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A purine-containing multifunctional ligand, 2-(6-oxo-6H-purin-1(9H)-yl)acetic acid (HL), and
two new 2-D coordination polymers, [Co(L)2(H2O)2]n � 2nH2O (1) and [Ni(L)2(H2O)2]n � 2nH2O
(2), were synthesized and characterized. Polymers 1 and 2 have isomorphous structures with
(4,4)-connected topologies composed of left- and right-handed metal–organic helices sharing
common metal centers. Two helical conformations in the same net are stabilized by strong �–�
stacking interactions between purine groups. Through direct and water-mediated interlayer
hydrogen-bond interactions those layers are assembled into stable 3-D supermolecules where
slight differences in the strength of hydrogen bonds and coordination bonds result in their
decomposition behaviors.

Keywords: Purine-containing ligand; Coordination polymers; Metal–organic helices; Thermal
stability

1. Introduction

Bioactive N-heterocyclic compounds, such as purine and its derivatives, are probes to
investigate biological systems for therapeutics and spacers in supramolecular self-
assembly to construct models for understanding many natural and synthetic systems
[1–7]. For example, purine derivatives can selectively recognize the sequence, config-
uration, and region of nucleic acid, which has a big influence on the design of new metal
drugs and plays an important role in biology and medicine [4, 5]. They are endowed
with multiple binding sites for assembly of higher dimensional supermolecules through
coordination, hydrogen-bonding, and �–� interactions [8–10], providing a good chance
for construction of purine-containing supermolecules which can be used to investigate
the influence of metal ions on the structures and functions of resulting assemblies.

Carboxylic acids, especially aromatic acids, have attracted interest in construction of
metal–organic frameworks (MOFs), owing to diverse coordination modes and
hydrogen bonds originating from carboxyl groups [11]. It is a facile way to functionalize
heterocyclic compounds through attaching an acetic group into the aromatic backbone.
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The modification adds interesting features into the ligands [12]. That is, the flexible
acetic acid group fused with rigid heterocyclic skeleton increases the coordination and
hydrogen-bonding sites and improves flexibility, which is very important in crystal
engineering to obtain high-dimensional MOFs. Distortion of carboxyl from the
conjugated heterocycle makes forming helical coordination polymers easier.

We designed and synthesized a new purine-containing carboxylic acid, 2-(6-oxo-6H-
purin-1(9H)-yl)acetic acid (HL), shown in scheme 1. By using the multifunctional ligand
to assemble with CoII and NiII, respectively, two new 2-D coordination polymers,
[Co(L)2(H2O)2]n � 2nH2O (1) and [Ni(L)2(H2O)2]n � 2nH2O (2), were obtained. Purine-
containing MOFs have been little reported [8–10, 13].

2. Experimental

2.1. General information and materials

All chemicals purchased were of reagent grade or better and used without purification.
IR spectra (KBr pellets) were recorded on a Nicolet NEXUS 470 FT-IR spectro-
photometer from 400 to 4000 cm�1. Elemental analyses for C, H, and N were performed
with a Carlo-Erba 1106 elemental analyzer. 1H NMR spectrum was recorded on a
Bruker DPX-300 spectrometer at 300MHz. Thermal analysis curves were scanned from
30�C to 650�C under air on a STA 409 PC thermal analyzer. Electronic absorption
spectra were recorded on a Unico-2102 UV-Vis spectrometer. X-ray powder diffraction
(XPRD) patterns of the samples were recorded by a RIGAKU-DMAX2500 X-ray
diffractometer with Cu-Ka radiation.

