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The supramolecular structures of eight aryl protected ethyl-6-methyl-4-phenyl-2-thioxo-

1,2,3,4-tetrahydropyrimidine-5-carboxylates were analyzed in order to understand the effect of

variations in functional groups on molecular geometry, conformation and packing of molecules in the

crystalline lattice. It is observed that the existence of a short intra-molecular C–H/p interaction

between the aromatic hydrogen of the aryl ring with the isolated double bond of the six-membered

tetrahydropyrimidine ring is a key feature which imparts additional stability to the molecular

conformation in the solid state. The compounds pack via the cooperative involvement of both N–H/
S]C and N–H/O]C intermolecular dimers forming a sheet like structure. In addition, weak C–H/
O and C–H/p intermolecular interactions provide additional stability to the crystal packing.
Introduction

The logic of chemical reactivity1 and selectivity has found

application in the rational design of a variety of drug and drug

intermediates of immense benefit to mankind. The discovery of

a ‘‘lead’’ compound is a laborious process but finds potential

applications in the field of medicinal chemistry and is an active

area of interest.2,3 Molecules containing diverse functional

groups and skeletal frameworks have been synthesized and

screened for potential biological activity. One such class of

compounds is the ‘‘Bignelli compounds’’. These are poly-

functionalized dihydropyrimidine (DHPM’s) exhibiting a broad

range of therapeutic and pharmacological properties,4 namely,

antiviral,5 antimimotic,6 anticarcinogenic,7 antihypertensive8 and

calcium channel modulators.9 Bignelli products containing

boronic acid moieties find potential application in the early

inhibition of breast cancer cells.10

Bignelli chemistry has also been utilized for the synthesis of

a diverse library of molecules containing the DHPM molecular

scaffold, utilizing the 1,2,3-triazole pharmacophore.11 A series of

DHP’s (dihydropyridines) have been synthesized to understand

the role of structure and molecular conformation for modulation

of calcium channel function.9,12

Because of similarity in the chemical structure of DHP’s with

DHPM’s, intense research has been carried out to understand

structure–activity relationships wherein the flexibility associated
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with the dihydropyrimidine or dihydropyridine ring plays an

important role for the observed biological activity.13–15 This

subject has been extensively reviewed by Kappe.16 The crystal

and molecular structures of aryl substituted analogs (function-

alization of the phenyl ring) have been synthesized and their

supramolecular features analyzed in the literature.17 DHPM’s of

this type exhibit conformational flexibility whereby the aryl ring

and the ester group can rotate independent of each other and the

conformation of the tetrahydropyrimidine ring can change.18,19

In view of the tremendous application of this class of

compounds, we have synthesized a small library of compounds

wherein the ethyl-6-methyl-4-phenyl-2-thioxo-1,2,3,4-tetrahy-

dropyrimidine-5-carboxylate core is constant, and have under-

taken to investigate the role of functional groups on molecular

geometry, conformation and generation of supramolecular

assemblies in the solid state. In this regard, the understanding of

molecular recognition processes enables a better understanding

of the physical and chemical properties of the solid. It is

a cooperative interplay amongst both strong hydrogen bonds

and weak intermolecular interactions which dictate overall

packing in the crystal lattice. 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 the Bovine Serum Albumin

method respectively.20
Experimental

Synthesis

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

benzaldehyde (0.1 mol) and thiourea 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 the contents of the

reaction mixture was poured into ice-cold water. The precipitate
CrystEngComm, 2010, 12, 1205–1216 | 1205



Fig. 1 Chemical scheme of the studied compounds: [PYR1] R ¼ p-F;

4-(4-Fluoro-phenyl)-6-methyl-2-thioxo-1,2,3,4-tetrahydro-pyrimidine-5-

carboxylic acid ethyl ester. [PYR2] R ¼ o-Cl; 4-(2-Chloro-phenyl)-6-

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

ester. [PYR3] R ¼ m-Cl; 4-(3-Chloro-phenyl)-6-methyl-2-thioxo-1,2,3,4-

tetrahydro-pyrimidine-5-carboxylic acid ethyl ester. [PYR4] R ¼ p-CH3;

