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The synthesis of three supramolecular reactants (SR’s) containing two distinct hydrogen bonding

donor/acceptor sites (pyridine–aminopyrimidine) designed to establish competitive intermolecular

interactions during co-crystal assembly is described. These ditopic SR’s were allowed to react with

aromatic carboxylic acids in varied stoichiometric ratios, producing nine molecular 1 : 1

co-crystals. Single crystal X-ray diffraction studies show that in each case, the participating

carboxylic acid preferentially engages in heteromeric O–H� � �N/N–H� � �O hydrogen bonds with the

aminopyrimidine binding site. The results can be rationalized through a hierarchical view of

intermolecular interactions based upon observed structural pattern preferences, and they also

establish the reliability of the aminopyrimidine as an effective supramolecular tool, even in the

presence of other potential disruptive hydrogen-bonding donor/acceptor moieties.

Introduction

The deliberate assembly of molecular building-blocks into

discrete supermolecules or extended networks with predeter-

mined stoichiometries or connectivities through non-covalent

intermolecular interactions is a central challenge in the field of

crystal engineering.1 Since the individual components making

up the supermolecules are brought together and organized

through reversible interactions, product formation and isola-

tion are typically required to take place in a one-pot reaction.

This represents an inherent synthetic limitation in many areas

of supramolecular assembly, but this problem may be over-

come by identifying or establishing a hierarchy of intermole-

cular interactions which, in turn, may facilitate modular

supramolecular synthesis.

In the construction of inorganic–organic hybrid materials, it

is possible to utilize one or both of the following: (1) the

preferred coordination geometry of a specific metal ion and (2)

the positioning and number of donor atoms on the organic

ligand.2 When it comes to the assembly of purely organic

supramolecular architectures, synthetic strategies including,

but not limited to, hydrogen bonding,3 halogen bonding,4

p–p stacking,5 have typically been employed. The hydrogen

bond is a particularly powerful tool due to its strength and

directionality, but it can also be fine-tuned electronically and

geometrically.6

Etter suggested7 that in a system with multiple (and poten-

tially competitive) hydrogen-bond donors and acceptors, the

best hydrogen-bond donor will interact with the best hydro-

gen-bond acceptor, and the second-best donor will interact

with the second-best acceptor and so forth. To further develop

this idea into versatile and reliable synthetic strategies for the

construction of co-crystals, we have examined the structural

reactivity and behavior of a family of new supramolecular

reactants (SR’s) containing two competing and tunable hydro-

gen-bonding sites. Three structurally similar pyridine–amino-

pyrimidine (py–pym) SR’s 1–3 have been synthesized, Scheme

1. In each case, one end of the molecule contains a pyridine or

methoxy-substituted pyridine moiety while the other end

contains an aminopyrimidine functionality.

Correlations between the chemical nature of the donor/

acceptor, and the resulting hydrogen-bond behavior have been

examined extensively. For example, a systematic IR study of a

series of carboxylic acid� � �pyridine complexes (in chloroform)

show that even the weakest acid in this sequence, acetic acid,

forms a 1 : 1 complex with pyridine held together by a short

O–H� � �N hydrogen bond.8 The potential energy of this hydro-

gen bond is described by a highly asymmetrical double-mini-

mum curve. With increasing acidity the O–H� � �N hydrogen

bond becomes stronger and the potential energy curve has a

more symmetric appearance. For intermolecular interactions

of this type, correct qualitative interpretations and trends

within related chemical systems can frequently be extracted

from a relatively simple electrostatic description of the hydro-

gen bond.9

Pyridine is significantly more basic than unsubstituted

pyrimidine and this difference in basicity (as determined by

experimental pKa values) is also reflected in electrostatic

Scheme 1 Three bifunctional ligands each carrying two distinctly
different hydrogen-bonding moieties.
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potential surfaces that can be obtained from, for example,

AM1-calculations, Fig. 1.

Based on an electrostatic argument pyridine is expected to

form significantly stronger N� � �H–O hydrogen bonds with an

incoming carboxylic acid than is pyrimidine. There is, in fact,

only one reported co-crystal that has been constructed using

an O–H� � �N hydrogen bond between a carboxylic acid and

unsubstituted pyrimidine,12 whereas there are more than one

hundred co-crystals in the CSD that have been synthesized

primarily via a carboxylic acid� � �py synthon.13 However, if the

less basic nitrogen atom in pyrimidine is accompanied by a

strong hydrogen-bond donor, such as an amino group, in the

appropriate location, it may become a better hydrogen-bond-

ing moiety than a pyridine nitrogen atom only supported by

an adjacent C–H donor. In order to determine the balance and

competition between two binding sites, aminopyrimidine and

pyridine, and their abilities to attract the attention of a

carboxylic acid, we report crystal structures of nine molecular

co-crystals obtained from supramolecular reactions between

1–3 and a variety of aromatic carboxylic acids.

