711 (2), 12.7688 (4)

25.6082 (11),  
6.8565 (3), 13.4709 (8)

35.010 (3), 4.6438 (3), 
13.5997 (8)

 β (°) 108.450 (4) 96.374 (3) 104.060 (5) 94.795 (7)
 V (Å3) 2163.93 (16) 1094.51 (6) 2294.4 (2) 2203.3 (3)
 Z 8 4 8 8
 Radiation type Mo Kα Mo Kα Mo Kα Mo Kα
 μ (mm−1) 0.11 0.11 0.11 0.10
 Crystal size (mm) 0.12 × 0.06 × 0.04 0.14 × 0.06 × 0.05 0.14 × 0.12 × 0.07 0.08 × 0.05 × 0.01

Data collection
  –  Diffractometer: Rigaku FRE+ equipped with HF Varimax confocal mirrors and an AFC12 goniometer and HG Saturn 724+ detector 

diffractometer
   –  Absorption correction: Multi-scan CrysAlis PRO 1.171.39.9g (Rigaku Oxford Diffraction, 2015) Empirical absorption correction using 

spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm

 Tmin, Tmax 0.804, 1.000 0.658, 1.000 0.910, 1.000 0.731, 1.000
  No. of measured, independent 

and observed [I > 2σ(I)] reflections
9681, 2481, 2023 9755, 2493, 1938 9872, 2627, 2242 15178, 2511, 2272

 Rint 0.029 0.036 0.024 0.047
 (sin θ/λ)max (Å−1) 0.649 0.649 0.649 0.649

Refinement
 R[F2 > 2σ(F2)], wR(F2), S 0.043, 0.110, 1.05 0.045, 0.106, 1.03 0.039, 0.109, 1.07 0.076, 0.195, 1.19
 No. of reflections 2481 2493 2627 2511
 No. of parameters 156 156 165 156
 H-atom treatment H-atom parameters 

constrained
H-atom parameters 
constrained

H-atom parameters 
constrained

H-atom parameters 
constrained

 Δρmax, Δρmin (e Å−3) 0.34, −0.27 0.34, −0.26 0.43, −0.19 0.68, −0.30
 CCDC no. 1573020 1573018 1573019 1573021

Computer programs: CrysAlis PRO 1.171.39.9g [42]; SHELXT [43]; ShelXle [44] SHELXL2014/17, SHELXL7 [45]; Mercury [46]; PLATON [47].
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grid. Relaxed energy profiles were generated for rotation of the C(O)
OCH2CH3 chain for forms Aa and Ca of coumarin 2d by optimizing the 
molecule at fixed torsion angle values with step sizes of 10°.

Results and discussion
The colourless compounds, 2a–2d, crystallize in mono-
clinic phases: compounds 2a, 2b and 2d in the C2/c with 
Z = 8 and compound 2c in the P21/c with Z = 4. The asym-
metric unit in each case was a single molecule. The atom 
arrangements and numbering schemes are illustrated in 
Figure 2.

Molecular conformations of 2a–2d

The coumarin cores are very near planar in each of the four 
compounds: in compound 2a, ring atom outliers from the 
best planes are C4A [at 0.023(1)] and C3 [at −0.015(1)], with 
the exocyclic carbonyl atom, O2, −0.039(1) Å out of the best 
plane; in compound 2b, ring atom outliers from the best 
planes are C3 [at 0.087(1) Å] and O1 [at 0.064(1) Å], with 
the exocyclic carbonyl atom, O2 −0.061(1) Å out of the best 

plane; in compound 2c, ring atom outliers from the best 
planes are C3 [at 0.014(2) Å] and C2 [at −0.011(2) Å], with 
the exocyclic carbonyl atom, O2 −0.034(1) Å out of the best 
plane; and in compound 2d, ring atom outliers from the 
best planes are C2 [at 0.010(1) Å] and O1 [at −0.020(1) Å], 
with the exocyclic carbonyl atom, O2 0.022(1) Å out of the 
best plane.

Selected bond lengths and angles are displayed in 
Table 2. As shown in Table 2, the C–C bond lengths in 
the pyran-2-one ring vary between 1.354(2) and 1.473(2) Å. 
Thus despite each carbon atom in the ring being formally 
sp2 hydridiZed with the sixth atom in the ring an oxygen 
atom, there is not complete π electron delocalization 
within the pyran-2-one ring.

