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Crystal engineering of two-dimensional polar layer structures:
hydrogen bond networks in some /N-meta-phenylpyrimidinones
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In a recent paper (New J. Chem., 2001, 25, 1520), we have analysed crystal structures of some N-aryl
pyrimidinones. Based on the occurrence of two-dimensional layers in six out of nine crystals, we proposed that
self-assembly in these structures might be analysed in terms of the stacking of 2D hydrogen-bonded layers. We
show herein that meta-substituted phenyl pyrimidinones (Br, I, F, NO,, Me, OMe) have an overwhelming
preference for the 2D polar arrangement, namely the parallel alignment of 1D chains within a layer. The
molecules are arranged in chains mediated by C-H- - -O hydrogen bonds and such motifs are connected via
C-H---O and C-H- - -halogen interactions in the lateral direction. A notable feature in these structures is that
chains of dipolar molecules align in a parallel fashion to produce polar layers. The preference for 2D polarity is
explained by the shape of the aryl pyrimidinone molecule and the geometry of interactions between hydrogen
bonding functional groups (C-H donors, O/halogen acceptors). However, the polar layers stack in an anti-
parallel manner and the crystal structures are centrosymmetric. The task of controlling parallel stacking of
polar domains in the 3D crystal is a continuing challenge in our studies.

Introduction

The physical and chemical properties of a crystal are governed
not only by the nature of the constituent molecules but also by
the nature of hydrogen bonds and intermolecular interactions
in the condensed phase.! Crystal engineering,” the design of
organic solid-state structures with hydrogen bonds and inter-
molecular interactions, is intimately linked with the principles
of self-assembly and molecular recognition, the paradigm in
supramolecular chemistry.> The implications of crystal engi-
neering today go far beyond the study of intermolecular inter-
actions and the design of crystal structures with aesthetic
appeal and utilitarian considerations into the realms of
pharmaceutical development (e.g., pharmacophore mapping,
drug-receptor models) and synthetic chemistry (e.g., stereocon-
trolled topochemical reactions, tailor-made catalysts).*
Rational approaches to crystal design are guided by a combi-
nation of factors: (1) a proper understanding of the strength
and directionality of hydrogen bonds (O-H---O, N-H---O,
C-H---0) and intermolecular interactions;> (2) the crystallo-
graphic data on over 250000 organic and organometallic
structures archived in the Cambridge Structural Database®
and (3) supramolecular synthons,” or structural units, that
encapsulate the recognition information during crystallisation.

Crystallisation of achiral molecules in non-centrosymmetric
space groups is a current challenge in crystal engineering.®
Despite the potential of chiral or polar hydrogen-bonded
solids in materials science (e.g., ferroelectric, nonlinear optics),
there are no general solutions so far for inducing self-assembly
of achiral molecules into space groups that lack an inversion
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centre.’ 1 In the context of rational approaches to engineering
polar materials, Hollingsworth and Hulliger have shown that
channel-type inclusion compounds have considerable promise
for the parallel alignment of dipolar molecules.'® Two-dimen-
sional host frameworks have been utilised to produce polar
crystallographic symmetries through crystal engineering of
the flexible hydrogen-bonded sheets with banana-shaped pil-
lars.!! Lin’s group has shown that diamondoid networks
couple high thermal stability with high SHG activity.3”!2
Our approach to this problem is modular: the 3D polar struc-
ture is dissected into 2D polar layers that must stack in a par-
allel fashion. This simplifies the difficult task of steering the
parallel alignment of dipoles to the third dimension. Such
a modular build-up of 3D architectures (= 2D + 1D) from
tailor-made molecules has been successfully implemented in
hydrogen-bonded solids, for example, lamellar clay-type inter-
calates with guanidinium cations and sulfonate anion organic
pillars.!! However, single component crystals and organic salts
offer certain advantages compared to inclusion adducts for
materials applications, such as thermal and mechanical stabi-
lity and ease of crystal growth.

We have reported X-ray crystal structures of N-arylpyrimi-
dinone, 1 (aryl = phenyl, tolyl, halophenyl), and their HCI and

1 Polar arrangement of chromophores can be realised in enantiomor-
phous or non-enantiomorphous non-centrosymmetric point groups.
The distinction between polar, enantiomorphous, non-centrosym-
metric for third rank tensor property NLO is very important but in this
paper we are only concerned with the arrangement of polar motifs of
chromophores capable of forming non-centrosymmetric structures.
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54.7 deg

Fig. 1 (a) C-H:--O hydrogen-bonded chain of phenyl pyrimidinone
molecules 1. (b) The tilt of the charge transfer axis with respect to the
polar axis in 1. The ideal angle is 54.7°; the observed values in 1 are
57-60°.