Experimental

Synthesis

All chemicals were purchased from Aldrich and used without

further purification. The synthesis and characterization of 3-

(2-amino-4-methylpyrimidin-6-yl)pyridine 1 and 1-(2-amino-

4-methylpyrimidin-6-yl)-2-(3-methoxypyridin-5-yl)ethyne 3

are reported elsewhere.14 Melting points were determined on

a Fisher–Johns melting point apparatus and are uncorrected.

Compounds were prepared for infrared spectroscopic (IR)

analysis as a mixture in KBr.

4-Methyl-3-(2-amino-4-methoxypyrimidin-6-yl)pyridine, 2. A

mixture of 2-amino-4-chloro-6-methylpyrimidine (1.534 g,

10.73 mmol), 2-methoxy-5-pyridylboronic acid (1.90 g, 12.42

mmol), sodium carbonate (0.700 g, 6.60 mmol) bis(triphenyl-

phosphine)palladium(II) dichloride (180 mg, 0.256 mmol, 2.4

mol%) was added to a round bottom flask. Acetonitrile (35

mL) and water (35 mL) were added and dinitrogen bubbled

through the resultant mixture for 10 min. A condenser was

attached and the mixture heated at 65 1C under a dinitrogen

atmosphere. The reaction was monitored by TLC and allowed

to cool to room temperature on completion (24 h). A portion

of the product 2 precipitated from the reaction mixture, thus

the precipitate was filtered and the remaining reaction mixture

worked up accordingly. The solution was diluted with ethyl

acetate (150 mL), washed with water (3 � 100 mL) then

washed with saturated aqueous sodium chloride (1 � 100

mL). The organic layer was separated and dried over magne-

sium sulfate. The solvent was removed on a rotary evaporator

and the residue chromatographed on silica with a hexa-

ne–ethyl acetate mixture (1 : 3) as the eluant. The isolated

product was then combined with the filtered portion. The tan

solid, product 2, was then recrystallized from ethanol as

colorless bar shaped crystals (1.44 g, 64%). Mp: 163–165 1C;
1H NMR (dH; 400 MHz, CDCl3): 8.74 (d, J = 2.8 Hz, 1H),

8.22 (dd, J = 8.8 Hz, J = 2.4 Hz, 1H), 6.87 (s, 1H), 6.82 (d, J

= 8.8 Hz, 1H), 5.11 (s, 2H), 4.00 (s, 3H), 2.41 (s, 3H); 13C

NMR (dC; 400 MHz, CDCl3): 168.62, 165.55, 163.14, 162.93,

146.33, 137.26, 126.51, 110.83, 106.30, 53.75, 24.13; IR (KBr):

3449, 3317, 1583, 1367, 1290, 1013.

3-(2-Amino-4-methylpyrimidin-6-yl)pyridine . 4-nitrobenzoic

acid, 1a. 3-(2-Amino-4-methylpyrimidin-6-yl)pyridine (19 mg,

0.10 mmol) and 4-nitrobenzoic acid (17 mg, 0.10 mmol) were

placed in a vial containing ethanol (6 mL) and heated until a

clear homogeneous solution was obtained. After 4 d of slow

evaporation, colorless rod-shaped crystals were obtained. Mp

188–190 1C; IR (KBr pellet) n 3324 and 3171 cm�1 (NH2, m),

2425 and 1910 cm�1 (O–H� � �N, br), 1700 cm�1 (CQO, m).

3-(2-Amino-4-methylpyrimidin-6-yl)pyridine . pentamethyl-

benzoic acid, 1b. 3-(2-Amino-4-methylpyrimidin-6-yl)pyridine

(10 mg, 0.05 mmol) and pentamethylbenzoic acid (21 mg, 0.10

mmol) were placed in a vial containing an ethanol–ethyl

acetate mixture (5 : 5 mL) and heated until a clear homo-

geneous solution was obtained. After 2 d of slow evaporation,

yellow/orange prism-shaped crystals were obtained. Mp

155–157 1C; IR (KBr pellet) n 3331 and 3198 cm�1 (NH2,

m), 2442 and 1912 cm�1 (O–H� � �N, br), 1635 cm�1 (CQO, m).

