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Cadmium(II) and Zinc(IT) Coordination Polymers with 1D Ladder and 2D
Basket Weave Layer Structures Constructed from a New T-Shaped Ligand
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A novel imidazo[1,2-a]pyridin-2-one ligand, 3,3-bis(carboxy-
methyl)imidazo[1,2-a]pyridin-2-one (H,L), was conveniently
synthesized and acts as a three-connecting T-shaped build-
ing block. Hydrothermal treatment of the H,L ligand with
Cd(ClOy),6H,0 or Zn(ClO,),-6H,0 gives two new coordina-
tion polymers, [CdL(H,O),], (1) or [ZnL(H,O)], (2). Com-

pound 1 consists of a rare 1D ladder-like chain and 2 is the
first example of a polymer with a 2D basket weave network.
Solid-state photoluminescent analyses of 1 and 2 show that
they display strong fluorescent emissions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

In the past decades, coordination polymers have been
subjected to a vast number of studies owing to their poten-
tial applications in catalysis, molecular adsorption, magnet-
ism, nonlinear optics, luminescence, and molecular sens-
ing,['-2l as well as their intriguing structural motifs.’] Re-
cently, increasing investigations have been focused on the
construction of coordination polymers with the use of het-
erocyclic carboxylic acids such as pyridine-,* pyrazole-,I
and imidazolecarboxylic acids!® as building blocks. These
building blocks contain multioxygen and nitrogen atoms
and can coordinate with metal ions in different ways, which
results in the formation of various metal-organic frame-
works with specific topologies and useful properties. It is
well-known that organic ligands play crucial roles in the
design and construction of desirable frameworks because
changes in the flexibility, length, and symmetry of the or-
ganic ligands can result in a remarkable class of coordina-
tion polymers bearing diverse architectures and functions.!”!
Our previous work had shown that the N-containing poly-
carboxylate ligands could be used to construct novel coor-
dination polymers.®! Herein, we turn our attention to a
novel N-containing polycarboxylate ligand, 3,3-bis(car-
boxymethyl)imidazo[1,2-a]pyridin-2-one (H,L). This ligand
consists of a rigid imidazo[l,2-a]pyridin-2-one ring and
flexible diacetic acid moieties; it is possible that the combi-
nation of these specialties may lead to the formation of
interesting topologies.
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A number of infinite ladder-like coordination polymers
have been reported; however, most of them were con-
structed with two-connecting ligands such as 4,4'-bipy. In
principle, it is difficult to obtain a T-shaped geometry
around the metal center, which is essential for the ladder
structure, by using two-connecting ligands.['” One strategy
that can be used to overcome this difficulty is to use three-
connecting T-shaped ligands as building units.'!l Hitherto,
only a few ladder-like compounds containing T-shaped li-
gands have been reported.l'®!21 Comparatively, less effort
has been made in the construction of 2D layers by using
three-connecting T-shaped ligands.[''*13] According to the
definition of Wells,'#! five types of 2D architectures (brick
wall, herringbone, bilayer, basket weave, and long and short
brick) can be expected for a T-shaped geometry, but only
the first three types have already been realized so far.[>l

During our research on the H,L ligand, we have ob-
tained two new coordination polymers, [CdL(H,0)], (1)
and [ZnL(H»0)], (2). The ladder-like chain built from the
T-shaped ligand as found in 1 is rare. To the best of our
knowledge, compound 2 is the first example of a coordina-
tion polymer whose 2D basket weave network is con-
structed from the combination of metal centers with a T-
shaped geometry and ligands with T-shaped structure
simultaneously. Herein, we report the syntheses, X-ray sin-
gle-crystal analyses, and photoluminescent properties of 1
and 2.

