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Recently much attention has been paid to design and synthe-
sis of metal-organic hybrid materials with fascinating network
topologiesl'3 and potential applications as functional materi-
als."® The most commonly used strategy for designing such
materials relies on the utilization of multidentate N- or O-donor
ligands which have the capacity to bridge between metal cen-
ters to form polymeric structures. For example, 4,4’-bipyridine
(4,4’-bpy) is an excellent ligand and a number of one-, two-
and three-dimensional infinite metal-4,4’-bpy frameworks have
been generated.”'* Multi-carboxylates as important flexible
spacer ligands have also been used to form metal-organic frame-
works (MOF), due to their conformational and coordination
versatility. s

We have been pursuing synthetic strategies for the preparation
of non-interpenetrating open frameworks with variable cavities
or channels, in which rod-like rigid spacers such as 4,4’-bpy
and related species are chosen as building blocks.'*'® One of
our research interests has focused on a systematic study of the
discrete polynuclear transition metal(Il) compounds with ali-
phatic dicarboxylates. Although many interesting examples of
the metal-carboxylate complexes have been reported,’ ™ the
development of synthetic routes to systems containing the di-
carboxylate is still required for the rational design and syn-
thesis.

In this context, we have successfully prepared the title com-
pound of 1 by employing the oxalic acid, 4,4’-bpy, 1,10-phen,
and copper(Il) salt, respectively. The title compound consists
of'a 1D zig-zag chain structure, in which the corner units [Cu
(phen)]2+ are interconnected alternately by bridging 4,4’-bpy
and oxalate anion. Although the copper(II) oxalates with 1,10-
phen or 4,4’-bpy such as [CU2(OX)(pheI1)2(H20)2](NO3)220 (ox=
oxalate) and [Cu(ox)(4,4’-bpy)(H20),]-2H,0"' have been iso-
lated, such a 1D zig-zag chain structure of 1 has never been
reported in the literature. To the best of our knowledge, the title
compound is the first example of copper(Il) oxalate with mixed-
ligand of 1,10-phen and 4,4’-bpy. In this work, we report the
synthesis, thermal property, and crystal structure of the title
compound, [Cuz(0x)(4,4’-bpy)(phen),](NOs), (1).

Experimental Section

All chemicals are commercially available and were used as
received without further purification. Elemental analyses (C,
H, N) were performed on a Carlo Erba EA-1106 Elemental
Analyzer. Infrared spectra were recorded in the range from

4000 to 400 cm™ on a Mattson Polaris FT-IR Spectrophotometer
using KBr pellets. Thermogravimetric (TG) and differential
thermal analysis (DTA) were performed on a Shimadzu DTG-60
instrument with a heating rate of 10 °C'min™.

Preparation of [Cu(0x)(4,4’-bpy)(phen)2](NOs): (1). A me-
thanolic solution (8 mL) of 1,10-phenanthroline (1 mmol, 0.180
g) was allowed to react with aqueous solution (5 mL) of Cu
(NO3)25/2H>0 (1 mmol, 0.233 g) and stirred for 20 min. Then
an aqueous solution (5 mL) of oxalic acid (I mmol, 0.127 g)
and NaOH (2 mmol, 0.08 g) was poured slowly. To the mix-
ture a methanolic solution (5 mL) of 4,4’-bipyridine (0.5 mmol,
0.078 g) was added and refluxed for 2 h. It was allowed to cool
and the filtrate was kept at ambient temperature. A mixture of
green blocks of 1 as a minor phase and blue blocks of [Cu(ox)
(phen)(H20)]-H,0™ (2) constituting the major product were ob-
tained after a few days. Each complex was separated mechani-
cally and suitable for X-ray determination. Attempts to prepare
1 as a monophasic material were unsuccessful. Yield of 1 was
20% (0.086 g) based on Cu. Anal. Calcd. for C36H24NgO19Cuz:
C, 50.53; H, 2.83; N, 13.09. Found: C, 50.54; H, 3.01; N,
13.67%. IR (KBr pellet, cm'l): 3190(w), 3060(w), 1609(w),
1587(w), 1523(m), 1429(m), 1383(s), 1310(s), 851(m), 721(m).