HNO; salts.'® Our initial experiments with nine derivatives of
phenyl pyrimidinone (1H, 1p-Me, 1p-Cl, 1p-Ph, 1H-HCI,
1p-Me-HCI, 1p-Cl-HCI, 1p-Me-HNO; and 1p-CI-HNOs3) gave
the following results. (1) The recurrence of a C-H- - -O hydro-
gen bond chain involving the activated sp> C-H donor and car-
bonyl acceptor in these crystals (Fig. 1). (2) The occurrence of
a mirror plane m in eight out of nine structures. (3) Six of the
nine structures have a 2D polar layer arrangement, that is, the
dipoles are aligned parallel within a hydrogen-bonded layer.
(4) The charge transfer axis of the chromophore is tilted with
respect to the main symmetry operator in point groups 2 or
m at an angle of ca. 57° (ideal value is 54.74°), a requirement
in NLO materials (Fig. 1).'"* We have addressed points (1)
and (2) in previous papers,'> and now take up the engineering
of 2D polar layers in crystals. The X-ray crystal structures of
meta-phenyl pyrimidinones (1) and pyrimidinones (2) are dis-
cussed in this paper. A model is proposed to explain the recur-
rence of the 2D polar layer assembly in these structures. It
should be mentioned that the polar layers in 1 and 2 stack in
an anti-parallel fashion and the crystal structures are centro-
symmetric with no immediate materials application. Neverthe-
less, we have continued this study because the factors that
control parallel vs. anti-parallel alignment of domains are not
properly understood.'® This paper deals with the parallel align-
ment of dipolar molecules 1 within a hydrogen-bonded layer.
Two-dimensional layered structures have been assembled using
strong O-H---O and N-H- - -O hydrogen bond networks with
urea-based building blocks.'® We show herein that pyrimidi-
none 1 results in 2D layered motifs stabilised by weak
C-H---O and C-H- - -halogen interactions.
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m-l, m-NO,, m-Me, m-OMe, m-F b: R1=Ph, R2 = Me

Some current approaches for inducing crystallisation of
achiral molecules in non-centrosymmetric space groups
include molecular octupoles,'” donor-acceptor complexes,'®
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interpenetrated networks, channel inclusion adducts,
and polar lamellar solids.!' However, many of these materials
display modest SHG activity, in part because the dipolar
molecules are constrained in an inactive host lattice.

Experimental

Synthesis

The appropriate N-aryl urea®! was condensed with acetyl
acetone to afford the N-arylpyrimidinone 1. Yields are
unoptimised and reported for purified products isolated after
column chromatography. NMR spectra were recorded on a
Bruker 200 MHz spectrometer in CDCl; solvent. Peaks are
reported in § and the J coupling in Hz, followed by proton
integration. IR spectra were recorded as KBr wafers, peaks

are reported in cm ™.

1,2-Dihydro-/N-meta-bromophenyl-4,6-dimethylpyrimidin-2-

one (1m-Br). Acetyl acetone (900 mg, 0.92 ml, 9 mmol) and N-
meta-bromophenyl urea (500 mg, 3 mmol) were taken up in 10
mL of EtOH and 1.8 mL of conc. HCI was added. The reac-
tion mixture was refluxed for 4 h, then cooled in ice, and the
precipitated solid was filtered and washed with cold EtOH to
obtain the hydrochloride salt. The salt was dissolved in 10
mL of water and neutralised with NaOH solution (0.7 g in 5
mL of water) at 0°C. Extraction of the aqueous layer with
chloroform and evaporation of the solvent afforded the pro-
duct (17% yield), which was crystallised from an ethyl acet-
ate-hexane mixture. M.p. 179-183°C. 'H NMR: 7.65 (d,
J =28, 1H), 7.40 (s, 1H), 7.34 (t, J =8, 1H), 7.18 (d, J = 8,
1H), 6.19 (s, 1H), 2.41 (s, 3H), 2.05 (s, 3H). IR: 3053, 1653,
1527.

1,2-Dihydro- N-meta-iodophenyl-4,6-dimethylpyrimidin-2-one
(Im-I). Crystallised from an ethyl acetate-hexane mixture,
m.p. 168-170°C, yield 26%. '"H NMR: 7.85 (d, J = 8, 1H),
7.65 (s, 1H), 7.29 (d, J = 8§, 1H), 7.25 (t, J = 8, 1H), 6.19 (s,
1H), 2.43 (s, 3H), 2.05 (s, 3H). IR: 3232, 1643, 1531.

1,2-Dihydro-N-meta-nitrophenyl-4,6-dimethylpyrimidin-2-one
(1m-NO,). Crystallised from methanol, m.p. 236-240°C, yield
34%. '"H NMR: 8.37 (d, J = 8, 1H), 8.15 (s, 1H), 7.75 (t, J = 8,
1H), 7.65 (d, J = 8, 1H), 6.25 (s, 1H), 2.42 (s, 3H), 2.09 (s, 3H).
IR: 3082, 1649, 1525, 1346.