As shown by the torsion angles and the O2–O31 
distances, listed in Table 2, there are differences in the 
molecular conformations, for example, the values of the C2–
C3–C31–O31 torsion are 170.28(12), −146.89(13) and −8.2(3) 
are 174.979(10)°, and the d(O2–O31) distances are 2.8255(16), 
2.9278(16), 4.226(2) and 2.8328(14) Å, respectively for 2a–2d. 
The molecular conformation of compounds 2a and 2d, as 
judged by the shorter d(O2–O31) distances, will be termed a 
s-cis conformation, and that of 2c will be termed, due to the 
longer d(O2–O31) distance, a s-trans conformation, see also 

2b2a

2d2c

Fig. 2: Atom arrangements and side-on views of the molecular conformations of 2a–2d. Probability ellipsoids have been drawn at the 50% 
level. Intramolecular hydrogen bonds have been drawn as thin dashed lines.
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Figure 2. The molecular conformation of 2b is somewhat in 
between the s-cis and s-trans conformations, from both the 
torsional angles and the d(O2–O31) distance, but is clearly 
much closer to the s-cis form.

Theoretical study of the molecular 
 conformations in compounds 2a–2d

To further investigate the s-cis and s-trans molecular 
conformations, calculations were carried out at the M06-
2X/6-31+G(d)* and M06-2X/aug-cc-pVTZ levels in implicit 
methanol solution [50–52]. Methanol was chosen as it was 
the solvent used for the recrystallizations. All possible 
conformations of the side chains have been considered 
and have been grouped in different categories, based on 
the extent of the rotations involving the C(O)OEt group, 
and additionally in 2d that of the OMe group. Figures and 
energies for the most stable conformations are shown in 
Figure 3, with the more energetic conformations are also 
shown in the Supplementary Figure 1. For compounds 
2a–2d, the A and C forms (s-cis forms) and B and D forms 
(s-trans-forms), respectively, have the (coumarin)C(=O)–C(OEt) 
fragment coplanar with its attached 2H-chromen-2-one 
unit, see Figure 3. There are only small energy differ-
ences between the A–D forms, but, of interest, 2a has the 
A form, whilst compound 2b has the B form. It is apparent 
that crystal packing effects result in compound 2c being 
distorted from an ideal cis form. With consideration also 
of additional rotational changes involving the methoxy 

group in 2d there are more conformations to consider. Var-
iation of the methyl group about the coumarin unit does 
lead to stability differences (compare Xa and Xb struc-
tures: X = A, B, etc). However, the most stable arrange-
ment for 2d is calculated to bethe s-cis form, Aa, though 
the s-trans form, Ba, is nearly iso-energetic. Of interest, 
the solid state experimental form of 2d matches exactly 
that of the theoretical solution-phase form.

Figure 4 shows the variation in conformer stability on 
rotating the (coumarin)C–O(OEt) unit out of the plane of the 2d 
coumarin core for the Aa and Ca forms. The profiles pass 
through the Ba and Da forms, respectively (Aa and Ca are 
located near 0° Ba and Da near 180°, in the profiles). The 
differences between the Aa and Ca pair and between the 
Ba and Da pair involve rotations about the O–CH2 bond of 
the ethyl group. As shown in Figure 4, rotations in the case 
of Aa and Ca from 00, and in the case for Ba and Da, from 
180°, result in higher energies. Overall the most stable 
arrangements are Aa and Ba, in which the ethyl group is 
fully extended.

Intermolecular interactions in 2a–2d

The intermolecular interactions in 2a–2d, as estab-
lished by both the PLATON and Hirshfeld surface analy-
ses, are listed in Table 3. Present in all four compounds 
are C–H · · · O and π · · · π interactions, while compound 
2a also exhibits a C=O · · · π interaction. Table 4 lists the 
contributions of various contacts, selected by the partial 

Tab. 2: Selected torsion angles (°) and distances, Å, in compounds, 2a–2d.