6-methyl-4-(4-methyl-phenyl)-2-thioxo-1,2,3,4-tetrahydro-pyrimidine-5-

carboxylic acid ethyl ester. [PYR5] R ¼ p-NMe2; 4-[4-(dimethylamino)

phenyl]-6-methyl-2-thioxo-1,2,3,4-tetrahydro-pyrimidine-5-carboxylic

acid ethyl ester. [PYR6] R ¼ p-OMe; 4-[4-methoxyphenyl]-6-methyl-2-

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

[PYR7] R ¼ m-OMe; 4-[3-methoxyphenyl]-6-methyl-2-thioxo-1,2,3,4-

tetrahydro-pyrimidine-5-carboxylic acid ethyl ester. [PYR8] R ¼
tris-(OMe)3;6-methyl-2-thioxo-4-(3,4,5-trimethoxyphenyl)-1,2,3,4-tetra-

hydropyrimidine-5-carboxylate ethyl ester.
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 (Table S1†),

infrared spectroscopic data,20 1H-NMR,20 LC-MS.20 Further-

more, 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 representa-

tive of the bulk compound.
Data collection, reduction and refinement

A single crystal of [PYR 1, 3, 4, 5, 6, 8] that is of suitable size for

single-crystal X-ray diffraction was selected and data were

collected on a Bruker AXS SMART APEX CCD diffractom-

eter.21 The X-ray generator was operated at 50 kV and 35 mA

using Mo-Ka radiation (l ¼ 0.71073 �A). Data were collected

with u scan width of 0.3�. 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.20 The remaining crystals [PYR 2, 7] were recollected in

CrysAlis CCD, Oxford Diffraction with an X-ray generator at

49.30 kV and 0.980 mA, using Mo-Ka radiation (l¼ 0.7107 �A).21

The cell refinement, the data reduction was done in CrysAlis

RED.22 The structures were solved by direct methods using

SHELXL9723 present in the program suite WinGX (version

1.70.01).24 The molecular diagrams were generated from

ORTEP-3225 and the packing diagrams were generated using

Mercury.26 Geometrical calculations were done using

PARST9527 and PLATON.28 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–H¼ 0.96 �A and with Uiso(H)¼ 1.2Ueq(N,C)

and 1.5 Ueq(N,C).
1206 | CrystEngComm, 2010, 12, 1205–1216
Results

The molecular and crystal structures of all the eight compounds

(PYR1–8) have been determined at room temperature. The solid

state molecular geometry were optimized for all the compounds

using the Gaussian03 program package,29 using B3LYP

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

alized in the software MERCURY.26 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

the relevant torsion angles affected by functional group substi-

tution, 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 Table

S2.† Table S3† lists the Cremer and Pople parameters30 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 flagpole 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 PYR1

The compound crystallizes in the triclinic space group P�1 with Z

¼ 2 molecules in the unit cell [Fig. 2]. It exists in the twist-boat

conformation with C4 and N1 forming the flagpole atoms. The

carbonyl group C5]O1 exists in an s-trans conformation with

respect to the C2–C3 double bond and is non planar with the six

membered dihydropyridimine ring, the dihedral twist being

26.10(2)�. It is noteworthy that an intramolecular C–H/p

interaction is present in the existing molecular conformation,

between H14 and the C2]C3 double bond of the six-membered

ring, an important feature realized in all the compounds (PYR1–

8).31 There are two potential hydrogen bond donors, namely

H1N and H2N and two potential acceptors, namely sulfur atom

S1 and carbonyl oxygen atom O1. The crystal structure is

stabilized by N–H/O]C, involving H1N, forming molecular

chains along the crystallographic a axis, followed by N–H/
S]C dimers,32 involving H2N in the ab plane, giving rise to

a sheet like structure (referred to as a ‘‘polar sheet’’ involving

polar functional groups). There are two characteristic distances

d1 and d2 [Fig. 3] which separate 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

group (whether it is involved in intermolecular interactions)

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

The distance d1 and d2 between two consecutive sheets is�3.758
�A and �8.267 �A. The void between the sheets is stabilized by

aromatic p/p stacking interaction between the aromatic fluo-

rophenyl moieties, the distance between adjacent rings being

�3.510 and �3.620 �A respectively. Furthermore, C–H/F

interactions provide additional stability to the crystal packing.33
This journal is ª The Royal Society of Chemistry 2010
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Table 2 Relevant experimental torsion angles (�)

