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Insights into conformational and packing features in a series of aryl
substituted ethyl-6-methyl-4-phenyl-2-oxo-1,2,3,4-tetrahydropyrimidine-
5-carboxylates†
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The supramolecular structures of eight aryl protected ethyl-6-methyl-4-phenyl-2-oxo-1,2,3,4-

tetrahydropyrimidine-5-carboxylates have been analyzed to determine the role of different functional

groups on the molecular geometry, conformational characteristics and the packing of these molecules

in the crystal lattice. Out of these the para fluoro substituted compound on the aryl ring exhibits

conformational polymorphism, due to the different conformation of the ester moiety. This behaviour

has been characterized using both powder and single-crystal X-ray diffraction, optical microscopy and

differential scanning calorimetry performed on both these polymorphs. The compounds pack via the

cooperative interplay of strong N–H/O]C intermolecular dimers and chains forming a sheet like

structure. In addition, weak C–H/O]C and C–H/p interactions impart additional stability to the

crystal packing.
Fig. 1 Chemical scheme of the studied compounds: [PYRO1] R ¼ o-F;

4-(2-fluoro-phenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydro-pyrimidine-

5-carboxylic acid ethyl ester. [PYRO2] R ¼ p-F; 4-(4-fluoro-phenyl)-6-

methyl-2-oxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid ethyl ester.
Introduction

In continuation of our efforts to understand the effect of func-

tional groups on the conformational and packing features in the

‘‘Bignelli’’ class of compounds, we present here a systematic

study of such features observed in these class of compounds

containing the oxo moiety in place of the thioxo moiety.1 These

compounds contain multiple functional groups and exhibit signif-

icant conformational flexibility with respect to the aryl ring and the

ester moiety. Both these functional groups can rotate indepen-

dently with respect to the dihydropyrimidine (DHPM’s) ring.2,3

For the relevant background literature, as regards application

of these class of compounds, the reader is advised to refer to the

previous article wherein we have performed similar studies on

these class of compounds.1 In view of tremendous application of

these molecules, we have prepared a library of compounds

where the ethyl-6-methyl-4-phenyl-2-oxo-1,2,3,4-tetrahydropyr-

imidine-5-carboxylate core is constant, and have undertaken to

investigate the role of functional groups on molecular geom-

etry, conformation and generation of supramolecular assem-

blies in the solid state. Furthermore, the synthesized

compounds have also been evaluated for their antibacterial, in

vitro antioxidant, and in vitro anti-inflammatory pharmacolog-

ical activity by agar diffusion, and Bovine Serum Albumin

method, respectively.4
aSolid State and Structural Chemistry Unit, Indian Institute of Science,
Bangalore, 560012, INDIA
bIndian Institute of Science Education and Research, ITI (Gas Rahat
Building), Govindpura, Bhopal, 462023, INDIA. E-mail: dchopra@
iiserbhopal.ac.in; Fax: +0755-4092392; Tel: +0755-4092321

† Electronic supplementary information (ESI) available: Melting points,
yields, IR data, PXRD and simulated Powder X-ray data. CCDC
reference numbers 761378–761386. For ESI and crystallographic data
in CIF or other electronic format see DOI: 10.1039/c0ce00045k
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Experimental

Synthesis

A mixture of ethylacetoacetate (0.1 mol), mono/di/tri substituted

benzaldehyde (0.1 mol) and urea (0.1 mol) were refluxed in 50.0

mL of ethanol for 2.0 h in presence of concentrated hydrochloric

acid as catalyst (Fig. 1). The reaction completion was monitored

through thin layer chromatography and contents of the reaction

mixture was poured into ice-cold water. The precipitate obtained

was filtered, dried and crystallized from methanol to obtain the

pure compounds. The purity of some of these samples were

analyzed through melting point measurements (ESI, Table S1),†
[PYRO3] R ¼ p-Cl; 4-(4-chloro-phenyl)-6-methyl-2-oxo-1,2,3,4-tetra-

hydro-pyrimidine-5-carboxylic acid ethyl ester. [PYRO4] R ¼ p-Br;

4-(4-bromophenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydro-pyrimidine-5-carb-

oxylic acid ethyl ester. [PYRO5] R¼ p-Me; 4-(4-methylphenyl)-6-methyl-

2-oxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid ethyl ester.

[PYRO6] R ¼ p-OMe; 4-(4-methoxyphenyl)-6-methyl-2-oxo-1,2,3,4-tet-

rahydro-pyrimidine-5-carboxylic acid ethyl ester. [PYRO7] R ¼ m-OMe;

4-[3-methoxyphenyl]-6-methyl-2-oxo-1,2,3,4-tetrahydro-pyrimidine-5-

carboxylic acid ethyl ester. [PYRO8] R ¼ m-OMe, p-OH; 4-(3-methoxy-

4-hydroxy-phenyl)-6-methyl-2-oxo-1,2,3,4- tetrahydropyrimidine-5-carb-

oxylate acid ethyl ester.
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Table 2 Relevant experimental torsion angles (�)

Torsion PYRO1 PYRO2A
PYRO2B (Molecule
A/B)

PYRO3(Molecule
A/B) PYRO4

PYRO5 (Molecule A/B)
PYRO6 (Molecule A/B)