1,2-Dihydro-N-meta-tolyl-4,6-dimethylpyrimidin-2-one (1m-
Me). Crystallised from a benzene-ethyl acetate mixture, m.p.
186-189°C, yield 25%. '"H NMR: 7.41 (t, J = 8, 1H), 7.30
(d, /=28, 1H), 7.05 (d, J =8, 1H), 7.10 (s, 1H), 6.20 (s,
1H), 2.45 (s, 6H), 2.05 (s, 3H). IR: 3049, 1651, 1531.

1,2-Dihydro-N-meta-anisyl-4,6-dimethylpyrimidin-2-one (1m-
OMe). Crystallised from a benzene-ethyl acetate mixture,
m.p. 137-141°C, yield 23%. 'H NMR: 7.40 (t, J = 8, 1H),
7.05 (d, J =38, 1H), 6.80 (d, J =8, 1H), 6.79 (s, 1H), 6.18
(s, 1H), 3.85 (s, 3H), 2.40 (s, 3H), 2.05 (s, 3H). IR: 3053,
1668, 1535.

1,2-Dihydro-N-meta-flourophenyl-4,6-dimethylpyrimidin-2-
one (1m-F). Crystallised from a benzene—ethyl acetate mixture,
m.p. 175-183°C, yield 26%. '"H NMR: 7.50 (dd, J = 8,7, 1H),
7.20(dd,J = 8,7,1H),6.97(d, J = 8§, 1H), 6.91 (d, J = §, 1H),
6.19 (s, 1H), 2.45 (s, 3H), 2.01 (s, 3H). IR: 3065, 1651, 1533.

1,2-Dihydro-/N-methyl-4-methyl-6-phenylpyrimidin-2-one and
1,2-dihydro-/N-methyl-4-phenyl-6-methylpyrimidin-2-one (2a
and 2b). Benzoyl acetone (1.42 g, 9 mmol) and N-methyl urea
(500 mg, 7 mmol) were taken up in 10 mL of EtOH and
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1.65 mL of conc. HCI was added. The reaction mixture was
refluxed for 4 h, then cooled in ice, and the precipitated solid
was filtered and washed with cold EtOH to obtain the hydro-
chloride salt. The salt was dissolved in 10 mL of water and
neutralised with NaOH solution (0.7 g in 5 mL of water) at
0°C. Extraction of the aqueous layer with chloroform and eva-
poration of the solvent afforded the product as a mixture of
isomers in 22% yield. Isomers 2a and 2b were separated by col-
umn chromatography using neutral silica with 80:20 ethyl acet-
ate-hexane eluent. The tentative assignment of regioisomers 2a
and 2b based on NMR and IR spectra is confirmed by single
crystal X-ray diffraction.

2a. Crystallised from ethyl acetate-hexane, m.p. 169-171°C.
'"H NMR: 8.11 (d, J =8, 2H), 7.40-7.50 (m, 3H), 6.71 (s,
1H), 3.62 (s, 3H), 2.44 (s, 3H). IR: 3057, 1630, 1579, 1535,
1494, 1354.

2b. Crystallised from ethyl acetate-hexane, m.p. 186-188°C.
'"H NMR: 7.40-7.60 (m, 3H), 7.30 (d, J = 8, 2H), 6.15 (s,
1H), 3.39 (s, 3H), 2.35 (s, 3H). IR: 1651, 1539, 1489, 1072,
1026, 958.

Crystallography

Single crystal X-ray data was collected on a Nonius-CAD4 dif-
fractometer with MoKuo radiation (4 0.7107 A) and on a Non-
ius-CCD Kappa diffractometer working with AgKo radiation
(2 0.5608 A) from 180 exposures with A¢ scans, Ap = 1°.
Omax = 35.2° (CAD4) and 21.5° (or 27.9° exceptionally) on
the CCD. Absorption correction was applied for the Br and
I atoms. Hydrogen atoms were refined in such a way that
the ratio of reflections to parameters for each crystal structure
is favourable, that is, about 10. Structures were solved using
direct methods with SIR92 program.”** Full-matrix least-
squares refinement were performed on F using the teXsan soft-
ware.??” Scattering factors for neutral atoms and f', Af', ",
Af" were taken from the International Tables for X-ray Crystal-
lography.?*¢ Details of crystal data collection, structure solu-
tion and refinement are listed in Table 1 and metrics of some
important hydrogen bonds are summarised in Table 2. Crystal
packing diagrams were drawn using PLATON.?*?

CCDC reference numbers 200184-91. See http://www.rsc.
org/suppdata/nj/b2/b207090a/ for crystallographic files in
CIF or other electronic format.