Torsion PYR1 PYR2 PYR3 PYR4 PYR5 PYR6 PYR7 PYR8

C9–C4–C3–C5 79.3(2) 59.5(3),65.8(3) 79.2(3) 77.5(2) 79.0(2) 80.0(2) 83.5(2) 69.8(2)
C4–C3–C5–O2 �152.2(2) 6.0(4), 16.3(3) �161.5(3) �156.0(2) �158.2(2) �160.3(2) 4.2(3) 7.4(2)
C9–C4–N2–C1 93.1(2) 131.8(3),118.2(3) 91.2(3) 92.8(2) 92.1(2) 89.4(2) 90.8(2) 103.5(2)
C14–C9–C4–C3 16.7(2) �134.9(3),�141.3(3) 12.7(4) 20.6(2) 22.0(2) 25.6(3) 13.0(3) �139.0(1)
C4–N2–C1–N1 16.1(2) �4.2(4), 2.8(4) 17.0(4) �165.4(1) 16.9(3) 19.4(3) 15.1(3) 12.3(2)

Table 3 List of intra- and intermolecular interactions; Cg1 is the center of gravity of the isolated double bond C2]C3; Cg2 is the center of gravity of the
six-membered aryl ring C9/C14

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

PYR1 C14–H14/Cg1 0.93 2.79 3.315(2) 117 x, y, z
N1–H1N/O1 0.86 2.31 3.102(1) 154 x � 1, y, z
N2–H2N/S1 0.86 2.50 3.334(1) 165 �x + 1, �y, �z + 1
N1–H1N/F1 0.86 2.70 3.293(1) 127 �x + 1, �y, �z + 2
C6–H6B/F1 0.97 2.62 3.415(1) 140 �x + 2, �y, �z + 2
C7–H7B/Cg2 0.96 2.71 3.650(1) 165 x, y � 1, z

PYR2 C14–H14/Cg1 0.93 2.93 3.364(1) 110 x, y, z
C140–H140/Cg10 0.93 2.80 3.266(1) 112 x, y, z
N20–H2N0/S1 0.86 2.76 3.500(1) 145 x, y, z
N2–H2N/S10 0.86 2.54 3.372(1) 164 x, y, z
C80–H803 /O10 0.96 2.24 2.835(1) 120 x, y, z
C8–H8A/O1 0.96 2.18 2.896(1) 131 x, y, z
N1–H1N/S1 0.86 2.60 3.450(1) 169 �x, �y + 1, �z + 1
N10–H1N0/S10 0.86 2.63 3.476(1) 167 �x, �y, �z + 2
C13–H13/O1 0.93 2.47 3.377(1) 166 �x + 1, �y, �z + 1

PYR3 C14–H14/Cg1 0.93 2.65 3.122(2) 112 x, y, z
N2–H2N/S1 0.86 2.56 3.393(3) 164 �x + 2, �y + 1, �z + 2
N1–H1N/O1 0.86 2.12 2.970(3) 169 x + 1, +y, +z
C12–H12/O1 0.93 2.74 3.621(4) 160 �x + 1, �y + 1, �z + 1
C6–H6B/Cl1 0.97 2.94 3.750(3) 142 �x + 1, �y + 1, �z + 1

PYR4 C14–H14/Cg1 0.93 2.67 3.146(2) 113 x, y, z
N1–H1N/O1 0.86 2.23 3.057(2) 162 x � 1, +y, +z
N2–H2N /S1 0.86 2.48 3.323(2) 165 �x + 1, �y, �z + 1
C7–H7B/Cg2 0.96 2.64 3.581(3) 166 x, y � 1, z

PYR5 C14–H14/Cg1 0.93 2.65 3.122(2) 112 x, y, z
N1–H1N/O1 0.86 2.23 3.060 163 x + 1, +y, +z
N2–H2N /S1 0.86 2.49 3.328 165 �x + 1, �y, �z + 1
C7–H7B/Cg2 0.96 2.58 3.514(3) 163 x, y + 1, z

PYR6 C14–H14/Cg1 0.93 2.63 3.120(2) 114 x, y, z
N1–H1N/O1 0.86 2.13 2.985(2) 170 x, +y � 1, +z
N2–H2N /S1 0.86 2.50 3.321(2) 159 �x + 1/2, �y + 1/2 + 1, �z + 1
C7–H7B/Cg2 0.96 2.70 3.644(4) 168 �1/2 + x, �1/2 + y, z
C15–H15C/Cg2 0.96 2.94 3.687(4) 136 1/2 � x,1/2 + y,1/2 � z