Results and Discussion

Synthesis of 3,3-Bis(carboxymethyl)imidazo[1,2-a]pyridin-2-
one (H,L)

Imidazo[1,2-a]pyridine derivatives have been attracting

considerable interest because of their significant pharma-
ceutical importance.['>] They are also versatile intermediates
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for synthetic transformations.['s! However, less effort has
been made in the synthesis of imidazo[l,2-a]pyridin-2-one
derivatives. We exploit a novel and facile synthetic
method for these imidazo[l,2-a]pyridin-2-one derivatives
(Scheme 1). 3,3-Bis(carboxymethyl)imidazo[1,2-a]pyridin-2-
one (H,L) was obtained as a free acid from the reaction of
potassium chloroacetate and 2-aminopyridine in aqueous
alkaline solution heated at 86 °C, followed by acidification
of the mixture with aqueous HCI and concentration under
boiling conditions. After cooling of the mixture to remove
the precipitated KCI (ice bath), the desired acid was precipi-
tated and removed by filtration. The negative ion electro-
spray mass spectrum (H,O) of H,L shows the characteristic
molecular ion peak around m/z = 248.97, which provides
strong evidence for the formula C;;H;oN,Os. The molecu-
lar structure is also supported by microanalysis, IR, and
NMR spectroscopic results.
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Scheme 1. Synthesis of 3,3-bis(carboxymethyl)imidazo[l,2-a]pyri-
din-2-one.

Syntheses of Compounds 1 and 2

Compounds 1 and 2 were readily obtained in good yields
(Scheme 2) by treating the corresponding metal perchlorate
salts and H,L in a mixture of DMF and H,O at 120 °C for
two days. Their formulations are supported by IR, micro-
analysis and thermogravimetric analysis (TGA) results. The
phase purities were revealed by powder diffraction patterns
of the bulk samples, which are consistent with the theoreti-
cal patterns generated from their single-crystal X-ray dif-
fraction data (see Supporting Information).
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Scheme 2. Syntheses of compounds 1 and 2.

Description of Crystal Structure

[CAL(H>0):], (1)

Compound 1 has a 1D infinite ladder structure that is
assembled through metal-nitrogen and metal-oxygen coor-
dination bonds. The coordination geometry of each Cd"
ion is a distorted octahedron, in which the Cd" ion is coor-
dinated to two water oxygen atoms, three carboxylate oxy-
gen atoms, and one nitrogen atom from three L>~ ligands
(Figure 1). The five Cd-O bond lengths range from 2.234(2)
to 2.508(2) A, and the Cd-N bond length is 2.264(2) A
(Table 1).
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Figure 1. ORTEP drawing at the 50 % probability level showing the
Cd" coordination environment and T-shaped ligand in 1. Hydro-
gen atoms are omitted for clarity. Symmetry code: A: —x, -y, —=z.

Table 1. Selected bond lengths [A] and angles [°] for compounds 1
and 2.

1[al 2[b]

Cd1-02 2.234(2) Znl1-O2#2 1.980(2)
Cd1-03 2.508(2) Znl-03#3 2.075(2)
Cd1-04 2.296(2) Znl1-06 2.034(2)
Cd1-06 2.423(2) Znl-N1 2.010(2)
Cdl-07 2.253(2)

Cd1-N1#3 2.264(2)

02-Cd1-03 96.59(7) 02#2-Zn1-O3#3  125.43(8)
02-Cd1-04 104.72(6) O2#2-Zn1-06 99.54(10)
02-Cd1-06 169.89(7) O2#2-Znl1-N1 114.13(8)
02-Cd1-07 89.80(7) 03#3-Znl1-06 94.20(9)
02-Cd1-N1#3 89.11(7) O3#3-Znl-N1 116.62(9)
03-Cd1-04 54.83(6) 06-Zn1-NI1 95.72(10)
03-Cd1-06 89.50(7)

03-Cd1-07 152.41(6)

03-CdI-NI#3  93.37(7)

04-Cd1-06 85.39(7)

04-Cd1-07 97.59(6)

04-Cd1-N1#3 146.02(7)

06-Cd1-07 88.49(8)

06-Cd1-N1#3 82.45(7)

O7-Cd1-N1#3 113.61(7)

[a] Symmetry transformations used to generate equivalent atoms:
#3: —x, -y, —z. [b] Symmetry transformations used to generate

equivalent atoms: #2: —x+1/2, y+1/2, —z+1/2; #3: —x, -y, —=z.