Table 1 Crystal data for compounds in this study

View Online

Results and discussion

Phenylpyrimidinone 1 was synthesised as described pre-
viously.'® Pyrimidinone 2 was synthesised by the condensation
of N-methylurea with benzoyl acetone and separation of iso-
mers 2a and 2b by column chromatography. Crystallisation
of 1 and 2 from different solvents (e.g., ethanol, benzene, ethyl
acetate, hexane, and their mixtures) afforded diffraction quality
crystals (Table 1). The arrangement of molecules in the eight
crystal structures discussed is mediated by weak hydrogen
bonds® (C-H---O, C-H.- - -halogen) and van der Waals inter-
actions. The structures are analysed in this sequence: 1m-Br,
1m-1, 1m-NO, , 1m-Me, 1m-OMe, 1m-F, 2a and 2b.

1,2-Dihydro-N-meta-X-phenyl-4,6-dimethylpyrimidin-2-one
(X = Br, I, NO,)

In the crystal structure of 1m-Br (space group P1), translation-
related molecules are connected by a chain of C-H: - -O hydro-
gen bonds [d, 0: 2.47(4) A, 154(3)°] along the « axis. These
chains are connected by a C-H- - -Br interaction® [3.12(5) A,
121(3)°] in the lateral direction to produce a rectangular grid
network in the (0 1 1) plane [Fig. 2(a)]. It may be noted that
the carbonyl groups of 1m-Br point in the same direction
within a layer, referred to as 2D polarity in this discussion.
In effect, linear chains of C-H---O and C-H- - -Br interactions
traverse to produce a polar sheet structure. The interlayer
region has a profusion of C-H---O/C-H---Br interactions
(Table 2) and an overall hydrophobic fit. The crystal structure
is centrosymmetric; adjacent layers are inversion-related [Fig.
2(b)].

The N-phenyl ring in 1m-Br is tilted with respect to the pyr-
imidinone ring at an angle of 74.8(5)°. In symmetrical phenyl
derivatives of 1 (e.g., Ph, para-tolyl, para-chlorophenyl), the
aryl and heterocyclic ring are exactly perpendicular to each
other such that the pyrimidinone ring lies in the mirror plane
and the m plane bisects the phenyl ring. We have explained
the orthogonal orientation of aryl and pyrimidinone rings in
symmetrical derivatives of 1 by calculating the energy of the
isolated molecule as a function of the interplanar dihedral
angle (7/°) in the RHF 3-21G* basis set.'*” The energy vs.
dihedral angle curve, with a minimum at t = 90°, is very shal-
low in the region 80° < 7 < 100°. A slight deviation from the
perpendicular conformation is tolerated if such a tilt results in
favourable interactions elsewhere in the crystal. The weak

Compound 1meta-Br 1meta-1 1meta-NO, 1meta-Me 1meta-OMe 1meta-F 4-Me,6-Ph (2a) 4-Ph,6-Me (2b)
Chemical formula C12H11BI'N20 C12H111N20 C12H11N303 C13H14N20 C13H]4N202 C12H]0FN20 C12H12N20 C12H12N20
Formula weight 279 326 245 214 230.27 217.22 200.24 200.24

T/K 296.2 296.2 296.2 296.2 296.2 296.2 273.2 296.2
Crystal system Triclinic Triclinic Triclinic Monoclinic Monoclinic Orthorhombic  Orthorhombic ~ Monoclinic
Space group P1 P1 Pi P2, /n C2/c Pnma Pbca C2/c

a/A 7.1084(6) 7.531(1) 7.126(6) 7.1729(5) 21.324(4) 7.0475(10) 10.1248(7) 18.468(3)
b/A 7.4863(6) 12.236(2) 7.635(1) 14.506(2) 7.2771(9) 7.438(3) 17.625(2) 7.214(2)

c/A 11.923(1) 7.154(1) 11.337(2) 11.384(1) 16.929(7) 20.763(4) 11.924(1) 15.603(3)
o/deg 99.788(4) 106.27(1) 102.33(1) 90 90 90 90 90

p/deg 107.055(3) 100.1(9) 103.28(5) 106.972(6) 111.81(3) 90 90 91.87(2)
y/deg 98.477(4) 74.90(1) 96.74(5) 90 90 90 90 90

U/;\3 584.50(9) 607.2(7) 577.4(5) 1132.9(2) 2439.0(11) 1088.4(4) 2127.9(3) 2077.7(7)

VA 2 2 2 4 8 4 8 8

,u/mm" 1.877 (AgKa) 1.392 (AgKa) 0.104 (MoKa) 0.052 (AgKa)  0.086 (MoKa) 0.098 (MoKa) 0.052 (AgKa)  0.084 (MoKa)
Neotal 6418 5982 5276 2693 3249 2148 4510 6672

Nindep 2647 2756 5071 2693 3148 1164 2756 6454

Nusea (I > x0) 1717 (x =2) 1966 (x =3) 984 (x = 3) 1355 (x=25) 1437 (x=1) 707 (x =0.5) 1504 (x =2) 1057 (x = 3)
Rint 0.06 0.05 0.041 0.00 0.02 0.052 0.036 0.05