PYR7 C14–H14/Cg1 0.93 2.67 3.133(2) 112 x, y, z
C8–H8A/O1 0.96 2.17 2.875(3) 129 x, y, z
N1–H1N/S1 0.86 2.52 3.344(2) 162 �x + 5/2, +y � 1/2, �z + 3/2
N2–H2N/S1 0.86 2.41 3.249(2) 165 –x + 5/2, +y + 1/2,–z + 3/2
C12–H12/O1 0.93 2.64 3.525(3) 158 –x + 3/2, +y + 1/2,�z + 3/2
C7–H7C/Cg2 0.96 2.94 3.724(3) 139 �1/2 + x,1/2 � y, �1/2 + z

PYR8 C14–H14/Cg1 0.93 2.77 3.216(2) 110 x, y, z
C8–H8A/O1 0.96 2.15 2.880(3) 131 x, y, z
C17–H17C/O4 0.96 2.48 3.070(3) 120 x, y, z
N2–H2N/S1 0.86 2.65 3.468(2) 159 �x + 2, �y + 1, �z + 1
N1–H1N/O3 0.86 2.97 3.686(2) 143 x + 1, +y � 1, +z
C8–H8C/O3 0.96 2.62 3.378(2) 136 x + 1, +y � 1, +z
C15–H15C/Cg2 0.96 2.77 3.590(2) 144 �x, �y, �z + 1
Two such successive pairs of ‘‘polar sheets’’ [Fig. 4(a)] across the

inversion center are held together by intermolecular C–H/p

interaction (involving H7B) [Fig. 4(b)].
Structure of PYR2

The compound crystallizes in the triclinic space group P�1 with Z

¼ 4 (Z0 ¼ 2; molecule A and B [Fig. 5]) molecules in the unit cell.
1208 | CrystEngComm, 2010, 12, 1205–1216
It is noteworthy that this molecule exists in a near planar

conformation. The carbonyl group C5]O1 of the ester moiety

rotates to avoid dipole repulsion with the C–Cl bond. Thus it

exists in an s-cis conformation with respect to the C2]C3 double

bond and is near planar with the six membered dihydropyr-

idimine ring, the dihedral twist being 12.52(2)� and 10.13(2)� for

molecules A and B respectively. The planar conformation is

stabilized by an intramolecular C–H/O]C hydrogen bond,
This journal is ª The Royal Society of Chemistry 2010



Fig. 2 ORTEP for PYR1 drawn at 50% ellipsoidal probability. Brown

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

and the dotted line depicts C–H/p intramolecular interaction.

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

dropyrimidine-5-carboxylate ethyl ester, containing the phenyl moiety,

depicting the spatial separation between the polar moieties (denoted by

d1, across the center of symmetry) and the separation d2 where the

hydrophobic moieties separate the consecutive sheets. The blue line

indicates the unit cell for a triclinic system (as reference for comparison).

The colored dots indicate the center of symmetry for the triclinic crystal

system.

Fig. 4 (a) N–H/S and N–H/O interactions generating a sheet-like

structure. The non participating hydrogen atoms have been omitted for

clarity. (b) Packing diagram of PYR1 depicting N–H/S intermolecular

dimers along with N–H/F, C–H/F and C–H/p intermolecular

interactions. The N–H/O hydrogen bonds are perpendicular to the bc

plane (along the a axis). The non participating hydrogen atoms have been

omitted for clarity.
involving the methyl hydrogen of C8 with the carbonyl oxygen

O1 (forming a S(6) motif).34 Furthermore, a C–H/p interaction

is also present in the existing molecular conformation, between

H14 and the C2]C3 double bond of the six-membered ring,

thereby locking the molecular conformation [Fig. 5(a)]. It is of

interest that the two molecules (A and B) crystallize in the

asymmetric unit utilizing N–H/S intermolecular interactions,

involving H2N and H2N0, not across the center of symmetry. In

turn each of the molecules A and B are connected via N–H/
S]C hydrogen bonds, involving H1N and HIN0 forming

centrosymmetric dimers. It is noteworthy that molecules [of B
This journal is ª The Royal Society of Chemistry 2010
type] form dimeric motifs involving Cl1/C5]O1 contact and

a Cl1/O2 (ester oxygen) [3.426 �A, 161�; 3.392 �A, 128�]

indicating approach of the nucleophilic chlorine towards the

electrophilic carbonyl carbon supported by an additional C–Cl/
O–C(sp2) contact [Fig. 5(b)]).
Structure of PYR3

On substitution of the chlorine atom in the meta position, the

molecular conformation changes to the twisted boat form with

concomitant changes in the crystal packing. The molecule crys-

tallizes in the triclinic space group P�1 with Z¼ 2 molecules in the

unit cell and are iso-structural35 with PYR1.