3-(2-Amino-4-methylpyrimidin-6-yl)pyridine . 4-hydroxyben-

zoic acid, 1c. 3-(2-Amino-4-methylpyrimidin-6-yl)pyridine (11

mg, 0.06 mmol) and 4-hydroxybenzoic acid (16 mg, 0.12

mmol) were placed in a vial containing ethanol (10 mL) and

heated until a clear homogeneous solution was obtained. After

2 d of slow evaporation, yellowish/orange cube-shaped crys-

tals were obtained. Mp 195–197 1C; IR (KBr pellet) n 3432

(OH, s), 3314 and 3191 cm�1 (NH2, m), 2494 and 1875 cm�1

(O–H� � �N, br), 1655 cm�1 (CQO, m).

4-Methoxy-3-(2-amino-4-methylpyrimidin-6-yl)pyridine . 4-

N,N-dimethylaminobenzoic acid, 2a. 4-Methoxy-3-(2-amino-4-

methylpyrimidin-6-yl)pyridine (10 mg, 0.05 mmol) and 4-N,N-

dimethylaminobenzoic acid (8 mg, 0.05 mmol) were placed in

a vial containing ethyl acetate (10 mL) and heated until a clear

Fig. 1 Pyridine and pyrimidine and their experimental pKa values
10

and AM1 calculated electrostatic potential surfaces.11

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006 New J. Chem., 2006, 30, 1452–1460 | 1453

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
L

os
 A

ng
el

es
 o

n 
01

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 2

5 
A

ug
us

t 2
00

6 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

60
82

67
J

View Article Online

http://dx.doi.org/10.1039/b608267j


homogeneous solution was obtained. After 1 d of slow eva-

poration, colorless cube-shaped crystals were obtained. Mp

173–175 1C; IR (KBr pellet) n 3317 and 3204 cm�1 (NH2, m),

2455 and 1872 cm�1 (O–H� � �N, br), 1705 cm�1 (CQO, m).

4-Methoxy-3-(2-amino-4-methylpyrimidin-6-yl)pyridine . 2,4-

difluorobenzoic acid, 2b. 4-Methoxy-3-(2-amino-4-methylpyri-

midin-6-yl)pyridine (10 mg, 0.05 mmol) and 2,4-difluoroben-

zoic acid (15 mg, 0.10 mmol) were placed in a vial containing

methanol (10 mL) and heated until a clear homogeneous

solution was obtained. After 2 d of slow evaporation, colorless

rod-shaped crystals were obtained. Mp 165–167 1C; IR (KBr

pellet) n 3350 and 3191 cm�1 (NH2, m), 2372 and 1880 cm�1

(O–H� � �N, br), 1685 cm�1 (CQO, m).

4-Methoxy-3-(2-amino-4-methylpyrimidin-6-yl)pyridine . pen-

tamethylbenzoic acid, 2c. 4-Methoxy-3-(2-amino-4-methyl-

pyrimidin-6-yl)pyridine (13 mg, 0.06 mmol) and penta-

methylbenzoic acid (23 mg, 0.12 mmol) were placed in a vial

containing ethanol (6 mL) and heated until a clear homoge-

neous solution was obtained. After 2 d of slow evaporation,

colorless rod-shaped crystals were obtained. Mp 181–183 1C;

IR (KBr pellet) v 3385 and 3206 cm�1 (NH2, m), 2429 and

1926 cm�1 (O–H� � �N, br), 1653 cm�1 (CQO, m).

1-(2-Amino-4-methylpyrimidin-6-yl)-2-(3-methoxypyridin-5-

yl)ethyne . 3,5-dinitrobenzoic acid, 3a. 1-(2-Amino-4-methyl-

pyrimidin-6-yl)-2-(3-methoxypyridin-5-yl)ethyne (10 mg, 0.04

mmol) and 3,5-dinitrobenzoic acid (9 mg, 0.04 mmol) were

placed in a vial containing an ethanol–ethyl acetate mixture

(15 : 15 mL) and heated until a clear homogeneous solution

was obtained. After 1 d of slow evaporation, colorless plate-

shaped crystals were obtained. Mp 235–237 1C; IR (KBr

pellet) n 3314 and 3145 cm�1 (NH2, m), 2479 and 1890 cm�1

(O–H� � �N, br), 2223 cm�1 (CRC), 1690 cm�1 (CQO, m).

1-(2-Amino-4-methylpyrimidin-6-yl)-2-(3-methoxypyridin-5-

yl)ethyne . 4-nitrobenzoic acid, 3b. 1-(2-Amino-4-methylpyrimi-

din-6-yl)-2-(3-methoxypyridin-5-yl)ethyne (10 mg, 0.04 mmol)

and 4-nitrobenzoic acid (14 mg, 0.08 mmol) were placed in a

vial containing an ethanol–ethyl acetate mixture (10 : 10 mL)

and heated until a clear homogeneous solution was obtained.