Angle/distance 2a 2b 2c 2d

C2–O2 1.2040(17) 1.2002(18) 1.204(3) 1.2056(15)
C2–C3 1.473(2) 1.4697(19) 1.462(3) 1.4671(16)
C3–C4 1.355(2) 1.354(2) 1.356(3) 1.3615(15)
C4–C4A 1.4342(19) 1.434(2) 1.430(3) 1.4313(15)
C4A–C8A 1.398(2) 1.3965(19) 1.394(30 1.3954(16)
C8A–O1 1.3777(17) 1.3908(19) 1.372(3) 1.3761(14)
O1–C2 1.3865(16) 1.3908(17) 1.384(3) 1.4019(15)
C3–C31 1.4905(19) 1.490(2) 1.497(3) 1.4951(15)
C31–O31 1.2102(19) 1.2050(18) 1.213(3) 1.2069(15)
C31–O32 1.3436(17) 1.3389(17) 1.333(3) 1.3386(14)
O32–C33 1.4510(16) 1.4615(19) 1.457(3) 1.4580(14)
C33–C34 1.506(2) 1.505(2) 1.506(4) 1.516(17)
O31–O2 2.8255(16) 2.9278(16) 4.226(2) 2.8328(14)
O31–C31–C3–C2 −9.2(2) 36.0(2) 172.0(2) −4.89(18)
O32–C31–C3–C2 170.28(12) −146.89(13) −8.2(3) 174.97(10)
C31–O32–C33–C34 −178.26(11) −178.07(12) −179.7(2) 173.73(10)
C4–C3–C31–O32 −6.54(18) 36.89(19) 173.8(2) −5.93(15)
C4–C3–C31–O31 174.00(14) −140.20(15) −6.1(3) 174.22(12)
Interplanar angles between the 
coumarin core and the EtO(O) side chain

10.41(6) 36.65(6) 10.4(2) 5.64(6)
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analysis of the FP plots. Some conclusions from Table 4 
for the three isomers, 2a–2c are (i) 2b has the highest com-
bined percentages of O · · · H/H · · · O and H · · · C/C · · · H 
interactions, but the lowest percentage of H · · · H contacts 
and (ii) 2c has the highest percentage of C · · · C contacts 
of the three isomers. Comparison of the two compounds, 
2c and 2d, both with substituents in the 7-position, indi-
cates that the most significant  differences are with the 
H · · · C/C · · · H and C · · · C contacts.

Although each compound has its own set of intermo-
lecular interactions, some common, albeit superficial, 
features are apparent. These are (i) chain formations uti-
lizing at least the O2 oxygen atom and (ii) sub-structures 
involving π · · · π interactions. These will be discussed 
below.

(a) Compound 2a

0.0
DCBA

DCBA

DCBA

(b) Compound 2b

(c ) Compound 2c

2.01.50.40.0

(c) Compound 2d

2.01.50.5

0.0 1.71.40.3

0.22.40.0
Aa Aa Ba

2.7
Bb

1.73.91.4
Ca Cb Da

4.3
Db

Fig. 3: Relative energies (kJ/mol) of the conformations, A–D, calculated at the M06-2X/aug-cc-pVTZ for compounds 2.

Fig. 4: Variation of energy, kJ/mol−1, of conformations on angle of 
rotation of the ester side chain about the coumarin core: minima for 
A and C scans occur at 0° and for B and D at 180°.
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Tab. 3: Geometric parameters and symmetry operations for hydrogen bonds and intermolecular interactions (Å, °).

D–H · · · A D–H H · · · A D · · · A D–H · · · A

Intramolecular hydrogen bonds
2a C4–H4 · · · O32 0.95 2.30 2.6559(16) 101
2c C4–H4 · · · O2 0.95 2.45 2.772(3) 100
2d C4–H4 · · · O32 0.95 2.31 2.6645(13) 101

D–H · · · A D–H H · · · A D · · · A D–H · · · A Symmetry code

Intermolecular hydrogen bonds
2a C4–H4 · · · O2 0.95 2.54 3.3973(17) 150 1/2 + x, 1 − y, z
2a C8–H8 · · · O31 0.95 2.51 3.4520(18) 171 −x, −1/2 + y, 1/2 − z
2a C5–H5 · · · O1 0.95 2.64 3.570(2) 168 1/2 + x, 1 − y, z
2b C4–H4 · · · O2 0.95 2.48 3.3951(17) 161 x, 1 + y, z
2b C71–H71C · · · O32 0.98 2.59 3.555(2) 170 1 − x, 1 − y, 1 − z
2b C5–H5 · · · O1 0.95 2.50 3.200(3) 149 x, 1 + y, z
2c C5–H5 · · · O2 0.95 2.50 3.200(3) 131 x, 1 − y, 1/2 + z
2c C33–H33B · · · O31 0.99 2.55 3.510(3) 164 1 − x, y, 1/2 − z
2d C4–H4 · · · O2 0.95 2.54 3.4506(14) 161 x, −1 + y, z
2d C34–H34B · · · O31 0.98 2.48 3.2613(16) 136 x, −1 + y, z
2d C5–H5 · · · O1 0.95 2.61 3.599(14) 127 x, −1 + y, z

Y–X · · · Cg X · · · Cg Xperp γ Y–X · · · Cg Y · · · Cg

Y–X · · · π interactions
2a C2–O2 · · · Cg2i 3.9028(12) 3.859 8.65 109.78(9) 4.4567(15)
Symmetry codes: i = −x, −1/2 + y, 1/2 − z.