R 0.05 0.04 0.057 0.07 0.06 0.087 0.064 0.049

R, 0.058 0.054 0.056 0.066 0.055 0.071 0.053 0.061
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Table 2 Hydrogen bond metrics in crystal structures

Hydrogen 0/deg
Compound  bond* d/A (H---A) DJ/A(X---A) [LX-H---A
1m-Br C3-HI---013) 2.47(4) 3.230(5) 154(3)

C6-H7- - -Brl(ii) 3.12(5) 3.723(5) 121(3)

C12-H11---O1(ii})  2.67(4) 3.472(7) 167(4)

C8-H8- - -01(iv) 2.87(4) 3.477(6) 135(3)

C6-H7- - -Brl(v) 3.28(5) 3.993(6) 131(3)
1m-1 C3-HI---0() 2.43(5) 3.267(7) 154(4)

C6-H6- - I(ii) 3.01 3.882(9) 154

C5-H4- - -O(iii) 2.58(6) 3.459(7) 154(4)

CI2-HI1---OGv)  2.52(6) 3.41(1) 165(5)

C8-H8- - -O(v) 2.79(6) 3.43(1) 124(4)
1m-NO, C3-H1---01(3i) 2.20 3.222(6) 156

C6-H6- - -03(ii) 2.55 3.538(6) 152

C5-H4- - -01(iii) 2.60 3.511(6) 142

C6-H5- - -N3(iv) 2.70 3.730(8) 159

C6-H5---03(v) 2.61 3.677(8) 172

C8-H8- - -01(vi) 2.56 3.347(6) 129

CI2-HI1---O1(vii) 2.39 3.423(6) 158
1m-Me C3-HI---013) 2.40 3.272(3) 156

C5-H2- --01(ii) 2.81 3.655(3) 144

CI2-HI1-- -N2(iii)  2.69 3.560(4) 140

C8-H8---Ol(iv) 2.98 3.900(4) 170

CI1-H10---01(v)  2.90 3.581(5) 123
1m-OMe  C3-HI---0O1() 2.45 3.366(3) 161

C8-H3. - -02(ii) 2.70 3.455(4) 137

C6-H2- - N2(iii) 2.46 3.391(4) 165

C10-H5---Ol(iv) 2.6l 3.267(4) 126
Im-F C3-HI---01(j) 2.30 3.166(6) 154

C6-H2- - -O1(ii) 2.66 3.536(5) 151

C9-H5- - -F1(iii) 2.59 3.194(7) 125
4-Me,6-Ph  C3-HI10---O1(i) 2.50(2) 3.409(4) 168(1)
(2a) C12-H15---O1(i))  2.48(3) 3.42(1) 164(1)

C5-H3- - -N2(iii) 2.75(3) 3.691(2) 174(1)

C6-H4- - -Ol(iv) 251 3.392(3) 154

C6-H9- --O1(v) 2.57 3.392(3) 135

C5-H2- - -O1(vi) 2.53(3) 3.512(9) 161(1)
4-Ph,6-Me C3-HI---Ol(i) 2.38 3.368(4) 149
(2b) C8-H8- - -N1(ii) 2.75 3.648(4) 156

C6-H6- - -O1(iii) 2.74 3.655(5) 158

“ For illustration of interactions (i), (ii), (iii), etc., see the figures.

C-H-- -Br interaction in the (0 1 1) direction ([Fig. 2(a);
Table 2, interaction ii] is optimised as a result of the slight tilt
of the phenyl ring in 1m-Br. In the unsymmetrical 1m-Br deri-
vative, both the molecular and the crystal symmetry are lower
(space group PI) compared to 1p-Cl, 1p-CI-HCI and 1p-
CI-HNO; (Pnma, P2;/m and Pnma). Thus, the meta deriva-
tives crystallise in the triclinic system while the symmetrical
para analogues crystallise in monoclinic and orthorhombic
systems with a mirror plane.

Crystal structures of 1m-1 and 1m-NO, are isostructural
with 1m-Br, having the same space group but different cell axes
and angles (Table 1). These crystal structures exhibit similar
C-H---O and C-H-:--halogen interaction networks in the
(1 10) and (0 1 1) planes [Fig. 3(a) and 3(b)]. Thus, the 2D
polar layer arrangement is observed in both these structures.
However, adjacent layers are inversion-related, similar to 1m-
Br. The (O)C-N-C-C(Ph) torsion angle (7) is 74.0(11)° and
78.0(4)° in 1m-I and 1m-NO, . The identical networks of lateral
C-H- - -halogen and C-H- - -O(nitro) interactions highlights the
importance of weak hydrogen bonds in controlling the self-
assembly in these crystal structures. The calculated volume
of Br, I and NO, groups is similar (26, 32, 29 AS),24 and so
is the arrangement of molecules in the crystal. This also testi-
fies to the robustness of the recurring C-H---O hydrogen-
bonded chain synthon (Figs. 1-3) in steering the arrangement
of molecules. While the individual C-H---O interactions are
weak (2-3 kcal mol™}), the chain synthon constructed with
these weak hydrogen bonds is strong enough to sustain self-
assembly in a number of structures.
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Fig. 2 Crystal structure of 1m-Br. (a) C-H- - -O hydrogen-bonded 1D
chain (interaction i) and C-H- - -Br interaction in the lateral direction
(interaction ii). Note the parallel alignment of molecules in the 2D
layer. (b) Centrosymmetric arrangement of adjacent layers mediated
by interactions iii, iv, v and an overall hydrophobic fit. See Table 2
for metrics of interactions in this and subsequent figures.