As a rail and rung simultaneously, each L? ligand brid-
ges three Cd atoms through its two carboxylate groups and
one nitrogen atom to form a ladder extending along the a
axis, as shown in Figure 2. As a result, the L?>~ ligand can
be described as a three-connecting T-shaped building block.
The Cd atom can be taken as a three-connecting node with
a T-shaped geometry if two coordinated water molecules
are disregarded. The T-shaped configurations of both the
Cd" center and the L?> ligand have thus accommodated
the formation of a 1D ladder. Interestingly, the two flexible
acetate groups bridge two Cd atoms in the monodentate
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and chelating fashion, respectively, to form the side rail of
the ladder, while one nitrogen atom is linked to the third
Cd atom. As a result, the rigid imidazo[1,2-a]pyridin-2-one
ring acts as the rung. Because of the distorted T-joints and
the unequal separations between the Cdl and C10 atoms
across the adjacent carboxylate groups, the 1D ladder is
composed of two kinds of alternating rhombic rings with
step lengths of 4.78 and 5.16 A, respectively. The structure
of 1 is a rare ladder motif consisting of two kinds of step
lengths.['7]

Figure 2. View along the b axis of the 2D hydrogen bonding net-
work (dotted lines) of 1.

As shown in Figure 2, the ladders extending along the a
axis are organized by the O7--O1 [2.700(2) A] hydrogen
bonds that exist between two adjacent chains to form a
layer that lies in the @,c plane. There are also intra-chained
hydrogen bonding interactions [06--O5 2.856(3) and
06++03 2.807(3) A] between coordinating water molecules,
carbonyl oxygen atoms, and carboxylate oxygen atoms
(Table 2). It is interesting to note that the stack of undulat-
ing 2D hydrogen bonding layers through the O-+O hydro-
gen bonding interactions [07-+05 2.739(3) A] gives rise to
a 3D supramolecular network with rhombic channels occu-
pied by the pendent pyridine rings of the L>" ligands (see
Supporting Information).

Table 2. Hydrogen bond geometries for compounds 1 and 2.

D-H-A d(D-A) [A] <(D-H--A) [°]
1@ 06-HO1--03! 2.807(3) 153(4)
06-H02--05 2.856(3) 149(4)
07-H03:-05' 2.739(3) 173(4)
201 06-H02--Ol! 2.615(3) 178(4)
06-HO1-+05' 2.688(3) 168(4)

[a] Symmetry codes for 1: it —x, —y, —z; i —x, p+1/2, —z+1/2.
[b] Symmetry codes for 2: ' x—1/2, —y—1/2, z—1/2; "1 —x+1/2,
y+1/2, —z+1/2.

[ZnL(H0)], (2)

Compound 2 possesses a 2D basket weave network based
on the three-connecting T-shaped ligand. As shown in Fig-
ure 3, each Zn'! ion adopts a distorted tetrahedral coordi-
nation environment by coordinating one water molecule,
two carboxylate oxygen atoms, and one nitrogen atom from
three L> ligands with the Zn—O bond lengths ranging from
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1.980(2) to 2.0752) A, and the Zn-N bond length of
2.010(2) A (Table 1).

Figure 3. ORTEP drawing at the 50% probability level showing the
Zn" coordination environment and T-shaped ligand in 2. Hydrogen
atoms are omitted for clarity. Symmetry code: A: —x+1/2,
y+1/2, —z+1/2; B: —x, -y, —z.