C9–C4–C3–C5 68.1(2) 95.1(2) 86.4(4), 86.1(4) 84.5(2),88.7(2) 70.0(5) 85.0(3), 88.6(3) 83.5(2), 87.1(2)
C4–C3–C5–O2 �167.3(2) �168.6(2) �171.2(4), �175.0(3) �171.8(2),�178.6(2) �167.4(5) �171.9(2),�172.4(2)�173.6(2),�170.1(2)
C9–C4–N2–C1 �99.9(2) 78.9(2) 85.7(3), 84.2(3) 87.6(2), 81.9(2) 99.5(5) 86.6(2), 81.1(2) 84.1(2), 85.5(2)
C14–C9–C4–C3 52.7(2) �30.1(3) �27.1(3), �25.1(3) 155.8(2), 155.3(2) 38.4(6) �31.5(3), �23.7(3) �9.7(3), 88.7(3)
C4–N2–C1–N1 18.3(3) 19.9(3) 19.3(4), 20.8(4) 19.2(2), 22.6(2) 17.2(6) 20.3(3), 23.2(3) 24.4(3), 15.5(3)
C5–O3–C6–C7a 174.6(2) 86.8(3) 84.7(5), �176.3(3) �78.9(2), 169.1(2) 105.8(5) �77.9(3), 168.2(3) 164.2(2), �84.9(3)

Torsion PYRO7 PYRO8

C9–C4–C3–C5 84.1(2) 85.4(3)
C4–C3–C5–O2 �171.4(2) �166.5(3)
C9–C4–N2–C1 88.3(2) 83.7(2)
C14–C9–C4–C3 6.5(2) �173.7(2)
C4–N2–C1–N1 15.6(2) 18.2(3)
C5–O3–C6–C7a �177.5(2) �169.2(4)

a In cases where the ethyl group (or one of the carbon atom) of the ester moiety is disordered, the torsion angle with respect to the major conformer is
taken.
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infrared spectroscopic data, 1H-NMR, LC-MS. Furthermore,

powder X-ray (PXRD) data were collected and compared with

the simulated powder data obtained from single crystal data (see

ESI)† thereby proving that the single crystal is representative of

the bulk compound.
Data collection, reduction and refinement

A single crystal of suitable size (for PYRO1) for single-crystal

X-ray diffraction was selected and data were collected on

a Bruker AXS SMART APEX CCD diffractometer.5 The X-ray

generator was operated at 50 kV and 35 mA using Mo-Ka

radiation (l¼ 0.71073 �A). Data were collected with u scan width

of 0.3� at 292 K. A total of 606 frames were collected in four

different settings of 4 (0�, 90�, 180�, 270�) keeping the sample to

detector distance fixed at 6.03 cm and the 2q value fixed at �25�.

The data were reduced using SAINTPLUS and an empirical

absorption correction was applied using the package SADABS.5

The remaining crystals (PYRO2A, PYRO2B, PYRO3/5/6 are

collected at 120 K and PYRO4/7/8 at 292 K) were recollected in

CrysAlis CCD, Oxford Diffraction with X-ray generator 49.30

kV and 0.980 mA, using Mo-Ka radiation (l ¼ 0.7107 �A).5 The

cell refinement, the data reduction was done in CrysAlis RED.6

The structures were solved by direct method using SHELXL977

present in the program suite WinGX (version 1.70.01).8 The

molecular diagrams were generated from ORTEP9 and the

packing diagrams were generated using Mercury.10 Geometrical

calculations were done using PARST9511 and PLATON.12 The

non-hydrogen atoms are refined anisotropically and hydrogen

atoms bonded to C and N atoms were positioned geometrically

and refined using a riding model with distance restraints of N–

H ¼ 0.86 �A, aromatic C–H ¼ 0.93 �A, methyl C–H ¼ 0.96 �A and

with Uiso(H) ¼ 1.2Ueq(N,C) and 1.5 Ueq(N,C).
Results

The molecular and crystal structures of all the eight compounds

(PYRO1–8) have been determined at room temperature. The
This journal is ª The Royal Society of Chemistry 2011
solid state molecular geometry were optimized for all the

compounds using the Gaussian03 program package,13 using

B3LYP conjunction with the 6-31G** basis sets. Structures were

visualized in the software MERCURY.10 It is noteworthy that all

the relevant torsion angles obtained from experiment and theory

are comparable with each other, except for C14–C9–C4–C3, its

magnitude depicting the rotational twist of the phenyl ring with

respect to the six-membered tetrahydropyrimidine ring.

Fig. 1 depicts the chemical scheme of all the compounds under

investigation. Table 1 lists the relevant crystallographic data and

relevant torsion angles affected by functional group substitution,

obtained from experiment are listed in Table 2. Table 3 lists all

the intra- and intermolecular interactions observed in all the

crystal structures.

The relevant bond lengths and bond angles are given in the

ESI, Table S2.† Table S3 list the Cremer and Pople parameters14

for the 6-membered rings, Table S4 lists the dihedral angles

between the aryl ring with the tetrahydropyrimidine and

carboxylic acid moiety. Table S5 lists the deviation of the flag-

pole atoms C4 and N1 from the least squares plane passing

through N2, C1, C2, and C3.† The list of torsion angles obtained

from theory at the B3LYP/6-31G** are listed in Table S6.†
Structure of PYRO1

The molecular and crystal structure of 4-(2-fluoro-phenyl)-6-

methyl-2-oxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic acid

ethyl ester has been determined previously.15 It was observed that

the magnitude of the residual peak was +0.856 e�A�3, which is

high for a light atom structure. Hence it was of interest to re-

determine the structure of the compound [Fig. 2]. It was observed

that the fluorine atom at the ortho position is disordered over two

sites, the major occupancy refining to 0.842(4). The residual

electron density value is now +0.34 e �A�3, an acceptable value for

a light atom structure. This feature is present in many related

organic compounds containing fluorine in either the ortho or

meta position.16 This compound crystallizes in the triclinic space

group P�1 with Z ¼ 2 molecules in the unit cell [Fig. 2]. The
CrystEngComm, 2011, 13, 591–605 | 593
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Table 3 List of intra- and intermolecular interactions; Cg is the center of gravity of the isolated double bond C2]C3; Cg1 is the center of gravity of the
six-membered aryl ring C9/C14; Cg2 is the center of gravity of the six-membered aryl ring C90/C140