CgI · · · Cg(J) Cg · · · Cg α β γ CgIperp CgJperp Slippage

π · · · π interactionsa

2a Cg1 · · · Cg1i 3.9829(8) 0.02(6) 32.9 32.9 3.3441(5) 3.3441(5) 2.163
2a Cg1 · · · Cg2i 3.5446(8) 1.59(6) 21.0 19.8 3.3360(5) 3.3100(6) 1.268
2a Cg2 · · · Cg1i 3.5446(8) 1.59(6) 19.8 21.0 3.3100(6) 3.3360(5) 1.198
2b Cg2 · · · Cg1ii 4.0944(8) 15.47(7) 45.1 29.8 3.5518(6) 2.8897(6) 2.901
2b Cg1 · · · Cg2iii 4.0944(8) 15.47(7) 29.8 45.1 2.8897(6) 3.5518(6) 2.037
2b Cg1 · · · Cg2iv 3.7243(8) 4.36(7) 27.3 26.0 3.3475(6) 3.3081(6) 1.711
2b Cg2 · · · Cg1iv 3.7243(8) 4.36(7) 26.0 27.3 3.3082(6) 3.3474(6) 1.632
2b Cg2 · · · Cg2iv 3.6368(8) 0.00(7) 25.4 25.4 3.2841(6) 3.2840(6) 1.563
2c Cg1 · · · Cg2v 3.4454(13) 0.70(10) 17.6 18.1 3.2756(9) 3.2848(9) 1.039
2c Cg2 · · · Cg1vi 3.4454(13) 0.70(10) 18.1 17.6 3.2849(9) 3.2757(9) 1.068
2d Cg1 · · · Cg1vii 3.5356(7) 6.79(5) 17.4 17.4 3.3733(4) 3.3733(4) 1.059
2d Cg1 · · · Cg2vii 3.6713(7) 7.16(5) 26.8 23.1 3.3770(4) 3.2770(5) 1.655
2d Cg2 · · · Cg1vii 3.6714(7) 7.16(5) 23.1 26.8 3.2771(5) 3.3770(4) 1.440
2d Cg2 · · · Cg1iv 3.4748(7) 3.7014(7) 20.1 20.1 3.2631(5) 3.2625(4) 1.196
2d Cg2 · · · Cg2iv 3.7014(7) 0.03(5) 27.9 27.9 3.2721(5) 3.2722(5) 1.730
2d Cg1 · · · Cg1iv 3.4750(7) o.89(5) 20.1 20.1 3.2625(4) 3.2632(5) 1.194

aα, Dihedral angle between planes I and J (°); β, angle Cg(I)→Cg(J); γ, angle Cg(I)→Cg(J) vector and normal to plane J (°); Cg–Cg, distance 
between ring centroids (Å); CgIPerp, perpendicular distance of Cg(I) on ring J (Å); CgJperp, perpendicular distance of Cg(J) on ring I (Å). Symmetry 
codes: i = 1/2 − x, 1/2 − y, 1/2 − z; ii = 1 − x, 1/2 + y, 3/2 − z, iii = 1 − x, −1/2 + y, 3/2 − z; iv = 1 − x, 1 − y, 1 − z; v = x, −1 + y, z; vi = x, 1 + y, z; 
vii = 1 − x, y, 1/2 − z.

Tab. 4: Percentages for the most relevant atom–atom contacts for the studied compounds (%).

H · · · H H · · · O/O · · · H H · · · C/C · · · H C · · · C C · · · O/O · · · C O · · · O

2a 40.3 31.0 15.7 6.2 5.0 1.8
2b 37.9 36.8 16.9 6.0 2.1 0.4
2c 43.9 30.2 13.7 7.9 3.3 1.1
2d 39.6 36.9 6.8 11.2 4.0 1.6
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Chain formation utilizing C–H–O hydrogen 
bonds, utilizing the carbonyl O2 oxygen

In each of the four compounds, chains of molecules 
are formed from C–H · · · O hydrogen bonds, utilizing, 
at least, the O2(carbonyl oxygen) atom. In 2a and 2b, 

the molecular chains are generated from C4–H4 · · · O2 
and C5–H5 · · · O1(pyran) hydrogen bonds, thereby pro-
viding C5,C5, R2

2(8) chains [55], while in compound 
2d,  additional C34–H34B · · · O31(ester) hydrogen 
bonds result in a more complex C5,C5,C6, R2

2(8) R2
2(13) 

arrangement [55], see Figure 5. The zig-zag chains in 

                                                                                     (a) 

                                                                                     (b) 

                                                                                     (c) 

(d) 

Fig. 5: Two views of the molecular chains in (a) 2a, (b) 2b, (c) 2c and (d) 2d. Intermolecular interactions are drawn as dashed lines. Table 3 
lists the symmetry codes for the intermolecular interactions.
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2a are propagated in the direction of the c axis, while 
in 2b and 2d, the chains are propagated in the direc-
tion of the b axis, with the coumarin cores in adjacent 
molecules parallel but separated by perpendicular dis-
tances of 0.86 and 0.42 Å, respectively in 2b and 2d, see 
Figure 5b and d.