It is of interest to note that the corresponding para substituted

chlorine compound36 also crystallizes in the same space group

(same Z), and has similar packing characteristics with PYR3.

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

the double bond and out of plane with the tetrahydropyrimidine

ring [Fig. 6(a)], the dihedral twist being 14.71(2)�. N–H/O]C
CrystEngComm, 2010, 12, 1205–1216 | 1209



Fig. 5 (a) ORTEP for PYR2 drawn at 50% ellipsoidal probability. Brown open circle Cg and Cg0 indicates the center of gravity of the double bond

C2]C3 and C20]C30 and the dotted line depicts N–H/S intermolecular interaction between the molecules A and B (asymmetric unit) and C–H/p

intramolecular interaction respectively in the individual molecule. The ester moiety exists in s-cis orientation with respect to the C2]C3 double bond. (b)

Packing diagram of PYR2 depicting N–H/S]C interactions involving H2N and H2N0 between molecules A and B (in the asymmetric unit) followed by

self dimer formation, via N–H/S]C interactions, involving H1N and H1N0, between either A and B molecules along with short Cl/C]O and

Cl/O–C contact in the crystalline lattice. The non participating hydrogen atoms have been omitted for clarity.
hydrogen bonded chains act cooperatively with N–H/S]C

hydrogen bonded dimers, forming a sheet like structure. The

distance d1 and d2 between two successive sheets is�3.587 �A and

�7.891 �A respectively. This distance d2 is less compared to

PYR1. The electrostatic repulsion of the fluorine atom at the

para position with the aromatic ring is responsible for the d2

distance being higher in PYR1. Aromatic stacking interactions

are observed between the polar layers, with the distance between

the aromatic rings (edge–edge) being 3.365 and 3.476 �A

respectively. Furthermore, weak C–H/O]C (involving H12)

and C–H/Cl (involving H6B) interactions provide further

stability to the crystal packing [Fig. 6(b)].
1210 | CrystEngComm, 2010, 12, 1205–1216
Structure of PYR4

The presence of a non-polar methyl group in the para position

results in the molecule crystallizing in the triclinic space group P�1

with Z ¼ 2 molecules in the unit cell and the crystal structure

being isostructural with PYR1 & 3 and isomorphous with PYR1.

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

double bond and out of plane with the tetrahydropyrimidine ring

[Fig. 7(a)], the dihedral twist being 19.84(2)�. The crystal packing

is built up from the interplay of hydrogen bonds involving strong

donors and acceptors, namely H1N and H2N, forming N–H/
O]C and N–H/S]C interactions generating a 2D-sheet like
This journal is ª The Royal Society of Chemistry 2010



Fig. 6 (a) ORTEP for PYR3 drawn at 50% ellipsoidal probability.

Brown open circle Cg indicates the center of gravity of the double bond

C2]C3 and the dotted line depicts C–H/p intramolecular interaction.

(b) Packing diagram of PYR3 depicting N–H/O hydrogen bonds (along

a axis), N–H/S intermolecular dimers, along with C–H/O and

C–H/Cl intermolecular interactions. The non participating hydrogen

atoms have been omitted for clarity.

Fig. 7 (a) ORTEP for PYR4 drawn at 50% ellipsoidal probability.

Brown open circle Cg indicates the center of gravity of the double bond

C2]C3 and the dotted line depicts C–H/ p intramolecular interaction.

(b) Packing diagram of PYR4 depicting N–H/S intermolecular dimers

along with C–H/p intermolecular interactions. The N–H/O hydrogen

bonds are perpendicular to the bc plane (along a axis). The non partici-

pating hydrogen atoms have been omitted for clarity.
structure. The corresponding distances d1 and d2 are�4.159 and

�9.957 �A between the polar sheets. Successive sheets are stacked,

with the aromatic moieties providing additional stability by the

formation of C–H/p interaction (involving H7B) and displaced
This journal is ª The Royal Society of Chemistry 2010
edge-to-edge aromatic stacking interactions [Fig. 7(b)] (distance

between adjacent aromatic rings being 3.515 and 3.688 �A).
Structure of PYR5

The introduction of a N,N-dimethyl group in the para position

[Fig. 8(a)] does not introduce any changes in the molecular

conformation and crystal packing. The compound crystallizes in
CrystEngComm, 2010, 12, 1205–1216 | 1211



Fig. 8 (a) ORTEP for PYR5 drawn at 50% ellipsoidal probability.