Compound D–H/A d(D–H)/�A d(H/A)/�A d(D/A)/�A :(D–H/A)/� Symmetry code

PYRO1 N1–H1N/O1 0.86 2.31 3.102(1) 154 x + 1, y, z
N2–H2N/O1 0.86 2.50 3.334(1) 165 �x + 1, �y, -z
C11–H11/F1 0.93 2.53 3.366(4) 150 2 � x, 2 � y, 1 � z

PYRO2A N1–H1N /O1 0.85(3) 2.05(3) 2.890(3) 176(3) �x + 3/2, �y + 1/2, �z + 2
N2–H2N/O1 0.89(3) 1.94(3) 2.832(3) 174(2) �x + 3/2, �y + 1/2 + 1, �z + 2
C14–H14/O2 0.96(3) 2.46(3) 3.229(3) 136(2) x + 1/2, y + 1/2, z
C7–H7C/Cg1 0.90(4) 2.92(4) 3.707(4) 139(3) �1/2 + x, 1/2 + y, z
C11–H11/Cg1 0.96(2) 2.89(2) 3.540(3) 126(2) 1/2 � x, �1/2 + y, 1/2 � z

PYRO2B N1–H1N/O10 0.88 2.11 2.926(3) 154 x � 1, y � 1, z
N2–H2N/O10 0.88 2.07 2.900(3) 157 x � 1, y, z
N10–H1N0/O1 0.88 2.06 2.907(3) 161 x + 1, y + 1, z
N20–H2N0/O1 0.88 2.10 2.900(3) 152 x + 1, y, z
C110–H110/Cg1 0.95 2.81 3.534(3) 134 1 + x, y, z
C14–H14/O10 0.95 2.81 3.685(3) 154 x � 1, y, z
C140–H140/O1 0.95 2.67 3.556(3) 156 x + 1, y, z
C130–H130/Cg2 0.95 2.84 3.703(3) 152 3/2 � x,�1/2 + y, 1/2 � z
C10–H10/O2 0.95 2.51 3.217(3) 131 �x, �y + 1, �z

PYRO3 N1–H1N/O10 0.88 2.06 2.894(2) 159 3/2 � x, �3/2 + y, 1/2 � z
N2–H2N/O10 0.88 2.10 2.937(2) 158 3/2 � x, �1/2 + y, 1/2 � z
N10–H1N0/O1 0.88 2.16 2.925(2) 145 3/2 � x, +3/2 + y, 1/2 � z
N20–H2N0/O1 0.88 2.04 2.884(2) 160 3/2 � x, 1/2 + y, 1/2 � z
C14–H14/O10 0.95 2.82 3.691(2) 153 �x + 3/2, y � 1/2, �z + 1/2
C140–H140/O1 0.95 2.62 3.518(2) 159 �x + 3/2, y + 1/2, �z + 1/2
C10–H10/O2 0.95 2.40 3.164(3) 137 2 � x, �y, �z + 1
C110–H110/Cg1 0.95 2.93 3.734(2) 143 x + 1, y, z

PYRO4 N1–H1N/O1 0.86 1.96 2.819(6) 172 1 � x, 2 � y, �z
N2–H2N /O2 0.86 2.30 3.130(6) 163 �1 + x, y, z
C14–H14/Cg 0.93 2.87 3.302(6) 121 x, y, z

PYRO5 N1–H1N/O10 0.88 2.11 2.935(2) 156 x, y � 1, z
N2–H2N/O10 0.88 2.10 2.923(2) 155 x, y, z
N10–H1N0/O1 0.88 2.05 2.897(3) 161 x, y + 1, z
N20–H2N0/O1 0.88 2.16 2.925(3) 145 x, y, z
C10–H10/O2 0.95 2.42 3.217(3) 141 1 � x, �y, �z

PYRO6 N1–H1N/O10 0.88 1.98 2.841(2) 166 x � 1, y � 1, z
N2–H2N/O10 0.88 2.16 2.940(2) 147 x � 1, y,+ z
N10–H1N0/O1 0.88 2.09 2.948(2) 164 x + 1, y + 1, z
N20–H2N0/O1 0.88 1.99 2.863(2) 174 x + 1, y, z
C110–H110/O20 0.95 2.58 3.185(3) 122 �x + 3/2, y � 1/2, �z + 1/2
C14–H14/O10 0.95 2.54 3.456(2) 161 x � 1, y, z

PYRO7 N1–H1N/O1 0.86 2.13 2.966(2) 164 �1/2 � x, 1/2 + y, 1/2 � z
N2–H2N /O2 0.86 2.09 2.922(2) 162 �1/2 � x, �1/2 + y, 1/2 � z
C12–H12/O2 0.93 2.64 3.524(3) 160 �x + 3/2, y + 1/2, �z + 3/2
C7–H7C/Cg1 0.98 2.97 3.780(3) 143 1/2 + x, 1/2 � y, 1/2 + z