In compound 2c, the chains, C7, of molecules are 
obtained solely from C5–H5B · · · O2 hydrogen bonds and 
are thus very different from the chains in 2a, 2b and 2d. 
The absence of C4–H4 · · · O2 and C5–H5 · · · O1  hydrogen 
bonds in 2c follows from the large H4–O2 and H5B–O1 
distances of 2.834 and 4.428 Å, respectively. Successive 
molecules in the chain are near orthogonal, with an inter-
planar angle of 89.91°, see Figure 5c.

It is argued that if 2c produced a similar chain to those 
found in 2b and 2d, it would result in severe steric hin-
drance between the C8-methyl group and to a C61-hydrogen 
in an adjacent molecule. The shortest C8 · · · H61  sepa-
rations are 2.814 and 2.873 Å, respectively in 2b and 2d. 
However, the reverse situation with Me on C61 and H8 on 
C8, does not prevent chain formation in compound 2a: 
the H8–H61C distance in 1 is 2.655 Å. Interestingly, the O1 
ring oxygen is not utilized in any intermolecular interac-
tion in 2c. The lack of C4–H4vO32 hydrogen bonds in 2b 
apparently arises from the larger rotation of the C(O)OEt 
group out of the coumarin plane, which results in a too 
long H4–O32 distance [>2.70 Å] for C4–H4 · · · O32 hydro-
gen bonding.

Other intermolecular interactions

Compound 2a

Other intermolecular interactions present in 2a are 
C8–H8 · · · O31  hydrogen bonds, C=O · · · π and π · · · π 
interactions, see Table 4. The combinations of these addi-
tional interactions generate chains, two of which pass 
though the unit cell, as shown in Figure 6a. The overlap 
of the π systems in the chain, shown in Figure 6b, involves 
both rings and with a perpendicular distance of 3.317 Å 
between parallel coumarin cores, this is clearly an impor-
tant interaction. The Hirshfeld surfaces for 2a are shown 
in Supplementary Figure 2.

Compound 2b

As well as the C4–H4 · · · O2 and C5–H5 · · · O1  hydro-
gen bonds, other intermolecular interactions identi-
fied in 2b are a C71–H71C · · · O32  hydrogen bond and 
π · · · π interactions, see Table 3 and Figure 7. There are 
two distinct π · · · π stacking interactions, which gener-
ate chains, see Figure  7. The stronger of the two π · · · π 
interactions, π · · · πi, is augmented by C71–H71C · · · O32i 
hydrogen bonds; and has a Cg(coumarin)–Cg(coumarin) 
separation of 3.6368(8) Å, and a strong overlap of the 
π systems, see Figure 7 [i = 1 − x, 1 − y, 1 − z]. The second 

(a) (b)

Fig. 6: Compound 2a. (a) Parts of two single molecular-wide chains of molecules, passing through the unit cell, derived from combinations 
of C8–H8 · · · O31 hydrogen bonds, C=O · · · π(pyran) and π(coumarin) · · · π(coumarin) interactions, (b) the view of the overlap of the 
interacting π systems in the π · · · π interactions. Intermolecular interactions are drawn as dashed lines. Table 3 lists the symmetry codes for 
the intermolecular interactions.
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10      L.R. Gomes et al.: Crystal structures, Hirsfeld surface analysis and a computational study

interaction, π · · · πii, has a much reduced π overlap, with 
a longer Cg–Cg separation of 4.0944(8) Å, see Figure 7b 
and c: symmetry operation: ii = 1 − x, −1/2 + y, 3/2 − z. As 
reported earlier, the EtOC(O) unit is out of the plane of its 
attached coumarin core. A consequence of this is that the 
distance between H71C and O32i is sufficiently short to 
allow the formation of C71–H71C · · · O32 hydrogen bonds. 
The Hirshfeld surface for 2b is shown in Supplementary 
Figure 3.