The L ligand also acts as a three-connecting T-shaped
building block, bridging three Zn atoms through its two
monodentate carboxylate groups and one nitrogen atom.
The Zn atom can also be taken as a three-connecting node
with a T-shaped geometry if one coordinated water mole-
cule is disregarded (the aqua ligand does not bridge). Inter-
estingly, four arms (two acetate groups and two imid-
azo[1,2-alpyridin-2-one rings) from two different L>~ Ii-
gands bridge two Zn atoms to form a four-membered
metallacycle with four three-connecting nodes (two C10
atoms and two Znl atoms). Such metallacycles are further
extended to form not a ladder as observed in 1, but a 2D
basket weave network lying in the a,b plane, as shown in
Figure 4. In principle, the transformation from the 1D lad-
der of 1 to the 2D basket weave network of 2 only requires
the alternate breaking of opposite side rails of one ladder
and then the connection to the neighboring parallel ladders
(see Supporting Information). Thus, the present case is the
first coordination network having a 2D basket weave archi-
tecture that is constructed from the combination of metal
ions with T-shaped geometries and ligands with T-shape
structures simultaneously. There are intralayered hydrogen
bonding interactions [06-+O5 2.688(3) A] between coordi-
nating water molecules and carbonyl oxygen atoms. It is
very interesting to notice that the 2D basket weave network
of 2 exhibits beautiful sinusoidal 2D layers extending along
the a,c plane, which further assemble into a 3D supramolec-
ular network through the interlayered hydrogen bonding in-
teractions [06-+01 2.615(3) A] (see Supporting Infor-
mation).

It is worthy to note that the structural differences be-
tween 1 and 2 with the same L?" ligands and the same syn-
thetic conditions may mainly be attributed to the radii of
the metal atoms with the Cd atom having a larger atomic
radius than the Zn atom, which results in different coordi-
4485
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Figure 4. View of the 2D basket weave network lying in the a,b
plane of 2. Pyridine rings are omitted for clarity, and the black
spheres represent three-connecting nodes.

nation environments (Cd'" with octahedron geometry and
Zn"" with tetrahedron geometry).['8]

Thermogravimetric Analyses

TG analysis of 1 reveals that its first weight loss appears
at ca. 152 °C due to the loss of two coordinating water
molecules (caled. 9.1%; found 9.2%). The second weight
loss occurs between 252 °C and 550 °C and is characteristic
of the decomposition of the organic moiety. Coordination
polymer 2 shows the first weight loss at ca.168 °C with the
loss of one coordinating water molecule (calcd. 5.4 %; found
5.1%), and the second weight loss occurs between 355 °C
and 472 °C and is characteristic of the decomposition of
the organic moiety (see Supporting Information).

Photoluminescent Properties

The emission spectra of 1 and 2 in the solid state at room
temperature are depicted in Figure 5. Compounds 1 and 2
display similar shoulder peaks, and their maximum emis-
sion peaks occur at 400 nm upon excitation at 210 nm and
250 nm, respectively. The emissions of 1 and 2 can probably
be assigned to intraligand fluorescent emission,!') since the
free H,L ligand reveals the same maximum emission band
(400 nm) upon excitation at 313 nm (see Supporting Infor-
mation). These results imply that the coordination of the
L? ligand with the Cd"™ and Zn'" ions, although yielding
different topological structures, has no influence on the
emission mechanism of the metal coordination polymer.[%
Compared to that of the free H,L ligand, 1 and 2 show
significantly stronger photoluminescence, probably due to
the coordination of the H,L ligand to the metal ions, which
increases the ligand conformational rigidity;!! the nonradi-
4486
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ative decay of the intraligand excited state is thereby re-
duced. The metallacycles of 1 and 2 built by T-shaped L>~
ligands probably cause significant enhancement to the ri-
gidity of the ligand. The difference in the emission inten-
sities of 1 and 2 is probably due to the differences in the
metal ions and the coordination environment around
them.[??] These observations suggest that compounds 1 and
2 may be excellent candidates for potential photoactive ma-
terials,>¥ since these condensed materials are thermally
stable and insoluble in water and common organic solvents.
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Figure 5. Solid-state emission spectra of a) 1 and b) 2 at room
temperature.