PYRO8 N1–H1N/O1 0.86 2.16 3.015(2) 171 �1/2 � x, �1/2 + y, 1/2 � z
N2–H2N/O1 0.86 2.09 2.902(2) 156 �1/2 � x, 1/2 + y, 1/2 � z
O4–H4O/O2 0.82 2.33 2.872(3) 124 �x + 1/2, y + 1/2, �z + 1/2
C7–H7A/Cg1 0.98 2.97 3.759(4) 140 1/2 + x, 1/2 � y, 1/2 + z
C11–H11/Cg1 0.98 2.97 3.735(3) 141 1/2 � x, �1/2 + y, 1/2 � z
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compound exists in the screw boat conformation with C4 and N1

forming the flagpole atoms. The carbonyl group C5]O2 exists

in an s-cis conformation [The spatial arrangement of two

conjugated double bonds about the intervening single bond is

described as s-cis if synperiplanar and s-trans if antiperiplanar]

with respect to the C2]C3 double bond. The six-membered

tetrahydropyridimine ring exhibits a dihedral twist of 89.3(1)�

with the aryl ring. There are two potential hydrogen bond

donors, namely H1N and H2N and two potential acceptors,

namely the carbonyl oxygen atom O1 and O2, respectively. The

crystal packing is characterised by two unique distances, depicted

as d1 and d2 [Fig. 3] which separates the polar sheets in the

crystal packing (across the center of symmetry). The distance d1

is almost invariant in all the crystal structures analyzed here,

whereas d2 depends on the size and nature of the functional
594 | CrystEngComm, 2011, 13, 591–605
group (whether it is involved in intermolecular interactions)

present on the phenyl moiety (termed as ‘‘hydrophobic spacer’’).

The distance d1 and d2 between two consecutive sheets is

�3.342(3) �A and �7.649(3) �A. The crystal packing consists of

N–H/O hydrogen bonded dimers, involving H1N, and chains,

involving H2N along the crystallographic a-axis. This results in

the generation of a sheet-like structure, forming R4
4(20)17 dimeric

motifs [Fig. 4(a)]. The fluorophenyl moiety which separates two

successive sheets provides additional stability via the formation

of C–H/F dimeric motifs in the crystal lattice.18 Fig. 4(b) shows

the packing diagram depicting such motifs in the crystalline

lattice. Such packing motifs have been frequently encountered in

previous studies performed on compounds containing organic

fluorine.19 The consecutive sheets are held by van der Waals

interactions between the molecules.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 ORTEP for PYRO1 drawn at 50% ellipsoidal probability. The

ester moiety exists in s-cis orientation with respect to the C2]C3 double

bond. The hydrogen atoms have been excluded for clarity.

Fig. 3 Crystal packing in 6-methyl-4-phenyl-2-oxo-1,2,3,4-tetrahy-

dropyrimidine-5-carboxylate ethyl ester, containing phenyl moiety. The

blue line indicates the unit cell for a triclinic system (as reference for

comparison). The coloured dots indicate the center of symmetry for the

monoclinic crystal system.

Fig. 4 (a): N–H/O hydrogen bonds generating a sheet-like structure. H

atoms not involved in intermolecular interactions are omitted for clarity.

(b): Packing diagram of PYRO1 depicting N–H/O intermolecular

hydrogen bonded dimers and chains along with C–H/F intermolecular

interactions forming dimers. The N–H/O hydrogen bonds are perpen-

dicular to the bc plane (along a axis).

Fig. 5 Optical images depicting concomitant dimorph formation,

existing in plate-like and rod shaped morphology.
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Structure of PYRO2

The crystallization of this molecule results in the formation of

concomitant dimorphs, exhibiting plate-like and rod shape

morphology [Fig. 5]. Both forms crystallize in the monoclinic

crystal system, having centrosymmetric space groups C2/c

(PYRO2A: Form I) and P21/n (PYRO2B: Form II), respectively.

The number of molecules in the asymmetric unit is one [Fig. 6(a)]

and two (Molecule A and B) [Fig. 6(b)] in the two forms. The

ethyl group of the ester moiety is ordered in Form I and out of

two molecules in the asymmetric unit, the ethyl group in one

(Molecule A) is disordered in Form II. The occupancy for the

major conformer (Molecule A) refines to a value of 0.640(6).

Dihedral angles between the six-membered tetrahydropyrimidine

ring and the aryl ring are 81.7(1)� in case of PYRO2A and

76.3(1)�/76.7(1)� in Molecule A/B for PYRO2B, respectively.
This journal is ª The Royal Society of Chemistry 2011 CrystEngComm, 2011, 13, 591–605 | 595
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Fig. 6 (a) ORTEP for PYRO2A drawn at 50% ellipsoidal probability.

The hydrogen atoms have been excluded for clarity. (b) ORTEP for

PYRO2B depicting molecules A and B (asymmetric unit). The ester

moiety exists in s-cis orientation with respect to the C2]C3 double bond.

The hydrogen atoms have been excluded for clarity.
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The orientation of the –OEt moiety is different in both the forms.

In the former (Form I), the ethyl group is perpendicular to the

carboxylate group, the torsion C5–O3–C6–C7 ¼ 86.8(3)�, with

respect to the ester moiety, the Molecule A, existing in two

conformations, the conformation of the major conformer being

similar with the one observed in Form I [torsion angle C5–O3–
Fig. 7 DSC traces for the two dimorphs of PYRO2. The number of heating an

heating/cooling was 5 �C min�1). In both forms, the absence of a crystallizati

596 | CrystEngComm, 2011, 13, 591–605
C6A–C7A ¼ 84.7(5)�]. However, in Molecule B, the ethyl group

and carboxylate moiety lie in the same plane, the torsion angle

being �176.3(3)�. This leads to the formation of conformational

dimorphs. The conformation of the ester moiety is s-cis with

respect to the C2–C3 double bond in Molecule A and B,

respectively. The existence of polymorphism in this compound is

further supported by DSC experiments, the difference in the

melting points of these dimorphic forms of PYRO2 being 4.2 �C

[Fig. 7].