Brown open circle Cg indicates the center of gravity of the double bond

C2]C3 and the dotted line depicts C–H/p intramolecular interaction.

(b) Packing diagram of PYR5 depicting N–H/S intermolecular dimers

along with C–H/p intermolecular interactions. The N–H/O hydrogen

bonds are perpendicular to the bc plane (along a axis). The non partici-

pating hydrogen atoms have been omitted for clarity.

Fig. 9 (a) ORTEP for PYR6 drawn at 50% ellipsoidal probability.

Brown open circle Cg indicates the center of gravity of the double bond

C2]C3 and the dotted line depicts C–H/p intramolecular interaction.

(b) Packing diagram of PYR6 depicting N–H/S intermolecular dimers,

along with two different C–H/p intermolecular interactions, one

involving methoxy group and the other a terminal methyl group of ester

moiety. The N–H/O hydrogen bonds are along b axis. The non

participating hydrogen atoms have been omitted for clarity.
the triclinic space group P�1 with Z ¼ 2 molecules in the unit cell,

and are isostructural with PYR1, 3 & 4. The dihedral angle

between the pyrimidine ring and the ester moiety is 20.89(2)� and

exists in s-trans orientation with respect to the double bond. The
1212 | CrystEngComm, 2010, 12, 1205–1216
bond angle C15–N3–C16 is 117.9(3)� which indicates the absence

of pyramidal character of the nitrogen atom N3, with the lone

pair delocalized over the aromatic phenyl moiety. The crystal

structure is built up from N–H/O]C molecular chains and

N–H/S]C intermolecular interactions forming dimers, gener-

ating a 2D sheet like structure. The distance between the polar

sheets d1 and d2 (sheets containing the non polar aromatic

moieties) are �4.183 �A and �10.265 �A [Fig. 8(b)] respectively.

This distance d2 is higher compared to the previous compounds

(PYR1, 3 & 4) because of the greater steric requirements of the

N,N-dimethyl group (hydrophobic spacer) which increases the

separation between the sheet-like assembly of molecules.
This journal is ª The Royal Society of Chemistry 2010
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Structure of PYR6

The introduction of a methoxy moiety in the para position results

in the compound [Fig. 9(a)] crystallizing in the monoclinic

centrosymmetric space group C2/c with Z ¼ 8 in the unit cell.

The molecule exists in the twist boat conformation which is

further locked by an intramolecular C–H/p interaction. It is

noteworthy that the crystal packing is controlled by ‘‘similar’’

supramolecular motifs which govern packing of molecules as

observed for those of the previous compounds. The N–H/O]C

hydrogen bonded chains run along the crystallographic b axis

with N–H/S]C forming molecular dimers in the ab plane. The

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

�3.792 �A and d2 is 10.145 �A. Due to the role of sterics, the

relative orientation of the hydrophobic spacer (i.e. the p-methoxy

phenyl group) is different in the present case. This group rotates

and accommodates an intermolecular C–H/p interaction,

involving H15C, with the aryl moiety, providing stability to the

crystal packing. Furthermore, it is noteworthy, that intermolec-

ular C–H/p interaction, involving H7B, i.e. the terminal

hydrogen of the C7 methyl group of the ester moiety, links

adjacent sheets together across the inversion center [Fig. 9(b)].

Structure of PYR7

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

the meta position on the phenyl ring, it is observed that the

orientation of the ester moiety becomes s-cis with respect to the

double bond, the conformation being stabilized by an intra-

molecular C–H/O]C interaction, involving H8A (forming

a S(6) motif), followed by an intramolecular C–H/p interaction

[Fig. 10(a)]. The compound crystallizes in the monoclinic P21/c

space group with Z ¼ 4 molecules in the unit cell. The crystal

packing is dictated by heterodimeric motifs utilizing N–H/S]C

intermolecular hydrogen bonds, involving H1N and H2N

forming a R2
2(8) ring motif generating ribbons [Fig. 10(b)] along

the b axis. Furthermore, C–H/O]C involving H12, forms

chains along the crystallographic 21 screw axis and C–H/p,

involving H7C, i.e. the terminal hydrogen of the C7 methyl

group of the ester moiety, forming chains along the c glide plane,

provide additional stability to the crystal packing [Fig. 10(c)].