After 1 d of slow evaporation, colorless plate-shaped crystals

were obtained. Mp 196–198 1C; IR (KBr pellet) n 3385 and

3304 cm�1 (NH2, m), 2428 and 1885 cm�1 (O–H� � �N, br),

2222 cm�1 (CRC), 1697 cm�1 (CQO, m).

1-(2-Amino-4-methylpyrimidin-6-yl)-2-(3-methoxypyridin-5-

yl)ethyne . 3-N,N-dimethylaminobenzoic acid, 3c. 1-(2-Amino-

4-methylpyrimidin-6-yl)-2-(3-methoxypyridin-5-yl)ethyne (12

mg, 0.06 mmol) and 3-N,N-dimethylaminobenzoic acid (18

mg, 0.12 mmol) were placed in a vial containing ethanol (6

mL) and heated until a clear homogeneous solution was

obtained. After 3 d of slow evaporation, yellow block-shaped

crystals were obtained. Mp 168–170 1C; IR (KBr pellet) n 3324
and 3140 cm�1 (NH2, m), 2413 and 1895 cm�1 (O–H� � �N, br),

2228 cm�1 (CRC), 1655 cm�1 (CQO, m).

X-Ray crystallography

Datasets for compounds 1c, 2a, 2b, 2c, 3b, and 3c were

collected on a SMART APEX. Data for compounds 1a, 1b,

and 3a were collected on a SMART 1000. All datasets were

collected using Mo-Ka radiation and were uncorrected for

absorption, Table 1.

CCDC reference numbers 614724–614732.

For crystallographic data in CIF or other electronic format

see DOI: 10.1039/b608267j

Data were collected using SMART.15 Initial cell constants

were found by small widely separated ‘‘matrix’’ runs. An entire

hemisphere of reciprocal space was collected. Scan speed and

Table 1 Crystallographic data for 1a–3c

1a 1b 1c 2a 2b 2c 3a 3b 3c

Formula moiety (C10H10N4) (C10H10N4) (C10H10N4) (C11H12N4O) (C11H12N4O) (C11H12N4O) (C13H12N4O) (C13H12N4O) (C13H12N4O)
(C7H5NO4) (C12H16O2) (C7H6O3) (C9H11O2) (C12H16O2) (C7H4F2O2) (C7H4N2O6) (C7H5NO4) (C9H11NO2)

Formula weight 353.34 378.47 324.34 381.43 408.49 374.35 452.39 407.39 405.45
Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic Monoclinic Triclinic Triclinic Monoclinic
Space group, Z P�1, 2 P�1, 2 P�1, 2 P�1, 2 P�1, 2 C2/c, 8 P�1, 2 P�1, 2 P2(1)/c, 4
a/Å 6.8245(5) 8.2088(7) 8.3089(6) 7.8442(12) 5.3534(5) 33.158(4) 7.374(11) 6.9157(12) 10.5742(19)
b/Å 9.5538(7) 8.7891(6) 8.9991(7) 8.8879(14) 12.6941(12) 7.3848(7) 8.385(13) 6.9405(12) 14.599(3)
c/Å 12.6278(9) 15.3371(12) 11.1671(7) 14.216(2) 15.1880(14) 14.1634(16) 17.56(3) 19.854(4) 13.519(3)
a/1 77.174(4) 92.767(5) 86.733(4) 101.607(2) 87.7550(10) 90 93.51(10) 87.646(3) 90
b/1 84.400(4) 105.536(4) 69.174(4) 90.830(2) 82.9210(10) 106.439(6) 96.29(7) 80.636(3) 102.453(11)
g/1 82.637(4) 115.332(4) 77.699(5) 106.753(2) 87.542(2) 90 105.50(11) 81.138(3) 90
Volume/Å3 794.13(10) 946.59(13) 762.52(9) 926.8(2) 1022.72(17) 3326.4(6) 1040(3) 928.9(3) 2037.9(7)
Temperature/K 173(2) 173(2) 153(2) 100(2) 100(2) 293(2) 173(2) 100(2) 293(2)
Density/g cm�3 1.478 1.328 1.413 1.367 1.327 1.495 1.444 1.457 1.322
X-Ray wavelength 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
m/mm�1 0.109 0.087 0.100 0.095 0.090 0.119 0.113 0.108 0.091
Ymin/1 2.46 1.40 1.95 2.45 2.06 2.56 2.34 2.08 2.42
Ymax/1 28.27 27.90 26.43 28.30 28.31 27.18 27.14 26.02 27.22
Reflections
Collected 5974 6992 22047 8262 8494 68430 7011 4809 44586
Independent 3581 4181 3129 4281 4648 3690 4228 3438 4534
Observed 2272 4048 1979 3502 3490 1598 1209 2099 2037
Threshold expression 42s(I) 42s(I) 42s(I) 42s(I) 42s(I) 42s(I) 42s(I) 42s(I) 42s(I)
R1 (observed) 0.0506 0.0738 0.0863 0.0458 0.0519 0.0558 0.1139 0.0532 0.0773
wR2 (all) 0.1485 0.2100 0.2161 0.1318 0.1483 0.1514 0.3299 0.1382 0.2304