The crystal packing in both the forms is formed via the

involvement of strong hydrogen bonds and weak interactions. In

Form I, in addition to N–H/O]C hydrogen bonds which form

a sheet-like structure (ribbon motif), C–H/O]C (ester moiety)

hydrogen bonds between the aromatic hydrogen (H14) of the

aryl ring and the oxygen of the ester moiety provide additional

stability. The space between the ‘‘polar’’ sheets is separated by

a fluorophenyl spacer and is stabilized by C–H/p interactions20

(involving H11). The adjacent sheets are held together by C–H/
p intermolecular interactions (involving H7C) in the crystal

packing [Fig. 8(a)]. The distances d1 and d2 are �3.823(3) �A and

�9.094(5) �A, respectively. In both the forms, the primary

packing motif consists of N–H/O dimeric hydrogen bonded

ribbon motifs forming a sheet like structure along the b axis. In

comparison to Form I, in Form II, there are two ‘‘unique’’ ribbon

motifs, one in which a given Molecule A, is surrounded by

Molecule B on either side to form /BAB/ type of packing. In

the other ribbon motif, a molecule B is surrounded by Molecule

A on either side generating a /ABA/ type of packing motif

[Fig. 8(b)]. Overall, both the ribbon motifs are the same except

that these are stacked one above the other, the distance between

such successive layers being 3.494 �A. In addition, C–H/O

intermolecular hydrogen bonds (involving H14), also provide

additional stability. It is noteworthy, that C–H/p interactions

exist between A and B molecules and also between molecules of

the B-type which contribute towards the stability existing

between the sheets [Fig. 8(c)]. The characteristic distances d1 and

d2 are �3.315(3) �A and �8.490(4) �A (between molecule A and B

in the unit cell). These are lower in magnitude compared to those

observed in the previous form, thereby indicating higher packing

efficiency (higher density of 1.405 in PYRO2B as compared to

1.386 in PYRO2A), accompanying a higher melting point for

PYRO2B as observed in the thermal measurements.
d cooling cycles were one for PYRO2A and two for PYRO2B (the rate of

on exotherm indicates decomposition of the crystal after melting.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 (a) Packing diagram of PYRO2A depicting N–H/O]C

hydrogen bond, C–H/O and C–H/p interactions. (b) PYRO2A

forming ribbon motif whereas PYRO2B forming two superimposed

ribbon motifs corresponding to ‘‘/ABA/’’ type of packing. (c) Packing

diagram of PYRO2B depicting N–H/O]C hydrogen bonds, C–H/O

and C–H/p interactions. H atoms not involved in intermolecular

interactions are omitted for clarity.

Fig. 9 ORTEP for PYRO3 drawn at 50% ellipsoidal probability

depicting molecules A and B (asymmetric unit). The ester moiety exists in

s-cis orientation with respect to the C2]C3 double bond. The hydrogen

atoms have been excluded for clarity.

This journal is ª The Royal Society of Chemistry 2011
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Structure of PYRO3

The substitution of chlorine atom in the para position on the phenyl

ring, results in the molecule crystallizing in the monoclinic space

group P21/n with Z ¼ 8 (Z0 ¼ 2 [Fig. 9]) molecules in the unit cell.

The ester group exists in s-cis orientation with respect to the

double bond. The aryl ring makes a dihedral twist of 73.8(1)�/

79.8(1)� with respect to the tetrahydropyrimidine ring, for the

two molecules respectively. N–H/O]C hydrogen bonded

dimers involving all the highly acidic donors, namely H1N, H2N,

H1N0 and H2N0 with the acceptor atoms O1 and O10 form

dimeric motifs leading to the formation of ribbons in the crystal

structure along the crystallographic ‘b’ axis. In addition C–H/O

dimers further act cooperatively stabilizing the ribbon motifs

[Fig. 10(a)]. The space between two successive sheets is stabilized

by C–H/p intermolecular contact (involving H110 and Cg2) due

to the rotation along the C–C bond of the aryl ring [Fig. 10(b)].

There are no short contacts involving the chlorine atoms in the

crystal lattice. The distance d1 and d2 between two successive

sheets is �3.338(3) �A and �8.948(3) �A, respectively, (between

molecule A and B in the unit cell). These distances and the nature

of intermolecular contacts are comparable with those observed in

PYRO2B indicating similarity in the crystal packing in the lattice.
Structure of PYRO4

The presence of the heavier halogen, bromine, in the para posi-

tion on the phenyl ring results in the molecule crystallizing in the
CrystEngComm, 2011, 13, 591–605 | 597
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Fig. 10 (a) N–H/O hydrogen bonds depicting the formation of a ribbon motif stabilized by C–H/O interactions in PYRO3. (b) Packing diagram of