Conclusions

A novel imidazo[l,2-a]pyridin-2-one derivative (H,L)
was conveniently synthesized and characterized. By a com-
bination of the different coordination environments of the
metal ions and the T-shaped coordination mode of the L*-
ligand, we have successfully synthesized two new coordina-
tion polymers, of which 1 has a rarely reported ladder motif
and 2 is the first example having a 2D basket weave net-
work. Toward the synthesis and design of 1D ladder chains
or 2D basket weave networks, we think that T-shaped li-
gands are very suitable and promising for the syntheses of
compounds with novel structures such as ladders, brick-
walls, herringbones, bilayers, basket weaves, and long and
short bricks.

Experimental Section

General Methods: All reagents are commercially available and used
as purchased without further purification. Elemental analysis was
carried out with an Elementar Vario EL III microanalyser. The
FTIR spectra were recorded with a Bruker Vector 22 spectropho-
tometer in the 4000-400 cm ' region. Mass spectra were obtained
by negative ion electrospray (H,O solution) with a LCQ Advantage
Max mass spectrometer. 'H- and '*C NMR spectra were recorded
with a Bruker AV300 and AV400 spectrometer, respectively. The
emission spectra for the solid samples were recorded at room tem-
perature with a Hitachi 850 fluorescence spectrophotometer. Ther-
mogravimetric analyses were performed under air with a heating
rate of 10 °Cmin ! with a Shimadzu TGA-50H TG analyzer. Pow-
der X-ray diffraction (PXRD) patterns were obtained with a
MXPAHF rotation anode X-ray diffractometer. Caution: Cd-
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(ClOy4),6H>0 and Zn(ClO4),-6H,O are potentially explosive and
should be used with care!!

Synthesis of 3,3-Bis(carboxymethyl)imidazo|1,2-a|pyridin-2-one
(H;L): A solution of KOH (33.6 g, 0.6 mol) in water (75 mL) was
added dropwise to an ice-bath cooled solution of chloroacetic acid
(28.4 g, 0.3 mol) in water (75 mL). To the resulting alkaline solu-
tion, 2-aminopyridine (9.4 g, 0.1 mol) was slowly added, and the
mixture was heated under reflux at 86 °C for 30 h. HCI (6 N,
53 mL) was added to neutralize the solution, which was concen-
trated under boiling conditions and then cooled (ice-bath) to re-
move KCI. After the mother liquor (pH = 2-3) was allowed to
stand in the refrigerator for three days, the desired acid (H,L) was
separated out and collected by filtration. The solid was recrys-
tallized from hot ethanol/water (1:1), and the colorless product was
then collected by filtration and air-dried. Yield: 5.75 g (23%, based
on 2-aminopyridine). C;;H;oN,Os5 (250.21): caled. C 52.80, H 4.03,
N 11.20; found C 52.48, H 4.05, N 10.93. MS (ES—, H,O): m/z =
250 [M]*. 'H NMR (300 MHz, D,0, 25°C): 6 = 8.77 (d, 3Jypu =
6.8 Hz, 1 H, 5-H), 8.48 (dd, 3Juu = 6.8, 8.4 Hz, 1 H, 6-H), 7.67
(m, 2 H, 7-H, 8-H), 3.44 (s, 4 H, CH,) ppm. *C NMR (100 MHz,
D,0, 25°C): 6 = 175.5 (C-2), 172.0 (COOH), 153.2 (C-9), 147.9
(C-5), 136.2 (C-7), 120.4 (C-8), 111.6 (C-06), 69.8 (C-3), 42.5 (CH,)
ppm. IR (KBr pellet): ¥ = 3434 (m), 3077(m), 2972(m), 2876(w),
2792(w), 2683(w), 1771(s), 1708(m), 1649(s), 1580(m), 1519(s),
1414(m), 1185(s), 807(m), 598(m), 440(m) cm".