1454 | New J. Chem., 2006, 30, 1452–1460 This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006
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scan width were chosen based on scattering power and peak

rocking curves.

Unit cell constants and orientation matrix were improved by

least-squares refinement of reflections thresholded from the

entire dataset. Integration was performed with SAINT,16

using this improved unit cell as a starting point. Precise unit

cell constants were calculated in SAINT from the final merged

dataset. Lorenz and polarization corrections were applied, and

data were corrected for absorption.

Data were reduced with SHELXTL.17 All structures were

solved by direct methods. In general, hydrogen atoms were

assigned to idealized positions and were allowed to ride.

Where possible, the coordinates of hydrogen-bonding hydro-

gens were allowed to refine. Where appropriate, weighting

schemes were optimized based on the recommendations from

SHELXL. Heavy atoms were refined with anisotropic thermal

parameters. For all structures except 3a,18 positional coordi-

nates for carboxylic acid hydrogens (labelled H31 except for

2c, where it is labelled H41) and amine hydrogens (H12A and

H12B for all structures) were allowed to refine. Coordinates

for the phenolic hydrogen atom H34 of 1c were allowed to

refine.

Results and discussion

The primary motif in the crystal structure of 1a is composed of

one ligand 1 and one 4-nitrobenzoic acid molecule connected

through the acid and aminopyrimidine moieties, Fig. 2. The

primary synthons are O–H� � �N and N–H� � �O hydrogen bonds

with O31� � �N11 and N12� � �O32 distances of 2.5274(18) and

3.034(2) Å, respectively, Table 2. Secondary N–H� � �N hydro-

gen bonds, N12� � �N21, 3.015(2) Å, formed from the anti-

amino proton and the pyridyl nitrogen atom extend the

architecture into a four-component supermolecule, Fig. 3.

The primary motif in the crystal structure of 1b contains one

ligand 1 and one pentamethylbenzoic acid molecule, intercon-

nected through the acid and aminopyrimidine moieties, Fig. 4.

The primary synthons are O–H� � �N and N–H� � �O hydrogen

bonds with O41� � �N11 and N12� � �O42 distances of 2.599(2)

and 3.013(2) Å, respectively. Secondary N–H� � �N hydrogen

bonds, N12� � �N21, 3.112(3) Å, between the anti-amino proton

and the pyridyl nitrogen atom extend the architecture into a

one-dimensional strand, Fig. 5.

Fig. 2 Thermal-ellipsoids plot (50% probability level) of the 1 : 1

binary co-crystal of 1a.

Table 2 Hydrogen-bond geometries for 1a–3c

Co-crystal D–H� � �H d(D–H)/Å d(H� � �A)/Å d(D� � �A)/Å +(DHA)/1

1aa N(12)–H(12B)� � �O(32) 0.90(2) 2.14(2) 3.034(2) 170.9(19)
N(12)–H(12A)� � �N(21)#1 0.87(2) 2.14(2) 3.015(2) 177.4(19)
O(31)–H(31)� � �N(11) 1.17(2) 1.36(2) 2.5274(18) 174.4(19)

1b
b O(41)–H(41)� � �N(11) 0.90(3) 1.72(3) 2.599(2) 164(3)

N(12)–H(12A)� � �O(42) 0.87(3) 2.15(3) 3.013(2) 176(3)
N(12)–H(12B)� � �N(21)#1 0.88(3) 2.46(3) 3.112(3) 132(2)

1cc N(12)–H(12A)� � �O(32) 0.83(4) 2.08(4) 2.906(3) 170(3)
N(12)–H(12B)� � �O(34) #1 0.93(3) 2.28(4) 157(3) 3.163(3)
O(31)–H(31)� � �N(11) 0.91(4) 1.75(4) 2.656(3) 173(3)
O(34)–H(34)� � �N(21)#2 0.93(3) 1.80(4) 2.728(3) 169(3)