2.2. Syntheses

2.2.1. Synthesis of 2-(6-oxo-6H-purin-1(9H)-yl)acetic acid (HL). Sodium carbonate
(2.12 g, 20.0mmol) was slowly added to an aqueous solution (20mL) of chloroacetic
acid (1.14 g, 12.0mmol) under stirring and heating, and then dideoxyinosine (2.36 g,
10.0mmol) was added to the mixture. After refluxing for 5 h, the resultant mixture
was acidified to pH of 2–3 by dropwise addition of hydrochloric acid. Following
filtration, the resulting precipitate was washed with methanol and dried under an
infrared lamp. White powder was obtained (yield 65%). IR (KBr, � cm�1): 3129(m),
3064(m), 1730(vs), 1685(vs), 1590(m), 1557(m), 1391(m), 1230(s), 1195(s), 954(m),

Scheme 1. Schematic representation of the synthesis of HL.
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788(m), 535(m). Anal. Calcd for C7H6N4O3 (%): C, 43.31; H, 3.11; N, 28.86. Found
(%): C, 43.42; H, 3.17; N, 28.45. 1H NMR (DMSO-d6, 300MHz) � (ppm): 3.34 (2H,
CH2), 7.98–8.10 (2H, C(purin)H), 12.24 (1H, COOH), 13.33. (1H, N(imidazole)H).

2.2.2. Synthesis of [Co(L)2(H2O)2]n . 2nH2O (1). A mixture of CoSO4 � 7H2O (0.0281 g,
0.1mmol), HL (0.0388 g, 0.2mmol), methanol (2mL), and H2O (6mL) was stirred for
20min, and then filtered. After slow evaporation of the resulting solution for 3 weeks
without disturbance, pink block crystals were obtained (yield 78%). IR (KBr, � cm�1):
3147(m), 1663(vs), 1628(s), 1561(s), 1381(s), 1301(m), 1232(m), 1182(m), 952(m),
791(m), 552(m). Anal. Calcd for C14H18N8O10Co (%): C, 32.51; H, 3.51; N, 21.66.
Found (%): C, 32.85; H, 3.47; N, 21.42.

2.2.3. Synthesis of [Ni(L)2(H2O)2]n . 2nH2O (2). According to the same synthesis
procedure of 1, 2 was prepared with replacement of CoSO4 � 7H2O with NiSO4 � 6H2O.
IR (KBr, � cm�1): 3149(m), 1663(vs), 1629(s), 1562(s), 1383(s), 1301(m), 1232(m),
955(m), 836(m), 651(m), 554(m). Anal. Calcd for C14H18N8O10Ni (%): C, 32.52;
H, 3.51; N, 21.66. Found (%): C, 32.23; H, 3.65; N, 21.87.

2.3. Single-crystal structure determination

Crystallographic data of these crystals were collected at 293(2)K on a Siemens SMART
CCD diffractometer equipped with a graphite crystal and incident beam monochro-
mator using Mo-Ka radiation (�¼ 0.71073 Å). Absorption corrections were applied by
using SADABS. The structures were solved with direct methods, and all calculations
were performed using the SHELXTL program package [14]. All non-hydrogen atoms
were refined anisotropically. Crystal data are summarized in table 1. Selected bond
lengths and angles and hydrogen bonds are listed in tables 2 and 3.

Table 1. Crystal data and structure refinement for 1 and 2.

1 2

Empirical formula C14H18N8O10Co C14H18N8O10Ni
Formula weight 517.29 517.07
Crystal system Monoclinic Monoclinic
Space group P21/c P21/c
Unit cell dimensions (Å, �)
a 7.5417(15) 7.4845(15)
b 9.0526(18) 8.7900(18)
c 13.336(3) 13.355(3)
� 90 90
� 95.06(3) 95.24(3)
� 90 90
Volume (Å3), Z 906.9(3), 2 874.9(3), 2
Calculated density (g cm�3) 1.894 1.963
Goodness-of-fit on F2 1.195 1.078
Final R indices R1¼ 0.0666 R1¼ 0.0509
[I4 2	(I)] wR2¼ 0.1685 wR2¼ 0.1393
Largest difference peak and hole (e Å�3) 0.536 and �0.904 0.431 and �0.532

Purine-containing carboxylate 3723
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3. Results and discussion

3.1. Synthesis and general characterization

HL fusing purine and carboxyl groups for supermolecule assembly was synthesized via
substitution of quantificational dideoxyinosine, chloroacetic acid, and sodium carbon-
ate in water (scheme 1). The cleavage of the chiral (tetrahydrofuran-2-yl)methanol
results in the unexpected HL which was fully determined by IR, 1H NMR, and
elemental analysis.