1,2-Dihydro-/N-meta-X-phenyl-4,6-dimethylpyrimidin-2-one
(X = Me, OMe)

The structure of 1m-Me (space group P2,/m) contains the
C-H- - -O hydrogen-bonded chain along the a axis, further sta-
bilised by a (Me)C-H---O interaction (2.40 A, 156°; 2.81 A,
144°;) as shown in Fig. 4. The tolyl ring in 1m-Me rotates
about the C-N bond such that its Me group moves away from
the Me group on the pyrimidinone ring of an adjacent
molecule. Thus, it is the Me---Me repulsion and not the
C-H---O/halogen attraction that determines the conforma-
tion in this crystal structure. Although the conformation of
the N-tolyl moiety is different from the Br-Ph, I-Ph and
NO,-Ph groups, the 2D polar layer arrangement is a recurring
pattern in all these structures. The details of crystal packing in
1m-Me are different from that in the 1m-Br and 1m-I struc-
tures, notwithstanding that methyl-halogen mimicry® is a
common phenomenon in crystal structures. If the methyl and
halogen structures are different, as in this case, it is usually a
result of specific, directional interactions controlling the crystal
packing and not mere space filling of hydrophobic groups. We
believe that the weak C—H- - -halogen interaction and Me- - -Me
repulsion are responsible for differences in crystal packing
between Me and halogen analogues. It has been possible to
probe the role of such subtle effects in crystal packing because
a series of molecules with minor substituent variations were
synthesised, and their crystal packing analysed systematically.

In 1m-OMe (space group C2/c), translation-related mole-
cules are connected via the C-H---O chain synthon (2.45 A,
161°) and the OMe group is involved in forming (Ph)C-
H---O dimers between inversion-related molecules (2.70 A,
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Fig. 3 (a) 2D polar layer arrangement in 1m-I mediated by C-H- - -O
and C-H- - -I interactions i and ii. (b) 2D polar layer of 1m-NO, . Note
the similarity in the 2D networks.

137°; Fig. 5). All this suggests that the C-H- - -O chain supra-
molecular synthon is an invariant structural motif in the 2D
polar layer pattern. Other weak hydrogen bonds in the lateral
direction, such as C-H- - -O and C-H- - -halogen, determine the

Fig. 4 2D polar layer in 1m-Me. The conformation of the m-tolyl
ring is different compared to the orientation of the phenyl ring in Figs.
2 and 3.
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Fig. 5 (a) 2D polar layer in 1m-OMe with 1D chains oriented in the
same direction. (b) Centrosymmetric C-H- --O interactions between
anisyl rings of inversion-related molecules.

overall 3D structure. There is thus a hierarchy of interactions
even within the weak hydrogen bond category: the 1D chain
and the 2D layer interactions are predictable, but the factors
that control the stacking of layers are difficult to dissect.

1,2-Dihydro-N-meta-fluorophenyl-4,6-dimethylpyrimidin-2-one

Crystallisation of 1m-F from benzene—ethyl acetate afforded
diffraction quality single crystals that solved and refined in
the space group Pnma. The meta-fluoro derivative shows struc-
tural features that serve as a bridge between the unsymmetrical
meta compounds and the symmetrical para series. Although
the molecule has an unsymmetrical phenyl substitution, the
crystal system has a mirror plane m, similar to the unsubsti-
tuted and para compounds (1H, 1p-Me, 1p-Cl).'>? The pyrimi-
dinone molecule resides in the mirror plane and this plane
bisects the N-m-fluorophenyl ring ([Fig. 6(a)]. This structure
is isostructural with 1p-Me, 1p-Cl (Pnma) in that the 1D chains
are oriented parallel within the 2D polar layer. However, it is
different from the structure of 1H (Pbcm) in which 1D chains
are aligned anti-parallel in the layer. Normally, replacement of
H with F in a molecule does not result in significant structural
differences®® because the van der Waals radius of these atoms is
similar (Hyqw 1.20, Fyqw 1.47 A). However, when the H and F
structures are different, specific C-H- - -F interactions may be
involved. Analysis of the inter-layer packing in 1m-F shows
that there is a (Me)C-H- - -F interaction [2.59 A, 125°; Fig.
6(b)] between inversion-related molecules. The F atom is
refined with a site-occupancy of 0.5; the pyrimidinone ring
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Fig. 6 Crystal structure of 1m-F. (a) Parallel alignment of 1D chains
sustained by C-H- - -O interaction i. (b) Interlayer C-H- - -F interaction
iii. The F atom has 0.5 occupancy in each location. The space group
and arranfﬁement of molecules is identical to the 1p-Me and 1p-Cl
structures.’>