PYRO3 depicting N–H/O hydrogen bonds perpendicular to the ac plane along with C–H/p intermolecular contact between the sheets separated by

the bydrophobic spacer. H atoms not involved in intermolecular interactions are omitted for clarity.
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triclinic space group P�1 with Z¼ 2 molecules in the unit cell. The

molecule exists in the screw boat conformation which is further

locked by an intra-molecular C–H/p interaction [Fig. 11]. This

feature has already been well investigated in the previously

studied compounds containing thioxo moiety.1 The ester

group exists in s-cis orientation with respect to the double

bond. The tetrahydropyrimidine and the aryl ring are nearly

orthogonal to each other, the dihedral twist being 86.4(2)�. The

carbon atom C7 is disordered over two sites, the major occu-

pancy refining to a value of 0.57(1) and the minor being
598 | CrystEngComm, 2011, 13, 591–605
0.43(1). The crystal packing is built up from interplay of

hydrogen bonds involving strong donors and acceptors,

namely H1N and H2N, forming N–H/O]C hydrogen

bonds, generating a 2D-sheet like structure, forming a R4
4(20)

ring motif [Fig. 12(a)]. The crystal structure is stabilized by

additional short Br1/O1]C1 contacts [3.240 �A, 166�;

symmetry code: 1 � x, 2 � y, 1 � z] between the sheets sepa-

rated by the hydrophobic spacer [Fig. 12(b)]. The corre-

sponding distances d1 and d2 is �3.384(3) �A and �9.193(3) �A

between the polar sheets.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 11 ORTEP for PYRO4 drawn at 50% ellipsoidal probability. Orange

open circle Cg1 indicates the center of gravity of the double bond C2]C3

and the dotted line depicts C–H. p intra-molecular interaction. H atoms

not involved in intra-molecular interactions are omitted for clarity.
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Structure of PYRO5

The introduction of a methyl group in the para position on the

phenyl ring [Fig. 13] results in the compound crystallizing in the

monoclinic space group P21/n with Z ¼ 8 (Z0 ¼ 2) molecules in

the unit cell, and is isostructural with PYRO2B and PYRO3. The

dihedral angle between the tetrahydropyrimidine ring and the

aryl moiety is 75.0(1)�/79.9(1)� in molecule A and B, respectively.

Both the molecules exists in s-cis orientation with respect to the

double bond. The crystal packing exhibits similarity in supra-

molecular features to PYRO2B and PYRO3. Strong N–H/
O]C hydrogen bonded dimers (present in the asymmetric unit)

generate a ribbon motif [Fig. 14(a)] These ribbons are further

supported by C–H/O intermolecular interactions [Fig. 14(b)].

The space between two adjacent polar sheets is stabilized by van

der Waals interactions [Fig. 14(b)]. The distance between the

polar sheets d1 and d2 (sheets containing the non-polar aromatic

moieties) are �3.608(3) �A and �9.867(3) �A, respectively.
Fig. 12 (a) Packing motif in PYRO4 depicting N–H/O hydrogen

bonded dimers and chains along the crystallographic a axis. (b) Packing

diagram in PYRO4 depicting N–H/O hydrogen bonded dimers and

chains along with C–Br/O]C dimeric short contacts in the crystal lattice.

H atoms not involved in intermolecular interactions are omitted for clarity.
Structure of PYRO6

The introduction of a methoxy moiety in the para position on the

phenyl ring results in the compound [Fig. 15] crystallizing in

monoclinic centrosymmetric space group P21/n with Z¼ 8 (Z0 ¼ 2)

in the unit cell. The molecule exists in the screw boat confor-

mation. It is noteworthy that the primary crystal packing is

governed by ‘‘similar’’ supramolecular motifs which dictate

packing of molecules as observed in those of the previous

compounds, namely PYRO2B, 3, and 5. The N–H/O]C

hydrogen bonded dimers form a ribbon motif [Fig.16(a)] run

along the crystallographic b axis further stabilized by C–H/O

intermolecular interactions in the crystal lattice [Fig.16(b)]. The

distance d1 between the ‘‘polar part’’ of the sheet like structure is

�3.696(3) �A and d2 is 10.521(4) �A (between molecule A and B in
This journal is ª The Royal Society of Chemistry 2011 CrystEngComm, 2011, 13, 591–605 | 599
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Fig. 13 ORTEP for PYRO5 drawn at 50% ellipsoidal probability.

Hydrogen atoms have been omitted for clarity.

Fig. 14 (a) Formation of the ribbon motif utilizing N–H/O hydrogen bond

PYRO5 depicting C–H/O intermolecular dimers. H atoms not involved in

600 | CrystEngComm, 2011, 13, 591–605
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the unit cell). The increase in distance d2 results from an increase

in the steric requirements of the methoxy group in the para

position.
Structure of PYRO7

On changing the position of the methoxy group from the para to

the meta position on the phenyl ring [Fig. 17], the compound

crystallizes in the monoclinic P21/n space group with Z¼ 4 (Z0 ¼
1) molecules in the unit cell. It is observed that the orientation of

the ester moiety becomes s-cis with respect to the C2]C3 double

bond. The crystal packing is dictated by dimeric motifs utilizing

N–H/O]C intermolecular hydrogen bonds, involving H1N

and H2N, forming a R2
2(8) ring motif generating ribbons

[Fig. 18(a)] along the b axis. Furthermore, C–H/O interactions

(involving H12) forming chains along the b axis and C–H/p

interactions involving H7C, the terminal hydrogen of the C7

methyl group of the ester moiety, forming chains along the n
s stabilized by C–H/O interactions in PYRO5. (b) Packing diagram of

intermolecular interactions are omitted for clarity.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 15 ORTEP for PYRO6 drawn at 50% ellipsoidal probability.