Table 2. Selected bond lengths (Å) and angles (�) for 1 and 2.

1

Co1–O4A 2.090(4) Co1–O4 2.090(4)
Co1–O3B 2.103(4) Co1–O3C 2.103(4)
Co1–N1A 2.201(5) Co1–N1 2.201(5)
O4A–Co1–O4 180.0 O4A–Co1–O3B 91.57(16)
O4–Co1–O3B 88.43(16) O4A–Co1–O3C 88.43(16)
O4–Co1–O3C 91.57(16) O3B–Co1–O3C 180.0
O4A–Co1–N1A 92.72(18) O4–Co1–N1A 87.28(18)
O3B–Co1–N1A 82.76(17) O3C–Co1–N1A 97.24(17)
O4A–Co1–N1 87.28(18) O4–Co1–N1 92.72(18)
O3B–Co1–N1 97.24(17) O3C–Co1–N1 82.76(17)
N1A–Co1–N1 180.0

2

Ni1–N1 2.113(3) Ni1–N1A 2.113(3)
Ni1–O3B 2.068(3) Ni1–O3C 2.068(3)
Ni1–O4 2.062(3) Ni1–O4A 2.062(3)
N1–Ni1–N1A 180.0 O3B–Ni1–O3C 180.0
O4–Ni1–O4A 180.0 O4–Ni1–N1A 93.12(12)
O3B–Ni1–O4 92.80(12) O3C–Ni1–O4A 92.80(12)
O3C–Ni1–O(4) 87.20(12) O3B–Ni1–O4A 87.20(12)
O3B–Ni1–N1 96.61(12) O3C–Ni1–N1A 96.61(12)
O3C–Ni1–N1 83.39(12) O3B–Ni1–N1A 83.39(12)
O4–Ni1–N1 86.88(12) O4A–Ni1–N1A 86.88(12)
O4A–Ni1–N1 93.12(12)

Symmetry codes: for 1: A: �x, �yþ 2, �zþ 2; B: x�1/2, �yþ 3/2, zþ 1/2; C: �xþ 1/2, yþ 1/2, �zþ 3/2 and
for 2: A: �x, �y, �zþ 2; B: �xþ 1/2, y� 1/2, �zþ 3/2; C: x� 1/2, �yþ 1/2, zþ 1/2.

Table 3. Hydrogen bonds of 1 and 2.

D–H� � �A d(D� � �H) (Å) ff(D–H� � �A) (�)

1

O5–H5� � �N3 2.831(7) 161(4)
O4–H4� � �O1 2.699(6) 170(7)
O4D–H4� � �O5 2.697(7) 170(7)
O5–H5� � �O3E 2.793(6) 150(4)
N2–H2� � �O2F 2.877(6) 148.6

2

O5–H5� � �N3 2.787(5) 149(2)
O4–H4� � �O1 2.668(4) 165(4)
O4D–H4� � �O5 2.676(4) 164(4)
O5–H5� � �O3E 2.801(4) 157(3)
N2–H2� � �O2F 2.837(4) 151.0

Symmetry codes: D: �x, 1� y, 2� z; E: xþ 1/2, 1/2� y, zþ 1/2; F: 1� x, 1� y, 2� z.

3724 X.-Q. Liu et al.
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Preparation of HL underwent C–N bond cleavage as well as C–N bond formation.
The C–N bond cleavage with formation of the nucleobase lacking the sugar moiety
under the acid-catalyzed hydrolysis of 20-deoxyguanosine was observed [15]. Removal
of the (tetrahydrofuran-2-yl)methanol group from dideoxyinosine with C–N bond
cleavage is inferred as a base-catalyzed hydrolysis reaction. Formation of a new C–N
bond occurring at purine instead of imidazole indicates that strong electronic-
abstraction of the carbonyl activates adjacent hydrogen attached at the imine, and
makes it easily substituted by an acetic group.