2a
d O(31)–H(31)� � �N(11) 0.951(17) 1.690(17) 2.6321(14) 170.0(15)

N(12)–H(12A)� � �O(32) 0.894(17) 2.026(17) 2.9173(15) 174.3(14)
N(12)–H(12B)� � �O(32)#1 0.862(16) 2.110(16) 2.8925(15) 150.8(14)

2be N(12)–H(12A)� � �O(32) 0.92(3) 2.02(3) 2.925(3) 170(2)
N(12)–H(12B)� � �N(11)#1 0.94(3) 2.16(3) 3.085(3) 172(2)
O(31)–H(31)� � �N(13) 0.91(3) 1.70(3) 2.604(3) 174(3)

2c
f N(12)–H(12A)� � �O(42) 0.91(2) 2.05(2) 2.9519(19) 173.1(19)

N(12)–H(12B)� � �N(21)#1 0.85(2) 2.25(2) 3.080(2) 165.3(19)
O(41)–H(41)� � �N(11) 0.90(2) 1.77(2) 2.6515(18) 167(2)

3ag –(12)–H(12A)� � �O(32) 0.88 2.19 3.049(9) 165.6
N(12)–H(12B)� � �N(13)#1 0.88 2.24 3.121(12) 175.3
O(31)–H(31)� � �N(11) 0.84 1.84 2.633(9) 157.2

3b
h N(12)–H(12A)� � �O(32) 0.91(3) 2.22(3) 3.109(3) 168(2)

O(31)–H(31)� � �N(11) 0.99(3) 1.67(3) 2.652(3) 173(3)
N(12)–H(12B)� � �N(13)#1 0.90(3) 2.24(3) 3.122(3) 168(2)

3ci O(31)–H(31)� � �N(11) 0.96(4) 1.67(4) 2.625(3) 170(3)
N(12)–H(12A)� � �O(32) 0.99(3) 1.92(3) 2.908(4) 177(3)
N(12)–H(12B)� � �N(21)#1 0.95(3) 2.09(3) 3.023(4) 171(3)

a #1 �x, �y, �z + 1. b #1 x + 1, y + 1, z. c #1 x, y, z � 1 #2 x + 1, y � 1, z + 1. d #1 �x + 1, �y + 1, �z + 1. e #1 �x + 1, y, �z + 1/2.
f #1 �x + 1, �y + 2, �z + 1. g #1 �x + 2, �y + 1, �z + 1. h #1 �x + 1, �y, �z + 1. i #1 �x, y � 1/2, �z + 1/2.
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In the crystal structure of 1c the main motif consists of one

ligand 1 and one 4-hydroxybenzoic acid molecule, assembled

via a complementary hydrogen-bond interaction between the

carboxylic acid and the aminopyrimidine moiety, Fig. 6. The

primary hydrogen bonds are O–H� � �N and N–H� � �O interac-

tions with O31� � �N11 and N12� � �O32 distances of 2.656(3)

and 2.906(3) Å, respectively. Secondary O–H� � �N hydrogen

bonds, O34� � �N21, 2.728(3) Å, formed through the hydroxyl

proton and the pyridyl nitrogen atom extend the architecture

into a one-dimensional chain, Fig. 7.

The primary supermolecule in the crystal structure of 2a

consists of one ligand 2 and one 4-N,N-dimethylaminobenzoic

acid molecule; the two molecules are again connected through

the acid and aminopyrimidine moieties, Fig. 8. The primary

Fig. 3 A four-component supermolecule in 1a formed through multi-

ple O–H� � �N, N–H� � �O and N–H� � �N hydrogen bonds.

Fig. 4 Thermal-ellipsoids plot (50% probability level) of the 1 : 1

binary co-crystal of 1b.

Fig. 5 1-D strand formed through secondary N–H� � �N hydrogen

bonds from 1 : 1 ligand : acid dimers of 1b.

Fig. 6 Thermal-ellipsoids plot (50% probability level) of the 1 : 1

binary co-crystal of 1c.

Fig. 7 Infinite one-dimensional chain formed through acid-

aminopyrimidine and hydroxy� � �pyridine hydrogen bonds in 1c.

Fig. 8 Thermal-ellipsoids plot (50% probability level) of the 1 : 1

binary co-crystal of 2a.