Hydrogen atoms have been omitted for clarity.
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glide plane, provide additional stability to the crystal packing

[Fig. 18(b)]. The relevant distances d1 and d2 are �3.453(3) �A

and �7.893(4) �A, respectively, in the crystal packing between the

polar sheets and such sheets separated by the hydrophobic

spacer.
Fig. 16 (a) Formation of the ribbon motif utilizing N–H/O hydrogen

bonds in PYRO6. (b) Packing diagram of PYRO6 depicting C–H/O

intermolecular interactions down the ac plane. H atoms not involved in

intermolecular interactions are omitted for clarity.
Structure of PYRO8

This compound crystallizes in the monoclinic space group P21/n

space group with Z ¼ 4 (Z0 ¼ 1) molecules in the unit cell

[Fig. 19]. The presence of a methoxy substituent at the meta

position and a hydroxy group at the para position results in

a twist boat conformation for the six-membered tetrahydropyr-

imidine ring. The orientation of the ester moiety is s-cis with

respect to the double bond. The carbon atom C6 (belonging to

the ethyl moiety of the ester group) exhibits positional disorder,

the occupancy of the major conformer refining to 0.76(2). The

crystal packing is again controlled by N–H/O dimeric motifs

forming a ribbon motif along the b axis [Fig. 20(a)]. The hydroxyl

group participates in very weak O–H/O intermolecular

hydrogen bonding. There are two different C–H/p intermo-

lecular interactions stabilising the packing between the polar

sheets, utilizing the screw axis and glide plane as the symmetry

elements in the crystal lattice [Fig. 20(b)]. Thus the crystal

packing is formed via a subtle interplay of strong and weak

interactions.
Discussions and comparison with related structures
(containing oxo moiety) in the CSD

A detailed crystallographic investigation of all the tetrahy-

dropyrimidine derivatives containing multiple functional groups

provides pointers towards an understanding of the key features

in molecular recognition and relevant intermolecular contacts.

These are responsible for the molecules to pre-organize and

contribute towards the stability of the crystalline lattice. Due to
This journal is ª The Royal Society of Chemistry 2011
the delocalization of the lone pair of electrons from either of the

nitrogen atoms N1 and N2 over the C]O functional group

the nitrogen atoms acquires considerable positive charge and the

oxygen atoms acquire considerable negative charge.21 Similar

behaviour was observed in the sulfur containing analogs of these

Bignelli compounds.1 Here also the charge present on the sulfur

atoms depends on the number of adjacent nitrogen atoms which

by resonance with the C]S group leads to an increase in dipole

moment. This results in an increased propensity to form N–H/
S]C hydrogen bonds.21

The crystal structures discussed here can be categorized into

two different supramolecular motifs, one constructed utilizing

strong hydrogen bonds involving polar functional groups,

and the other built up using hydrophobic moieties. The

comparison of related crystal structures22 in the Cambridge
CrystEngComm, 2011, 13, 591–605 | 601
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Fig. 17 ORTEP for PYRO7 drawn at 50% ellipsoidal probability. The

ester moiety exists in s-cis orientation with respect to the C2]C3 double

bond. The hydrogen atoms have been excluded for clarity.

Fig. 18 (a) The ribbon motif formed using N–H/O intermolecular

hydrogen bonds in PYRO7. (b) Packing diagram in the ac plane depicting

C–H/O and C–H/p interactions. H atoms not involved in intermo-

lecular interactions are omitted for clarity.
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Structural Database (CSD) with the current compounds or

interest is performed on the invariant molecular skeleton which

has the ethyl-6-methyl-4-phenyl-2-oxo-1,2,3,4-tetrahydropyr-

imidine-5-carboxylate core.

The first member of comparison is the crystal structure of

YEYFOY,23 containing only a phenyl group. This compound

also exists as a polymorph (PIYYEC).24 The former crystallizes

in P21 with Z ¼ 4 (Z0 ¼ 2) and the latter in P�1 containing Z0 ¼ 1

molecule in the asymmetric unit. It is noteworthy that PIYYEC

is also isostructural with PYRO1 (CILSUM)15 containing fluo-

rine atom on the phenyl ring in the ortho position. The distances

d1 and d2 are �3.378(3) �A and �7.549(4) �A in PIYYEC which

are comparable with those in PYRO1. The crystal structure

(PIYYEC) packs utilizing N–H/O]C hydrogen bonds forming

dimers and chains generating a sheet-like structure. In contrast in

the other polymorph i.e. YEYFOY containing two independent

molecules in the asymmetric unit (closely related by a 21 screw

axis), each molecule forms a ribbon motif utilizing N–H/O]C

hydrogen bonds in the crystal lattice. Thus the two polymorphs

are built up using two distinctly different structural motifs which

direct packing of molecules. This is the only example of a Bignelli

compound to exhibit dimorph formation, in addition to poly-

morph formation in PYRO2. Here also in PYRO2B, the two

molecules in the asymmetric unit are closely related by an n-glide

symmetry element. Another key structural feature is the alter-

ation in the distance between two consecutive polar sheets, one

where these directly face each other [d1] and the other where the

hydrophobic moieties face each other [d2], each related by an

inversion center due to the presence of various functionalities on

the phenyl ring. The presence of a 3,4-methylenedioxophenyl

moiety (EXEPAY)25 results in the alteration of these distances,

these being �3.495(3) �A and �9.339(4) �A, respectively. The

substitution of a chloro group at the ortho position on the phenyl

ring (ILAHEI),26 results in isostructurality with PYRO1 and

PIYYEC, the corresponding distances are �3.351(3) �A and

�7.771(4) �A, respectively. The space between the polar sheets in
602 | CrystEngComm, 2011, 13, 591–605
ILAHEI is stabilized by edge-to-edge and face-to-face aromatic

stacking interactions between the chlorophenyl groups, the

distances being �3.537(3) �A and �3.786(4) �A, respectively. Here

again the crystal structure packs utilizing motifs similar to those

observed in PYRO1 and PIYYEC. The introduction of an

electron-withdrawing nitro group (REWDUS)27 results in

a drastic change in the crystal packing features. The ester moiety

has a different conformation (torsion being 125.1�), the role of

sterics leads to the nitrophenyl group being rotated away from

the methyl group of the ester moiety. One of the N–H donor

forms N–H/O]C hydrogen bonds generating dimeric motifs.