Slow evaporation of the reaction mixtures of HL, ammonia, CoSO4 � 7H2O, or
NiSO4 � 6H2O in water/methanol for about three weeks led to two new coordination
polymers 1 and 2. For free HL, characteristic peak for vibration of C¼O in acylamino
is at 1685 cm�1 while characteristic vibrations of –COOH and N(imidazole)–H are at 1730
and 3129 cm�1, respectively. IR spectra of 1 and 2 are similar. The middling absorptions
at 3147 cm�1 for 1 and 3149 cm�1 for 2 are ascribed to N(imidazole)–H while doubly
strong absorptions at 1620–1670 cm�1 for 1 and 2 indicate vibration of C¼O in the
acylamino [16]. Strong absorptions at 1561 and 1381 cm�1 for 1 and at 1562 and
1383 cm�1 for 2 are due to �as(COO�) and �s(COO�) stretching vibrations, respectively,
and the frequency differences between �as(COO�) and �s(COO�) suggest monodentate
coordination of carboxylate [17]. IR data are in agreement with X-ray analyses.

3.2. Crystal structures of 1 and 2

Single-crystal X-ray diffraction reveals 1 and 2 are isostructural, and thus only the
structure of 1 is described in detail. Complex 1 crystallizes in the monoclinic P21/c space
group and is a 2-D coordination polymer. The asymmetric unit contains one-half CoII,
one deprotonated (L)�, one coordinated water molecule, and one lattice water

Figure 1. Coordination environment of the CoII in 1 with hydrogen atoms and lattice water molecules
omitted for clarity. Symmetry codes: A: �x, �yþ 2, �zþ 2; B: x� 1/2, �yþ 3/2, zþ 1/2; C: �xþ 1/2, yþ 1/2,
�zþ 3/2.

Purine-containing carboxylate 3725
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molecule. As shown in figure 1, every CoII located at the inversion center i adopts a
slightly distorted octahedral geometry coordinated by two nitrogen atoms and two
oxygen atoms from four individual (L)� [Co–N¼ 2.203(5) Å and Co–O¼ 2.103(5) Å],
and two oxygen atoms from two terminal water molecules [Co–O¼ 2.094(4) Å]. The
bond lengths of Co–N and Co–O in 1 are normal values [18–20]. As for L�, the acetate
distorts from the purine plane with a dihedral angle of 81.8� and the flexible
conformation of the ligand fabricates helical MOFs [18]. In 1, each L� serves as an
angular bis-connector using one Nimidazole and one Ocarboxyl to bridge the CoII planar
nodes with a separation distance of 9.143 Å, and thereby forming a puckered metal–
organic layer (figure 2). Further, as shown in figure 3, from the topological point of
view, the layer of 1 is a uniform (4,4)-connected topology.

Each pair of adjacent CoII is bridged by L� to form two types of infinite helical
chains running along the b-axis (see figures 2 and 3). The left- and right-handed helical
chains are 21 helices with the helical pitch given by one full rotation of the 2-fold screw
axis being 9.053 Å, and hetero-helical chains are further linked through sharing
common CoII centers to form the puckered 2-D network (see figure 3). As represented
in figure 2, each (4,4) net of the 2-D network in 1 is composed of two types of helical
chains which not only wind through the common CoII centers but also stabilize their
helical conformations through stronger �–� stacking interaction between the two
antiparallel purine groups in the net (the centroid-to-centroid distance being 3.389 Å).
Antiparallel stacking between adjacent purines forces the deprotonated carboxylates
away from each other and reduces electric repulsion between anionic ligands (L)�.