1456 | New J. Chem., 2006, 30, 1452–1460 This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
L

os
 A

ng
el

es
 o

n 
01

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 2

5 
A

ug
us

t 2
00

6 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

60
82

67
J

View Article Online

http://dx.doi.org/10.1039/b608267j


synthons in this structure are O–H� � �N and N–H� � �O hydro-

gen bonds with O31� � �N11 and N12� � �O32 distances of

2.6321(14) and 2.9173(15) Å, respectively. Secondary

N–H� � �O hydrogen bonds, N12� � �O32, 2.8925(15) Å, formed

from the anti-amino proton and the carboxylic acid oxygen

atom extend the structure into a four-component supermole-

cule, Fig. 9.

In the crystal structure of 2b, one ligand 2 and one 2,4-

difluorobenzoic acid molecule form the primary hydrogen

bonds between the carboxylic acid and aminopyrimidine

moieties, Fig. 10. The primary synthons in this structure are

O–H� � �N and N–H� � �O hydrogen bonds with O31� � �N13 and

N12� � �O32 distances of 2.604(3) and 2.925(3) Å, respectively.

Secondary N–H� � �N hydrogen bonds, N12� � �N11, 3.085(3) Å,

between the anti-amino proton and the second pyrimidine

nitrogen atom lead to a four-component supermolecule,

Fig. 11.

The 1 : 1 co-crystal of 2c shows a primary motif composed

of 2 and one pentamethylbenzoic acid molecule, which are

interlinked through the carboxylic acid and the aminopyrimi-

dine moieties, Fig. 12. The primary synthons in this structure

are O–H� � �N and N–H� � �O hydrogen bonds with O41� � �N11

Fig. 9 Four-component supermolecule in 2a formed through a series

of O–H� � �N and N–H� � �O hydrogen bonds.

Fig. 10 Thermal-ellipsoids plot (50% probability level) of the 1 : 1

binary co-crystal of 2b.

Fig. 11 Tetrameric supermolecule in 2b formed through a series of

O–H� � �N, N–H� � �O and N–H� � �N hydrogen bonds.

Fig. 12 Thermal-ellipsoids plot (50% probability level) of the 1 : 1

binary co-crystal of 2c.

Fig. 13 Four-component supermolecule in 2c formed through a

series of O–H� � �N, N–H� � �O and N–H� � �N hydrogen bonds.

Fig. 14 Thermal-ellipsoids plot (50% probability level) of the 1 : 1

binary co-crystal of 3a.
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and N12� � �O34 distances of 2.6515(18) and 2.9519(19) Å,

respectively. Secondary N–H� � �N hydrogen bonds,

N12� � �N21, 3.080(2) Å, between the anti-amino proton and

the pyridyl nitrogen atom extend the architecture into a four-

component supermolecule, Fig. 13.

The central motif in the crystal structure of 3a contains 3

and one 3,5-dinitrobenzoic acid molecule, constructed with

complementary hydrogen bonds between the carboxylic acid

and the aminopyrimidine moiety, Fig. 14. The primary syn-

thons in this structure are O–H� � �N and N–H� � �O hydrogen

bonds with O31� � �N11 and N12� � �O32 distances of 2.633(9)

and 3.049(9) Å, respectively. Secondary N–H� � �N hydrogen

bonds, N12� � �N13, 3.121(12) Å, between the anti-amino pro-

ton and second pyrimidine nitrogen atom extend the structure

into a four-component supermolecule, Fig. 15.

Fig. 15 Four-component supermolecule in 3a formed through

O–H� � �N, N–H� � �O and N–H� � �N hydrogen bonds.

Fig. 16 Thermal-ellipsoids plot (50% probability level) of the 1 : 1

binary co-crystal of 3b.

Fig. 17 Four-component supermolecule in 3b formed through a

series of O–H� � �N, N–H� � �O and N–H� � �N hydrogen bonds.

Fig. 18 Thermal-ellipsoids plot (50% probability level) of the 1 : 1

binary co-crystal of 3c.

Fig. 19 1-D strand in 3c formed through secondary N–H� � �N
hydrogen bonds between the anti-amino proton and the pyridine

nitrogen atom.

Fig. 20 Observed motifs between supramolecular dimers in co-crys-

tals obtained from reactions between SR’s 1–3 and a carboxylic acid.
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The crystal structure of 3b contains SR 3 and one

4-nitrobenzoic acid molecule that are linked through hydrogen

bonds between the carboxylic acid and the aminopyrimidine

moieties, Fig. 16. The primary synthons in this structure are

O–H� � �N and N–H� � �O hydrogen bonds with O31� � �N11 and

N12� � �O32 distances of 2.652(3) and 3.109(3) Å, respectively.

Secondary N–H� � �N hydrogen bonds, N12� � �N13, 3.122(3) Å,

between the anti-amino proton and second pyrimidine nitro-

gen atom extend the structure into a four-component super-

molecule, Fig. 17.