X-ray structure determination. Single crystals of 1 were ob-
tained by the method described in the above procedures. Struc-
tural measurement for the complex was performed on a Bruker
SMART CCD" diffractometer using graphite monochromatized
Mo-Ka radiation (A = 0.71073 A). A multi-scan absorption
correction was applied using the SADABS program.24 The
structures were solved by direct method and refined on F ? by
full-matrix least-squares procedures using the SHELXS 97
and SHELXL 97 programs,25 respectively. All non-hydrogen
atoms were refined using anisotropic thermal parameters. CH
Hydrogen atoms were included in the structure factor calcula-
tion at idealized positions by using a riding model, but not re-
fined. The O atoms of the nitrate anion is both disordered over
two positions with site-occupancy factors from refinement of
0.54(2) and 0.46(2) (for the O atoms). Images were created
with the ORTEP*® or DIAMOND program.27 The crystallo-
graphic data for complex 1 are listed in Table 1.

Crystallographic data for the structural analysis have been
deposited at the Cambridge Crystallographic Data Center:
748368(1). Copies of this information may be obtained free of
charge from: The director, CCDC, 12 Union Road, Cambridge,
CB2 1EZ, UK (Fax: +44-1223-336-003; E-mail: deposit@
ccde.cam.ac.uk or www: http://www.ccdec.cam.ac.uk).
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Table 1. Crystal data and structure refinement for the complex of 1

Notes

Complex 1
Empirical formula C36 Has Cuza Ng Oy
Formula weight 855.72
T (K) 173(2)

A (A) 0.71073
Crystal system monoclinic
Space group C2/c

a(h) 23.144(2)
b(A) 10.6601(7)
c(A) 13.4363(9)
B(°) 93.1230(10)
V(A% 3310.0(4)
VA 4

u (mm’™) 1.362

F (000) 1736

0(°) 1.76 to 27.00

Absorption correction
Limiting indices

Reflections collected
Independent reflections
Observed reflections [/ > 2a(1)]
Goodness-of-fit on £’

R [1>20(])]

WR [I > 20(1)]

Ry

WwR>

Largest peak and hole (¢ A™)

multi-scan Tin = 0.843, Thax = 0.870
29<h<22,-13<k<10,-15<1<17
9967

3604 [R(int) = 0.0475]

2751

1.065

0.0403

0.0925

0.0592

0.1061

0.343 and -0.431

Table 2. Selected bond lengths (A) and angles (°) for the complex of 1

Cu-01 1.989(2) Cu-02 1.969(2)
Cu-N1 2.000(3) Cu-N2 1.997(3)
Cu-N3 2.236(3) 01-C18 1.255(3)
02-C18 1.253(3) C18-C18 1.535(5)
02-Cu-O1 85.08(8) 02-Cu-N2 166.06(10)
01-Cu-N2 96.33(10) 02-Cu-N1 92.56(9)
01-Cu-N1 166.41(9) N2-Cu-N1 82.82(11)
02-Cu-N3 95.25(9) 01-Cu-N3 94.48(9)
N2-Cu-N3 98.46(10) NI1-Cu-N3 99.06(10)
Specified hydrogen bonds (with esds except fixed and riding H)
Donor-H--acceptor D-H H--A DA D-H--A
C2-H2--05 093 261 3321(16)  133.9
C3-H3--04' 093 237 3.205(8) 149.6
C13-H13--05" 093 256 3.386(16)  148.0
Cl14-H14--02" 093 256 3.266(4) 1325
C16-H16--01" 093 246 3.369(4) 167.2

Symmetry codes: (i) —x +1,y,—z+1/2, (i) x,y + 1, z, (li)) —x + 3/2,y +
1/2,-z+1/2,(iv)—x+3/2,y—1/2,—z+ 1/2.

Results and Discussion

Description of the structures. The structure of 1 consists of
cationic dinuclear species, [Cuz(ox)(4,4’-bpy)(phen)z]2+ and
two nitrate anions (Fig. 1(a)). The dication has an inversion
center at the midpoint of the C-C bond of the bridging oxalate.