atoms reside in the mirror plane and are fully ordered. A pos-
sible reason for the 50% occupancy of fluorine could be that in
this way the unsymmetrical phenyl ring conforms to the higher
mirror symmetry in the crystal. This suggests that the presence
of mirror plane m in the crystal is an important steering factor.
This may be traced to the pyrimidinone molecule having the
stable bisected-phenyl conformation.!*> Normally, molecules
do not reside on the m special position because this arrange-
ment decreases packing efficiency by 2-3%.2**” However,
retention of m or 2 symmetry is thermodynamically advanta-
geous because the molecules are symmetrically arranged. All
in all, a number of factors such as molecular symmetry, energy
of the conformation in the crystal, and weak intermolecular
interactions (C-H---O, C-H---halogen) determine the final
packing motif in the crystal structure. Regarding the nature
of fluorine disorder in the crystal, that is, whether it is static
or dynamic,?® this issue can be answered only with variable
low-temperature X-ray diffraction studies. The present X-ray
data were collected at about ambient temperature.

1,2-Dihydro-/N-methyl-4-methyl-6-phenylpyrimidin-2-one and
1,2-dihydro-/N-methyl-4-phenyl-6-methylpyrimidin-2-one

The unsymmetrical molecules, 4-Me-6-Ph analogue 2a and 4-
Ph-6-Me analogue 2b, were synthesised to extend conjugation
of the phenyl ring with the pyrimidinone heterocycle to
enhance the molecular hyperpolarisability. Since the structures
of these two isomers could not be unambiguously ascertained
by NMR spectroscopy (see Experimental), the final assignment
was made after X-ray diffraction. The structures shown as 2a
and 2b were confirmed from the ORTEP plots [Fig. 7(a,b)].
In 2a (Pbca), the molecules are organised in a zigzag array

View Online

via C-H---O hydrogen bonds that extend into corrugated
sheets Fig. 7(c)]. The N-Me group is disordered. In 2b (C2/c),
the linear C-H- - -O chain is preserved [Fig. 7(d)]. The hydro-
gen-bonded layers are 2D polar in both crystal structures,
suggesting that the parallel alignment of 1D chains in a
2D layer motif is a characteristic feature of the pyrimidinone
family. To summarise, variation in the position of alkyl and
aryl residues on the molecular skeleton does not disturb the
main C-H---O hydrogen bond synthon and the 2D polar
layer organisation in these crystal structures.

The main idea behind synthesising molecules 2 was to
extend the conjugated chromophore as compared to pyrimidi-
none 1. While 2D polarity is routinely achieved, the absence
of 3D non-centrosymmetry in these crystals makes further
attempts to optimise the molecular hyperpolarisibility for
inducing SHG effects somewhat of a futuristic goal. The task
of controlling the parallel alignment of 1D dipoles or 2D polar
layers in non-centrosymmetric space groups (e.g., P2, Fdd2,
Pna2,, Imm2), namely crystals that lack an inversion centre,
is still a difficult challenge with no general solution to the pro-
blem. In a recent review, Lin® has discussed this issue in terms
of the number of interpenetrating 3D networks and proposed
that odd-fold catenation is likely to result in non-centrosym-
metric crystal packing.