Finally, the crystal structure of 3c contains a supermolecule

constructed with one ligand 3 and one 3-N,N-dimethylamino-

benzoic acid molecule, held together with hydrogen bonds

between the carboxylic acid and the aminopyrimidine site, Fig.

18. The primary synthons in this structure are O–H� � �N and

N–H� � �O hydrogen bonds with O31� � �N11 and N12� � �O32

distances of 2.625(3) and 2.908(4) Å, respectively. Secondary

N–H� � �N hydrogen bonds, N12� � �N21, 3.023(3) Å, between

the anti-amino proton and pyridine nitrogen atom extend the

structure into a 1-D strand, Fig. 19.

In every one of the nine co-crystals containing SR’s 1–3 and

a carboxylic acid that we have obtained so far, the primary

intermolecular interaction responsible for the construction of

the main supramolecular assembly, is a pairwise O–H� � �N/

N–H� � �O motif between the carboxylic acid and the amino-

pyrimidine moiety.

It is possible that SR 2 did not form hydrogen bonds at the

pyridyl site because the nitrogen atom is somewhat sterically

hindered by the neighboring methoxy-group, potentially block-

ing an incoming carboxylic acid. However upon moving the

methoxy-group to the meta-position, thereby removing any

possibility of steric congestion, the approaching carboxylic acid

still interacts preferentially with the aminopyrimidine moiety.

It is worth emphasizing that the py� � �carboxylic acid

N� � �H–O heteromeric hydrogen-bond interaction is a very

effective tool for the deliberate assembly of molecular co-

crystals,19 and a search of the CSD13 reveals that twenty-one

co-crystals, assembled via complementary carboxylic acid-

aminopyrimidine interactions, exist.20 Clearly, both synthons

are suitable supramolecular tools, capable of bringing together

a variety of discrete molecular building blocks into hetero-

meric molecular co-crystals. The competition between the two

types of synthons has not yet been examined in a systematic

manner, but the structural results presented herein, clearly

demonstrate that the aminopyrimidine site is much more

competitive for a carboxylic acid than is a pyridine moiety.

In fact, we have yet to find any exceptions to this structural

behavior, which equates to a high supramolecular yield.

Beyond the primary interactions that consistently take place

between the carboxylic acid and 2-aminopyrimidine (the dom-

inating receptor in this study), we have identified four types of

motifs that take place between adjacent supramolecular di-

mers in this series of compounds, Fig. 20.

The frequency of occurrence of each type of motif is

summarized in Table 3. The crystal structure of 1c is somewhat

different because the pyridine nitrogen atom is acting as an

acceptor for the O–H substituent of the carboxylic acid, which

leaves the anti-NH2 proton as a donor for the same hydroxyl

group. However, in four out of the eight remaining structures,

the anti proton prefers to interact with the pyridine nitrogen

atom. On one occasion the pyridine nitrogen atom is engaged

in a hydrogen bond with a C–H moiety located next to a nitro

group (in 3a). The pyridine site is left alone on three occasions

(in 2a–b and 3b) with no short contacts to any C–H group.

Conclusions

The major finding reported in this study centers on the fact

that we have been able to establish differences in hydrogen-

bond capacity of related binding sites through a systematic

Table 3 Summary of secondary structural motifs

SR Carboxylic acid Structure Secondary structural motif

4-Nitrobenzoic acid 1a I

Pentamethylbenzoic acid 1b IV

4-Hydroxybenzoic acid 1c —

4-N,N-Dimethylaminobenzoic acid 2a III

2,4-Difluorobenzoic acid 2b II

Pentamethylbenzoic acid 2c I

3,5-Dinitrobenzoic acid 3a II

4-Nitrobenzoic acid 3b II

3-N,N-Dimethylaminobenzoic acid 3c IV
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structural study of co-crystals based on custom-designed

supramolecular reactants. Despite the fact that unsubstituted

pyrimidine is a rather poor hydrogen-bond acceptor, and

certainly not competitive with a pyridine moiety, the addition

of an amino group to the former heterocycle shifts the balance

very strongly in its favor as a competitive binding site for

carboxylic acids.

We are currently examining if readily available calculated

electrostatic potential surfaces can provide tools for determin-

ing hydrogen-bond preferences in series of related compounds

which, in turn, would allow us to predict (to some extent)

connectivities, stoichiometries and dimensionalities of supra-

molecular architectures. Systematic structural studies, such as

the one presented herein, provide the essential foundation for

such efforts and may eventually offer transferable, versatile

and practical avenues for predictable supramolecular synthesis.
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