Compound 2c

The additional intermolecular interactions in 2c are C33–
H33B · · · O31  hydrogen bonds and π · · · π interactions, 
which combine to form the chevron-shaped sub-structure, 
shown in Figure 8a and b. The arrangement can be con-
sidered as being made up from symmetric dimers, formed 
from pairs of C33–H33B · · · O31 hydrogen bonds, which are 
then linked via π · · · π interactions into the chevron array. 

(a)

(b)

(c)

Fig. 8: Compound 2c. (a) and (b) Two views of the chevron-type arrangement of molecules generated from C33–H33B · · · O31 hydrogen 
bonds and π · · · π interactions: within this arrangement are R2

2(10) rings, better seen in Figure 8b, (c) the overlap of the π systems 
in the π · · · π stacks. Intermolecular interactions are drawn as dashed lines. Table 3 lists the symmetry codes for the intermolecular 
interactions.

‘’

(a) 

(b) 

 (c) 

Fig. 7: Compound 2b. (a) Part of the column of molecules, coloured according to symmetry codes, generated from combinations of 
C71–H71C–O32 hydrogen bonds, and π · · · πi and π · · · –πii interactions: symmetry codes: i = 1 − x, 1 − y, 1 − z; ii = 1 − x, −1/2 + y, 3/2 − z, 
(b) and (c) illustrates the π overlaps in the π · · · π stacks shown in Figure 7a. Intermolecular interactions are drawn as dashed lines. 
Table 3 lists the symmetry codes for the intermolecular interactions.
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The angle between the coumarin units in the chevron is 
near orthogonal, at 89.79°. The overlap of the π systems is 
extensive as shown in Figure 8c, and with a perpendicular 
distance between the parallel coumarin units in the π · · · π 
stack of only 3.281 Å – this interaction appears a critical 
one.

The Hirshfeld surface for 2c is shown in Supplemen-
tary Figure 4.

Compound 2d

The additional intermolecular interactions in 2d are two 
distinct π · · · π interactions, π · · · πi and π · · · πii, which 
alternate to form stacks of molecules: symmetry codes: 
i = 1 − x, y, 1/2 − z and ii = 1 − x, 1 − y, 1 − z, see Figure 9a. 
The orientation of the molecules alternates in successive 
rows of the stack. The distance between the best planes 
through parallel coumarin cores in the π · · · πii inter-
actions is 3.2721(5) Å. Due to the coumarin cores in the 
π · · · πi interaction not being parallel, the equivalent dis-
tance varies between 3.27 and 3.37 Å, with good overlaps 
of the π systems, see Figure 9b and c. Thus, both π · · · π 
interactions appear important interactions. These π · · · π 
stacks are linked primarily by the three C–H · · · O hydro-
gen bonds, namely C4–H4 · · · O2, C5–H5 · · · O1 and C34–
H34B · · · O31  hydrogen bonds, shown in Figure 5d, into 
a three dimensional array. In addition there is the pos-
sibility of further support from a weak C34–H34A · · · O7i 
hydrogen bond, with parameters d(H34A–O7) = 2.62  Å, 
C34–H34A · · · O7 angle = 163° and symmetry code: 
i = ½ + x, ½ − y, ½ + z.

The Hirshfeld surface for 2d is shown in Supplemen-
tary Figure 5.

Finger print (FP) plots

The FP plots for all compounds, shown in Figure 10, 
exhibit two pairs of spikes pointing south-west (de, 
di) ≅ (1.4, 1.0) Å, corresponding to H · · · O close contacts 
and a light blue area spread around de ≅ di ≅ 1.8 Å that is 
due to C · · · C close contacts. The areas with higher inten-
sity of pixels spread around de ≅ di ≅ 1.6 Å are due to H · · · H 
contacts. Of the three isomers, compounds 2a–2c, 2b has 
the highest percentage sum of all oxygen close contacts, 
and 2c the highest percentages of H · · · H contacts. Com-
pound, 2d, with the additional oxygen atom, has the 
highest percentage sum of all oxygen contacts, the highest 
percentage of C · · · C contacts and the lowest percentage of 
C · · · H/H · · · C contacts, of all four compounds. Compound 
2d has a higher percentage of C · · · C and C · · · H/H · · · C 
contacts than does 2b, see the light blue area spread 
around de ≅ di ≅ 1.6 Å.