The other N–H donor also generates N–H/O hydrogen bond
This journal is ª The Royal Society of Chemistry 2011
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Fig. 19 ORTEP for PYRO8 drawn at 50% ellipsoidal probability. The

ester moiety exists in s-cis orientation with respect to the C2]C3 double

bond. The hydrogen atoms have been excluded for clarity.

Fig. 20 (a) Formation of the ribbon motif utilizing N–H/O hydrogen

bonds in PYRO8. (b) Packing diagram of PYRO8 depicting N–H/O

hydrogen bonded dimers perpendicular to ac plane, along with C–H/p

intermolecular interactions. H atoms not involved in intermolecular

interactions are omitted for clarity.
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forming a discrete motif. Two such pairs hold two dimeric units

(from both sides) together leading to the formation of an octa-

meric unit (Fig. 21). These octameric motifs are further stabilized

by intermolecular interactions between the electron deficient

nitrophenyl ring and relatively electron rich tetrahydropyr-

imidine ring (the average distance between all the overlapping

atoms of these two rings being �3.735 �A). The two rings are

further rotated with respect to each other forming a staggered

conformation (Fig. 21). From a CSD study, it is noteworthy, that

from reported crystal structures (in this class of compounds) in

the literature, the crystal density observed for this particular nitro

derivative [1.439 g cm�3] is the highest.

The presence of a hydroxy group in the ortho position (RIC-

DAJ)28 generates O–H/O]C hydrogen bonds and hence

disrupts the formation of ‘‘regular motifs (consisting of either

dimers and chains forming sheets or a ribbon motif using N–H/
O]C hydrogen bonds)’’ in the crystal lattice. A further

comparison of these structures with YAMQAF29 (hydroxyl

group in para position of the phenyl ring) results in the formation

of dimeric motif utilizing N–H/O]C hydrogen bonds, two

such dimeric motifs being bridged by N–H/O–C(sp2, aromatic)

and O–H/O]C intermolecular hydrogen bonds involving the

hydroxyl group generating a tetrameric motif (Fig. 22). Thus

the crystal packing is different because of the participation of the

hydroxyl group as a donor and an acceptor in molecular recog-

nition.

Another notable structural feature in these class of compounds

is the presence of disorder in the ethyl group of the ester moiety,

a feature observed in YAMQAF also. This feature, which is

apparently responsible for the C(sp3–sp3) bond shortening, has

been investigated in detail by performing variable single crystal

X-Ray diffraction on a crystal of racemic 1,10-binaphthalene-

2,20-diyldiethylbis(carbonate) arising mainly due to positional

disorder at two sites, with minor perturbations arising as a result

of thermal vibrations.30
This journal is ª The Royal Society of Chemistry 2011
Such studies resolve the differences in molecular conformation

at the ester group which is of significance in the context of

conformational polymorphism.

Discussions and comparison with related structures
(containing thioxo moiety)1 in the CSD

It is also of interest to consider the similarities in molecular

conformation and crystal packing of these compounds with

those determined in the thioxo series.1 It is noteworthy that

PIYYEC is also isostructural with PYR 1(para-F), 3 (meta-Cl), 4

(para-methyl), 5 (para-N,N-dimethyl) compounds (in the thioxo
CrystEngComm, 2011, 13, 591–605 | 603
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Fig. 21 Packing diagram in REWDUS depicting N–H/O]C

hydrogen bonds generating an octameric unit. The two six-membered

rings are in staggered conformation.

Fig. 22 Packing diagram in YAMQAF depicting N–H/O and O–H/O

hydrogen bonds generating a tetrameric unit.D
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series). ILAHEI (ortho chloro in oxo series) is isostructural with

PYR1 (para F) in oxo series. The compound also exists in a screw

boat conformation being stabilized by intra-molecular C–H/p

interaction. PYRO 7 (meta-methoxy) is isostructural with PYR7

(meta-methoxy) from the thioxo series. The molecular confor-

mation of these oxo compounds does not indicate the presence of

intra-molecular C–H/p interaction (a significant feature

observed in the corresponding thioxo series) indicating that the

aryl ring is free to rotate with respect to the six-membered tet-

rahydopyrimidine ring.
Conclusions

In this article, we report the synthesis and characterization of

eight differently substituted tetrahydropyrimidine derivatives

(varying functional group substitution on the phenyl ring). The

ester moiety exists in an s-cis orientation in all compounds.

However the ethyl group of the ester moiety exists in different

molecular orientations in differently substituted derivatives. In

some cases, it also exhibits positional disorder, due to the greater

thermal motion of the ethyl group. It is noteworthy that

PYRO2B, 3, 5 and 6 crystallizes with more than one molecule in

the asymmetric unit. The existence of concomitant polymorphism
604 | CrystEngComm, 2011, 13, 591–605
in PYRO2 points to the significance of positional disorder. It is

the ‘‘freezing out’’ of these independent conformations whose

signature is present in the asymmetric unit and hence gives rise to

the presence of conformational polymorphism. The nucleating

units contain this information and the molecular recognition

events eventually giving rise to crystal formation. In all these

crystal structures it is the formation of N–H/O hydrogen bonds

giving rise to different structural motifs, namely dimers, chains

and ribbon motifs along with the presence of weak C–H/O and

van der Waals interactions which contribute towards the overall

crystal packing.
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