In the dication, the Cu®" environment is that of a distorted square
pyramid composed of two phen N atoms (Cu-N1 = 2.000(3),
Cu-N2 = 1.997(3) A) and two O atoms (Cu-O1 = 1.989(2),
Cu-02 = 1.969(2) A) of bridging oxalates at the corners of the
basal square, and a fifth weakly coordinated N3 atom (Cu-N3 =
2.236(3) A) of the 4,4 -bpy at the apical position. The Cu(II)
ion is slightly displaced by 0.235(1) A from the NIN20102
mean plane (mean deviation, 0.001(1) A) toward apical N3
atom. Two copper ions, symmetrically bridged by oxalate, are
separated by 5.148(1) A, comparable to that of 5.739(1) A found
in the mono- and bi-dentate fashion {[Cu(H20)4][Cu(mal),
(H20).1} complf:x.28 The [Cuz(ox)(phen)z]2+ unit was also bridg-
ed by 4,4’-bpy to establish 1D zig-zag chain structure (Fig. 1(b)).
The distance between two copper atoms is 11.584(1) A. The
zig-zag chain structure is further extended by the inter-phen
ring n-m stacking (the interplanar distance = 3.445 A, the angle
made by ring normal and the vector between the ring centroids =
1.82°) to form 2D layers, as illustrated in Fig. 1(c). In addition,
the compound is further stabilized by hydrogen bonding bet-
ween the coordinated oxalate-O atoms and the carbon atoms
of 4,4’-bpy, and between nitrate oxygen atoms and the carbon
atoms of 4,4’-bpy or 1,10-phen, respectively (Table 2, Fig. 2).
The phen molecules are nearly planar [mean deviation is
0.046(3) A]. The intra-ring C-N [mean value 1.345(4) A] and
C-C [mean value 1.397(5) A] bond distances are as expected.”
The angles subtended by the bidentate phen ligand at the copper
atoms are N1-Cu-N2 = 82.82(11)°.
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Figure 1. (a) ORTEP view (50%) of coordination environments of
Cu(II) ion with atom labeling for 1. [Symmetry code: (i) x+3/2, -y +
3/2, z]. (b) One-dimensional structure of 1. (¢) -7 interaction (dotted
lines) in 1. Cg is the centroids of the C4-C7, C11, C12 ring. [Symmetry
code: i) x+1,y,—=z+1/2].

The oxalate ligand adopts simultaneously bidentate coordi-
nation modes at both Cu ions. The angle subtended at Cu by
the chelating oxalate group (02-Cu-O1) is 85.08(8)°. The ave-
rage C-O bond distances and O2-C18-O1 bond angles are
1.254(3) A and 125.9(3)°, respectively. These structural data
are in good agreement with those in the copper(Il) complexes,
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Figure 2. Hydrogen bonding of 1.

[Cua(ox)(phen)(H;0)2](NO3),2H,0™ and [Cua(ox)(phen)
(NOs)a].”

The IR spectra of the complex exhibits the characteristic
absorption bands of the bis-bidentate oxalate-bridging ligand:
1609(w) (vasCO), 1383(s), 1310(s) (v{CO,), and 851(m) cm™"
(6CO»). The peaks at 3190(w) and 3060(w) cm’ and 1631 -
1429 cm™ are attributable to the C-H, aromatic C-C , and C=N
stretching frequencies of the aromatic group.32

TG-DTA curves have been obtained in flowing N, atmos-
phere for crystalline samples of 1 in the temperature range of
30-800 °C. The TG curve of complex 1 shows that it is thermally
stable up to 133 °C and upon further heating it undergoes three
consecutive steps of decomposition processes up to 500 °C
(87.69%). This is assigned to the removal of one oxalate, one
4,4’-bpy, two phen, and two nitrate per formula unit (calculated:
85.14%). The DTA curve exhibits one endothermic peak at
146 °C and three exothermic processes with maximum at 319,
370, and 478°C, respectively.

In conclusion, by self-assembly reactions of Cu(I) ion, oxa-
late, 4,4’-bpy, and 1,10-phen ligands under ambient conditions,
one new Cu(Il)-oxalate complex [Cu(Ox)(4,4’-bpy)(phen);]
(NOs)2 (1) was successfully isolated. The compound consists
of 1D zig zag chain of [Cu(phen)]2+ units bridged alternately
by oxalate and 4,4’-bpy. To the best of our knowledge, the title
compound is the first example of copper(II) oxalate with mixed-
ligand of 1,10-phen and 4,4’-bpy. It has been shown that the
oxalate dianion in combination with organic spacers such as
bis(4-pyridyl) derivatives is an excellent ligand for constructing
1D metal-organic framework structures with transition metal
ions.
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