Synthesis of [CdL(H,0),|, (1): A mixture of Cd(ClO4),6H,O
(0.15 mmol) and H,L (0.15 mmol) was placed in a heavy-walled
Pyrex tube containing DMF (0.3 mL) and H,O (0.3 mL). The tube
was frozen in liquid N», sealed under vacuum, and then heated at
120 °C for two days. The colorless crystals were collected and
washed with ethanol. Yield: 0.042 g [70%, based on Cd(ClOy),
6H,0]. C;;H,CdN,0O; (396.63): caled. C 33.28, H 3.02, N 7.06;
found C 33.54, H 2.69, N 7.07. IR (KBr pellet): ¥ = 3333 (s),
3053(w), 2967(w), 1709(s), 1653(s), 1593(s), 1559(s), 1496(s),
1440(m), 1391(s), 1348(m), 1297(w), 1227(m), 1162(w), 1140(m),
1089(w), 1026(w), 934(w), 920(m), 839(m), 771(s), 701(m), 606(m),
508(m) cm™!.

Synthesis of [ZnL(H,0)], (2): A mixture of Zn(ClO,4),"6H,O
(0.15 mmol) and H,L (0.15 mmol) was placed in a heavy-walled
Pyrex tube containing DMF (0.3 mL) and H,O (0.3 mL). The tube
was frozen in liquid N, sealed under vacuum, and then heated at
120 °C for two days. The colorless crystals were collected and
washed with ethanol. Yield 0.027 g [54%, based on Zn(ClOy),
6H,0]. C;;H(N,O4Zn (331.58): caled. C 39.81, H 3.01, N 8.44;
found C 39.71, H 2.77, N 8.42. IR (KBr pellet): v = 3322 (s),
3051(w), 2971(w), 1710(s), 1630(s), 1567(w), 1497(s), 1408(s),
1346(s), 1293(m), 1238(m), 1167(m), 1143(m), 1085(w), 1024(w),
943(w), 916(m), 866(w), 769(s), 703(m), 625(m), 524(m) cm™'.

X-ray Crystallographic Study: Diffraction intensities for 1 and 2
were collected at 293 K with a Bruker P4 diffractometer by em-
ploying graphite-monochromated Mo-K, radiation (41 =
0.71073 A). Empirical absorption correction was applied with the
use of the SADABS program.>¥l The structures were solved by di-
rect methods and refined by full-matrix least-squares on F> by
using the SHELXS-97 and SHELXL-97 programs, respectively.?’!
All non-hydrogen atoms were refined anisotropically. The C-H hy-
drogen atoms were placed in geometrically calculated positions; the
O-H hydrogen atoms were located from Fourier difference maps
and kept fixed in that position. The selected bond lengths and bond
angles for 1 and 2 are listed in Table 1, and the crystallographic
data are summarized in Table 3.
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Table 3. Crystal data and structure refinement parameters for com-

pounds 1 and 2.

1 2
Chemical formula C] 1H12CdN207 C] 1H10N2062n
Crystal system monoclinic monoclinic
Space group P2,/c P2,/n
Formula weight 396.63 331.58
a[A] 9.124(2) 11.669(2)
b [A] 14.398(3) 8.101(2)
¢ [A] 9.844(2) 12.733(3)
a [°] 90.00 90.00
B I°] 99.66(3) 94.82(3)
y[° 90.00 90.00
VA3 1274.7(4) 1199.4(4)
Z 4 4
F(000) 784 672
D, [gem ) 2.067 1.836
T [K] 293(2) 293(2)
0 range [°] 2.26-28.46 2.27-28.29
4« [mm!] 1.751 2.077
GOF 1.065 0.887
Reflections collected 6857 6797

Independent reflections (R;,)
Observed reflections
Rl: W’RQ [I> 20’([)]

Ry, wR; [all data]

3001 (0.0188)
2740

0.0251, 0.0588
0.0283, 0.0599

2832 (0.0305)
2102

0.0382, 0.0715
0.0538, 0.0763

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CCDC-260674 and -260675 for 1 and 2, respectively, contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Luminescent curve of H,L. Additional figures, PXRD pat-
terns and TGA curves of 1 and 2.
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