Comparisons of reported solid state 
molecular conformations of alkyl 
2H-chromene-3-carboxylates

A survey of the CCDC data base for organyl 2H-chromene-
3-carboxylates on Jun 22nd, 2017 [56] revealed 61  hits, 
of which ca. 50 compounds were unique and had suffi-
cient deposited data to enable distances and angles to 

(a)

(b)

(c)

Fig. 9: Compound 2d. (a) Part of a π · · · π stack formed from alternating, π · · · πi and π · · · πii interactions: symmetry codes: i = 1 − x, y, 1/2 − z 
and ii = 1 − x, 1 − y, 1 − z; the molecules are coloured according to symmetry operations, (b) and (c) overlaps of the π systems in the π · · · πi 
and π · · · πii interactions. Intermolecular interactions are drawn as dashed lines. Table 3 lists the symmetry codes for the intermolecular 
interactions.
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be obtained. The substituents in the coumarin moiety 
and the carboxylate unit, both alkyl and aryl, varied 
greatly in terms of steric bulk and electronic effects. 
With the numbering scheme adopted in this study, see 
Figure 2, values have been obtained for the C4–C3–C31–
O31 and C4–C3–C31–O32 torsion angles, interplanar 
angles between the coumarin core and the C3, O31, O32, 
C32 atoms of the carboxylate side chain and the distance 
between the two carbonyl oxygen atoms, O2 and O31. 
Aspects of these geometric parameters will be discussed 
here, whilst fuller details are provided in Supplementary 
Table 1.

Without constraints such as the intramolecular 
N–H(amido) · · · O(carbonyl) hydrogen bonds found 
in the 2H-chromene-3-carboxamides [39, 40], values 
of the angles between the coumarin core and the car-
boxylate side chains vary between 0.00°, in dimethyl 
4-(8-t-butyl-3-(methoxycarbonyl)-2-oxo-2H-chromen-6-yl)-

2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate, 
2e, (Ref. [57]: CCDC codes: GIGDOR; 877578), to 60.73°, 
in the P21/n phase of ethyl 8-methoxy-2-oxo-2H-1-benzo-
pyran-3-carboxylate, 2f (Ref. [58]: CCDC codes: ADAZUB: 
610860), see Figure 1. The large majority of the com-
pounds have interplanar angles of <20°. Even in related 
compounds, such angles can be very different, e.g. the 
interplanar angle, 60.730, in 2f, which was recrystallised 
from CHCl3, is very different from that of its ethoxy ana-
logue, 2g (Ref. [59]: CCDC codes: EYIJUT: 1447837), recrys-
tallised from MeOH, as well as that found in its co-crystal 
with 2-aminobenzothiazole, (Ref. [60]: GUFDOB: 672097), 
values being 14.20(8) and 4.48(8)°, respectively.

It is interesting to compare the dihedral angles and 
O2–O31 distances in the simple alkyl 2H-chromene-
3-carboxylates, having no substituent in the phenyl ring 
of the coumarin moiety, thereby attempting to eliminate 
potential steric effects of ring substituents, see Table 5a. 

Fig. 10: The FP plots for 2a–2d. The southwest spikes ending at (de, di) ≅ (1.4, 1.0) Å are present in all the plots and are due to the C–H · · · O 
hydrogen bonds: the light blue area around de ≅ di ≅ 1.8 Å is present in all structures and indicate C · · · C close contacts. The plot for 
compound 2d also presents a light blue area around de ≅ di ≅ 1.6 Å, due to H · · · H contacts.
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No trend in the geometric parameters with the bulk of the 
R group is apparent.

The designation of a s-cis or a s-trans form for each 
compound was primarily obtained from the O2–O31 dis-
tance: values less than 3 Å clearly have s-cis forms and 
those greater than 4 Å have s-trans-forms. Values of tor-
sional angles can also be used, e.g. values of the torsional 
angle, C4–C3–C31–O31°, angles greater than 150° or less 
than 30° are clearly indicators of s-cis and s-trans forms, 
respectively. There are some compounds exhibiting 
intermediate values, e.g. 8-methoxy-2H-chromene-3-car-
boxylate [CCDC codes: ADAZUB: 610860] has C4–C3–C31–
O31 and d(O2–O31) values of −121.89(15)° and 3.0865 Å, 
respectively.

The distance between the two carbonyl oxygen atoms, 
O2 and O31, range from 2.773(3) (Ref. [61]: CCDC codes: 
PUGSAM 754378) to 4.329(2) Å (Ref. [62]: CCDC codes: 
XOTRAB; 996298), see the Supplementary Table 2. There 
are two distinctly popular ranges, namely 4.094(2)–
4.329(2) (s-trans compounds) and 2.777(3) – 3 Å (s-cis com-
pounds). As shown in Table 5b, there is just a slight excess 
of compounds having the shorter O2–O31 distances. This 
is in agreement with the theoretical M06-2X/study on the 
simple compounds, 2a–2d, which showed that the A and 
B forms, have very similar stabilities, but with a slight 
preference for the A form. Interestingly, in (2R,3R)-diethyl 
tartrate 2,3-bis(7-diethylaminocoumarin-3-carboxylate), 
2h, see Figure 1, (Ref. [63]: CCDC codes: OKIRIJ: 154949), 
the two carboxylate units have different orientations w.r.t. 
their attached coumarin moieties, with O2–O31 distances 
of 2.848(9) and 4.184(9) Å.