Since metal–organic helical architectures have potential utilization in model
materials, the construction for structures based on metal–organic helixes have attracted
growing interest [21]. Recently, various helical topologies involving the similar helical
structures with the left- and right-handed strands sharing the common metal center
have been found [22–25], but two helical conformations stabilized by stronger �–�
stacking interaction in the same net of the MOFs and the purine-containing helical
MOFs are rare [10a]. As shown in figure 4, those helical metal–organic layers are

Figure 2. Left: space-filling view of right- and left-handed helical chains. Right: view of 2-D helical-
constructed corrugated (4,4) sheets in 1 showing two helical conformations stabilized by strong �–� stacking
interaction in one net expressly drawn as stick.

3726 X.-Q. Liu et al.
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Figure 4. 3-D supramolecular network of 1 connected through interlayer hydrogen bonds of Nimidazole–
H� � �Ocarboxyl and water-mediated interlayer hydrogen bonds.

Figure 3. Schematic representation of the (4,4)-connected topology in 1 with the 21 helical axis of the metal–
organic helix being drawn as the brass stick.

Purine-containing carboxylate 3727
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extended into a 3-D supramolecular network through interlayer hydrogen bonds of
Nimidazole–H� � � Ocarboxyl. Every lattice water molecule forms three hydrogen bonds with
adjacent two layers, and thus this supramolecular network is further stabilized through
water-mediated hydrogen-bonding interactions occurring between lattice water mole-
cules and 2-D metal–organic layers.

3.3. XPRD and thermal stability analysis

The XPRD of 1 and 2 were measured, and the experimental and simulated XPRD
patterns of the two complexes are presented in the ‘‘Supplementary material’’ section.
The calculated XPRD patterns from single-crystal X-ray data are in agreement with the
observed ones, indicating the phase purity of the synthesized powder products. The
differences in intensity may be due to preferred orientation of the powder samples.

TGA data reveal that dehydration processes of 1 and 2 occurred at 157�C and 175�C,
respectively (see ‘‘Supplementary material’’ section). For 1, water molecules are
completely removed up to 260�C, with the first weight loss of 13.1% corresponding to
loss of the lattice and coordination water (ca 13.9%). With a plateau region at 260–
392�C consecutive decomposition occurred at 392–517�C, suggesting total destruction
of the framework. The remaining residue of 15.5% is supposed to be CoO (ca 14.5%)
[26, 27]. However, 2 suffered from successive decomposition at 175–527�C. The
remaining residue of 15.1% is considered to be NiO (ca 14.5%) [26, 28]. Although 1 and
2 are isostructural, slight differences in the strength of the interlayer hydrogen bonds
and coordination bonds result in additional stability of 2 which can be detected by TGA
(tables 2 and 3) [29].

3.4. Electronic spectra

The electronic absorption spectra of HL and complexes 1 and 2 were recorded in DMF
(ca 1.0� 10�5mol L�1) at room temperature. As shown in the ‘‘Supplementary
material’’ section, 1 and 2 show similar absorptions at 266 and 269 nm, respectively,
in accord with the absorption of free HL at 266 nm. All observed absorptions of free
ligand HL and complexes 1 and 2 are ascribed to �!�* transitions associated with the
aromatic rings of the ligand.

4. Conclusion

We have synthesized a purine-containing carboxylic acid HL and two new 2-D
coordination polymers woven by two types of helically metal–organic chains sharing
common metal centers. Through interesting �–� stacking and interlayer hydrogen-bond
interactions originating from the bioactive purine group of HL, the 2-D coordination
polymers are assembled into stable 3-D supramolecular networks of 1 and 2,
respectively. We are currently exploring supermolecular chemistry of HL with other
metal ions.

3728 X.-Q. Liu et al.
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Supplementary material

Crystallographic data for the structural analysis have been deposited with the
Cambridge Crystallographic Data Centre, 855364 for 1 and 855365 for 2. Copies of
these information may be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif

Acknowledgments

We gratefully acknowledge financial support from the National Natural Science
Foundation of China (20771094).

References
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