Model for 2D polar layers

The occurrence of 2D polar layers is a repeating theme in the
pyrimidinone family of crystal structures. The changes in sub-
stitution range from simple exchange of groups on the N-aryl
moiety to the replacement of phenyl with methyl groups on the
pyrimidinone ring. While the space groups and detailed pack-
ing motifs vary from crystal to crystal, the 1D chain of
C-H:--O hydrogen bonds and the 2D polar layer assembly
are invariant structural features. This prompted us to under-
stand the phenomenon of 2D polarity in terms of the molecu-
lar structure of 1 and the robust C-H---O hydrogen bond
synthon in these crystals. Our model is based on the fact that
molecules of 1 form a linear array of C-H---O hydrogen
bonds. Such chains may then align either in a parallel fashion
(2D polarity) or in an anti-parallel arrangement (a common
layer motif). Four possible arrangements of hydrogen-bonded
chains of molecules 1 in a 2D layer are displayed in Fig. 8.
Motifs a and b are 2D polar while the chains are aligned
anti-parallel in ¢ and d. The most common pattern in pyrimi-
dinone crystals is depicted in motif a. Translation-related
molecules form the C-H---O hydrogen-bonded chain (in the
direction of the arrow) and such chains are in turn connected
through weak hydrogen bonds or van der Waals interactions
involving the phenyl ring. This 2D polar motif is present in
eight structures, three from previous studies (1H-HCI, 1p-
Me-HCI, 1p-CI-HCI)!* and five in this paper (1m-Br, 1m-I,
1m-NO,, 1m-Me, 1m-OMe). In motif b, a two-fold screw axis
or a glide plane parallel to the polar (arrow) direction relates
molecules in adjacent chains. This results in the stable herring-
bone geometry between phenyl rings and the methyl groups
close-pack on the other side. The 2D polar motif b is present
in four structures (1p-Me, 1p-Cl, 1p-Ph and 1m-F). In the
anti-parallel arrangement c, the interactions are similar to
those in a but the symmetry operation that relates the hydro-
gen-bonded molecules is different. A 2;-screw axis or a glide
plane perpendicular to the polar (arrow) direction relates adja-
cent chains that run in opposite directions within a layer. Only
three structures (1H, 1p-Me-HNOj3, 1p-CI-HNOs) belong to
this category. Motif c is not preferred, despite having similar
interactions and void size compared to motif a, because the
methyl group in 1 is not correctly placed within the molecule
to have a lateral interaction with a substituent on the phenyl
group (dotted lines), as depicted in motif c. A hydrogen bond
between the phenyl ring and pyrimidinone heterocycle in the
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Fig. 7 ORTEP plot of N-methyl-4-methyl-6-phenylpyrimidinone 2a (a) and N-methyl-4-phenyl-6-methylpyrimidinone 2b (b). The N-Me group
in 2a is disordered. (c) 2D polar corrugated layer in 2a. (d) 2D polar layer assembly in 2b. Note the recurrence of a parallel alignment of dipolar

molecules within a layer in 1 and 2.

lateral direction would be bent in arrangement c. The centro-
symmetric layer (motif d), with adjacent chains related by an
inversion centre, is not observed in any structure. This is
because inversion symmetry is not compatible with the ubiqui-
tous herringbone T-geometry between phenyl rings in the solid
state.”? Even though inversion-related phenyl rings can engage
in m-n stacking, this motif may not be favoured in the present
case because quadrupole-quadrupole interactions (charge-
transfer component) between like phenyl rings may be minimal.
Thus, the dominant 2D polar layer arrangement is rationalised
through motifs a and b that account for 12 of the 15 crystal
structures studied. The proposed model is specific to the
molecular structure of N-aryl pyrimidinone 1. A better under-
standing of the factors that promote 2D polarity in these struc-
tures will emerge from an analysis of more diverse and
complex systems.

Conclusions

A study of the factors that promote crystallisation of 1D
chains or 2D layers of molecules in polar space groups is a
current theme in crystal engineering, with implications in

574 New J. Chem., 2003, 27, 568-576

materials science. It has been shown in recent papers that
non-centrosymmetric crystal packing may be achieved with
1D chains sustained by C-H---N interactions®® and in 2D
layers connected via C-H---O interactions.®® The parallel
alignment of dipoles in these crystal structures is explained
through weak hydrogen bonds.i

Two-dimensional layered structures assembled with
O-H:--O and N-H---O hydrogen bonds in crystals of uro-
nium salts, imidazole carboxylates and urea derivatives have
been reported.’>'® We have shown in this paper the recurrence
of 2D polar networks in N-aryl pyrimidinone crystals, thereby
emphasising that robust and reliable C-H- - -O synthons offer
an equally effective crystal design theme®? as the strong
hydrogen bonds. The role of steric and/or electronic effects
in hydrogen bonding and crystal packing has been examined
by the systematic variation of functional groups in a family

i Non-linear dielectric property in hydrogen-bonded chains may be
established with strong O-H---O, N-H---O (KH,PO,, urea) or weak
C-H---O, C-H- - -N bonds (ref. 30, 31). The issue here is not whether
the interaction is strong or weak but has more to do with the perfect
polar alignment of chromophores in the crystal.
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Fig. 8 Model to explain the recurrence of the 2D polar layer arrange-
ment in phenyl pyrimidinone 1. The 1D chain is constructed with
C-H- - -O interactions in all cases while the lateral interactions in the
layer are different. (a) Parallel alignment of 1D chains and lateral
C-H- - -X interactions are simultaneously optimised. (b) Parallel align-
ment of 1D chains and herringbone motif between phenyl groups. (c)
Anti-parallel alignment of 1D chains, the lateral C-H- - -X interaction
is bent. (d) Anti-parallel alignment of 1D chains with neighbouring
phenyl groups being inversion-related. Motif a is present in over half
the structures studied (8/15), motif b in 4 and motif ¢ in 3 structures.
Motif d is not found in any structure. See text for details.

of structures. The present study shows that a combination of
molecular features and hydrogen bond synthons direct the
self-assembly of 2D polar layers. The parallel stacking of such
layers into non-centrosymmetric 3D crystals is a continuing
challenge in our ongoing studies.
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