Conclusions
The theoretical and the crystallographic study of the 
four ethyl 2H-chromene-3-carboxylate derivatives 
and the survey of the published literature on organyl 
2H-chromene-3-carboxylates led to the same conclusion 
that the favoured conformations had the ester chain near 
planar to the coumarin cores.

Theoretical calculations of the molecular conforma-
tions in methanol of the four ethyl 2H-chromene-3-car-
boxylate derivatives indicated only small differences 
in energies (at most <0.5  KJ/mol) between the s-cis and 
s-trans forms, with the s-cis form being the more favoured 
in 2a–2c and equal stabilities for the two forms of 2d. 
Rotations of the ester group out the coumarin plane 
resulted in a Gaussian distribution of stabilities with the 
maximum energy occurring at around 90°. Rotations 
about the C–C bond of the ester ethyl group in all four 
molecules and about the O–C bond of the 7-methoxyl 
substituent in 2d were calculated to affect the energies 
as well, with extended forms leading to greater stability. 
The solid state molecular conformations of compounds 
2a (s-cis form), 2c (s-trans form) and 2d (cis form) were 
close to the calculated low energy forms: differences arose 
from the small interplanar angles of 10.41(6), 10.4(2) and 
5.64(6)°, respectively. A greater rotation of the ester group 
by 36.65(6)° in 2b, resulted in a greater difference between 
the experimental and calculated structures. The survey of 
organyl 2H-chromene-3-carboxylate compounds indicated 
two distinct groupings: s-trans compounds, with carbonyl 
oxygen–carbonyl distances of 4.094(2)–4.329(2) Å and 

Tab. 5: Values of d(O2–O31) and the C4–C3–C31–O31 torsional angles in published organyl 2H-chromene-3-carboxylate structures.

O O

O

OR
X

5

6

7
8

R C4–C3–C31–O31° d(O2–O31) Å cis or trans CCDC codes

(a) Alkyl 2H-chromene-3-carboxylates, (X = H)
Me −1.4(2) 4.243(18) trans CEHGUT: 896978
Et −162.22(14) 2.7948(17) cis MURCUX: 1011994
i-Pr 173.72(10)

−177.64(12)
2.8433(12)
2.8527(12)

trans ILICOX: 1448007

t-Bu 41.0(2) 4.001(16) Close to trans JELYOP: 247583

d(O2–O31) < 3.0 Å* d(O2–O31) > 3.9 Å

(b) All organyl 2H-chromene-3-carboxylate derivatives
C4–C3–C31=O31° 130–150 150–160 160–170 170–180 0–10 10–20 20–30 30–40 40–50
No. of molecules 5 5 11 12 11 6 5 0 2
Total 33 24

*The numbering scheme is that used in this article.
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interplanar angles less than 30° and s-cis compounds with 
equivalent parameters of 2.777(3) – 3 Å and angles greater 
than 150°. Very few compounds had intermediate values.

The Hirshfeld surface and PLATON analysis confirmed 
the presence in 2a–2d of (i) C–H · · · O hydrogen bonds, 
which lead primarily to molecular chains, and (ii) π · · · π 
interactions, which provide molecular dimers and stacks.

Supplementary material
Supplementary Figure 1 shows all the calculated con-
formations, A–G, for compounds 2a–2d and their ener-
gies, Supplementary Figures 2–5  show the Hirshfeld 
surfaces of compounds 2a–2d, respectively and Supple-
mentary Table  1 lists information on conformations of 
2H-chromene-3-carboxylate derivatives.

Full details of the crystal structure determinations in 
cif format are available in the online version, at https://
doi.org/10.1515/zkri-2018-2117. The cif-files have also been 
deposited with the Cambridge Crystallographic Data 
Centre with deposition numbers 1573018-1573021 for com-
pounds 2b, 2c, 2a and 2d, respectively, copies of which 
can be obtained free of charge on written application 
to CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: 
+44 1223 336033); on request by e-mail to deposit@ccdc.
cam.ac.uk or by access to http://www.ccdc.cam.ac.uk.
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