Structure of PYR8

The compound crystallizes in the triclinic space group P�1 with Z

¼ 2 molecules in the unit cell [Fig. 11(a)]. The presence of three

methoxy substituents on the phenyl ring results in a flattened

boat conformation for the six-membered tetrahydropyrimidine
Fig. 10 (a) ORTEP for PYR7 drawn at 50% ellipsoidal probability.

Brown open circle Cg indicates the center of gravity of the double bond

C2]C3 and the dotted line depicts C–H/O and C–H/ p intra-

molecular interaction. The ester moiety exists in s-cis orientation with

respect to the C2]C3 double bond. (b) The ribbon motif formed using

N–H/S intermolecular interactions in PYR7. The non participating

hydrogen atoms have been omitted for clarity. (c) Packing diagram of

PYR7 depicting C–H/O and C–H/p intermolecular interactions. The

N–H/S intermolecular dimers forming a ribbon motif, are perpendic-

ular to the b axis. The non participating hydrogen atoms have been

omitted for clarity.
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Fig. 11 (a) ORTEP for PYR8 drawn at 50% ellipsoidal probability. Brown open circle Cg indicates the center of gravity of the double bond C2]C3

and the dotted line depicts C–H/O and C–H/p intramolecular interaction. The ester moiety exists in s-cis orientation with respect to the C2]C3

double bond. (b) Packing diagram of PYR8 depicting N–H/S intermolecular dimers, along with C–H/O and C–H/p intermolecular interactions.

The brown circle indicates the absence of N–H/O hydrogen bonding despite the presence of a potential N–H donor (shown in dark red). The non

participating hydrogen atoms have been omitted for clarity.
ring. The total puckering amplitude (Q) is halved with respect to

the other molecules PYR 1–7 (except PYR2, Table S3†).

Furthermore, the deviations of the flagpole atoms, N1 and C4

are also one-third and one-half for this conformation when

compared to those observed in the other molecules, except PYR2

(Table 2). The orientation of the ester moiety is s-cis with respect

to the double bond. Intramolecular short C–H/O contacts

(involving H8A and H17C) and a C–H/p contact are observed

in the existing molecular conformation. The three methoxy

groups are oriented away from each other in order to minimise

the steric repulsions between the hydrogen atoms. The C6–C7

(ethyl moiety of the ester group) rotates in order to avoid steric

repulsion with the C17 methyl group. The increase in steric bulk,

by incorporation of methoxy substituents, results in the absence

of a possible N–H/O]C hydrogen bond, between H1N and O1
1214 | CrystEngComm, 2010, 12, 1205–1216
due to increased steric and electrostatic repulsion when two

symmetry related molecules approach each other. Instead,

N–H/S]C intermolecular hydrogen bonds form dimers in the

bc plane. Another dimer is formed via intermolecular C–H/p

interactions, involving H15C, belonging to one of the methoxy

groups. These are held together by C–H/O–C (aromatic, sp2)

interaction, involving H8C and O3 forming a trimeric motif in

the crystal lattice [Fig. 11(b)]. Thus the crystal packing is a subtle

interplay of strong and weak interactions.

Discussions and comparison with related structures in
the CSD

A detailed crystallographic investigation of all the substituted

tetrahydropyrimidine derivatives enables an understanding of
This journal is ª The Royal Society of Chemistry 2010



Fig. 12 Overlay diagram depicting the molecular conformation of all

the compounds with respect to the tetrahydropyrimidine ring.
the key supramolecular features and intermolecular contacts

which pre-organize the molecules and contribute towards the

stability of the crystalline lattice. All the above crystal structures

display similarities in crystal packing and conformational

features. Fig. 12 highlights the overlay diagram depicting

differences in molecular conformation due to varying substitu-

ents on the phenyl ring. Due to the delocalization of the lone pair

of electrons on either of the nitrogen atoms N1 and N2 over the

C]S functional group the nitrogen atoms acquires positive

charge and the sulfur atoms acquire considerable negative

charge.32 This results in the hydrogen atoms attached to these

nitrogen atoms being highly acidic. The control and pre-orga-

nization of the molecules is utilizing typically strong hydrogen

bonded motifs, involving these acidic hydrogens, the common

motif being the existence of a N–H/S]C hydrogen bond

forming dimeric motifs, further stabilized by N–H/O]C

molecular chains generating a sheet like structure. The crystal

structures can be separated into two different supramolecular

motifs, one built up utilizing strong hydrogen bonds involving

polar functional groups, and another built up using hydrophobic

moieties. The comparison of related crystal structures in the CSD

with the current compounds is performed on the invariant

molecular scaffold which is the ethyl-6-methyl-4-phenyl-2-thi-

oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate core.

The first member of comparison is the crystal structure of

FEDROW,37 containing a methyl group instead of a phenyl

group, and is also isostructural with PYR 1, 3, 4, 5 compounds.

The crystal structure is stabilized by N–H/.S]C dimers in the ac

plane. These are linked with the adjacent dimers by N–H/O]C

hydrogen bonds forming C(6) chains along the crystallographic c

axis forming a sheet like structure. These polar sheets are sepa-

rated by a distance d1 of�3.534 �A with the adjacent layers related

by an inversion center. The space between two successive layers is

occupied by the methyl group which exists in axial orientation in

the flattened boat conformation. When the methyl group is

replaced by a phenyl group (PESSIQ),38 it is still isostructural

with PYR 1, 3, 4, 5 compounds having identical packing char-

acteristics, consisting of voids between the polar sheets and edge-
This journal is ª The Royal Society of Chemistry 2010
to-edge interactions between the aromatic moieties. The key

structural feature is the alteration 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. This distance is�3.424 �A

and �7.885 �A respectively. On substitution of a bromo group at

the para position on the phenyl ring (NUQSOH),19 the corre-

sponding distances are�3.807 �A and�10.358 �A respectively. The

space between the layers is further stabilized by highly directional

Br/O]C contacts (of the ester moiety) [d ¼ 3.367 �A, 161�]. On

introduction of a nitro group in the meta position on the phenyl

ring, these distances are close to those observed in PESSIQ with

the distances being �3.742 �A and �8.010 �A respectively. The

aromatic moieties stack in an edge-to-edge fashion, the distance

between the aromatic moieties being �3.412 �A. The distance is

less compared with PESSIQ, because of the electron withdrawing

mesomeric effect of the nitro group which reduces the electro-

static repulsion between the phenyl rings. A comparison of these

structures with XILZUO39 (hydroxyl in para and methoxy in

meta position) generates a ribbon motif held by N–H/S]C

interactions forming dimers in the solid state. It is noteworthy,

that identical packing characteristics are also observed in PYR 7

(the presence of methoxy group ‘‘only’’ in the meta position). The

increase in the steric bulk on the phenyl group also results in

reduced edge–edge interactions between the aromatic moieties,

the distance increasing to �3.727 �A. The distances d1 and d2 are

�3.743 �A and �7.748 �A respectively. The distance d2 is shorter

than the distance observed in PESSIQ because of the strong

intermolecular C(sp2)-O–H/O]C hydrogen bond between the

hydroxyl group and the ester moiety. The presence of only

a hydroxyl group on the para (NUQSUN)19 and meta (QICTIF)40

position results in a different orientation for the ester moiety

(similar to that observed in PYR8). The crystal packing is also

different because of the participation of the hydroxyl group as

a donor and an acceptor in molecular recognition.
Conclusions

In this article, we report the synthesis and characterization of

eight differently substituted tetrahydropyrimidine derivatives

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

The compounds PYR1-7 (except PYR2) exist in the boat

conformation and a short intramolecular C–H/p contact

characterises this molecular conformation, a feature which has

not been recognized in previously studied tetrahydropyrimidine

derivatives. This interaction exists between the aromatic ring

proton and the double bond of the six-membered ring in

conjugation with the ethyl ester moiety. The conformation of the

ethyl ester moiety can either be in a s-cis or s-trans orientation,

the latter being the preferred conformation, a subtle interplay

due to both electronic and steric effects. The crystal packing is

dictated by two primary structural motifs, namely N–H/S]C

and N–H/O]C intermolecular hydrogen bonds forming

a sheet like structure with the inter layer region being stabilized

by C–H/p intermolecular contacts. PYR 1, 3, 4, 5 are iso-

structural and are insensitive towards changes in the functional

group on the phenyl ring. It is also noteworthy that related

compounds in the CSD have similarity in molecular
CrystEngComm, 2010, 12, 1205–1216 | 1215



conformation and crystal packing while others are extremely

sensitive to the nature of substitution on the phenyl ring.
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