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Great efforts have been made on the design and con-
struction of supramolecular coordination polymers not
only due to their fascinating structural features but also
their potential in conventional and emerging applica-
tions.'® Metal complexes of azamacrocycles along with
multidentate ligand linkers have been considered as good
building blocks for the formation of supramolecular coor-
dination polymers.” During the formation of final struc-
tures, intermolecular forces such as hydrogen bonds, -1t
interactions, and CH-m interactions, etc are frequently
involved.'®!! Rational design and the synthetic strategy of
supramolecular coordination polymers via a self-assem-
bly process largely depend on the selection of metal ion
connectors and bridging ligand linkers. Thus, the metal
complex of tetraazamacrocycle L which bears trans/cis-
fused cyclohexane rings on a cyclam backbone could poten-
tially extend its structure to the axial direction of metal ion
by the coordination of bridging ligands, resulting in the
formation of 1D coordination polymer. In addition, the
macrocycle L and its zinc(II) complex attracted attention
due to their revealing anti-HIV activity.'? Rigid organic
linkers, in particular, aromatic polycarboxylates have widely
been employed to generate coordination polymers with
macrocyclic metal ion connectors.'*!* In contrast, flexible
organic building blocks have been far less exploited as
their backbone flexibility makes the resulting coordination
polymers difficult to predict and control. However, the
flexibility of organic linkers is all the better preferred by
researchers to design and construct a new class of coor-
dination polymers in spite of the above mentioned demer-
its.'>® Recent articles about the development of flexible
ligands in the realm of coordination polymers substantiate
the importance of flexible ligands.''® An aromatic dicarbox-
ylic acid, bpdcH, (bpdc =4,4'-biphenyl dicarboxylate),
may be a good candidate as an organic building block for
the construction of supramolecular coordination polymer
due to its coordinating ability and the possibility of inter-

molecular interactions arising between the aromatic rings.
Though the bpdcH; molecule contains rigid aromatic rings, it
also exhibits flexibility via rotation about a carbon-car-
bon single bond. Another best known flexible ligand is
1,4-chdcH, (1,4-chdc = 1,4-cyclohexane dicarboxylate) which
can adopt three different conformations, i.e. e,e-trans-1,4-
chdcH,, a,e-cis-1,4-chdcH, and a,a-trans-chdcH,. The
1,4-chdcH; molecule can show versatile coordination modes
to metal ions depending on the degree of deprotonation
and participate in intermolecular interactions by acting as
hydrogen bond donors and/or acceptors. With the purpose
to try and find out coordination polymers having fasci-
nating structural features, we employed the macrocyclic
zinc(II) complex as a metal ion connector, and dicarbox-
ylates bpdc and e,e-trans-1,4-chdc as bridging ligand linkers
(Scheme 1). From the self-assembly processes of an appro-
priate combination of metal ion and bridging dicarboxylate
ligands, we obtained the complexes of [Zn(L.1)(bpdc)]-0.75HO
(1) and [Zn(L1)(e,e-trans-1,4-chdc)]-2H,0 (2), which form
coordination polymers in crystalline solids. In this contribu-
tion, we describe the details of the structural, supramolecular,
thermal, and spectroscopic properties of 1 and 2.

The structure of 1 contains two independent macrocy-
cles with solvated water molecules, and consists of 1D

@NH HN:‘O C[NH HN:IO
NH HN NH HN
Me' Me'

HOOCHCOOH HOOC\N\COOH

4,4'-bpdcH, e, e—1 4-chdcH,

Scheme 1. Structures of L1, L2, 4,4'-bpdcH,, and e,e-trans-1,4-
chdcH,.
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Figure 1. Molecular structure of 1 with atom-labeling scheme
(50% thermal ellipsoids). Hydrogen atoms other than those on nitro-
gen atoms and water molecules are omitted for clarity.

Table 1. Selected bond distances (A) and angles (°) for 1

ZnlANIA 2.071(3) Zn1A-N2A 2.125(3)
Zn1A-N3A 2.063(2) Zn1A-N4A 2.122(2)
ZnIB-N1B 2.069(2) Zn1B-N2B 2.1193)
Zn1B-N3B 2.080(2) Zn1B-N4B 2.136(3)
Znl1A-O1A 2.248(2) Zn1B-O1B 2.229(2)
Zn1A-O3A#1 230122)  ZnlB-O3B#3  2271(2)
C21A-C22A 1.5134)  C21B-C22B  1.507(5)
C31A-C34A 1.5195)  C31B-C34B  1.505(5)
N3A-ZnlA-N4A  83.96(10) NIA-ZnlA-N4A  96.43(10)
N3A-ZnlA-N2A  95.55(10) NIA-ZnlA-N2A  84.05(10)
N3B-ZnIB-N4B  83.48(10) NIB-ZnIB-N4B  94.74(10)
N3B-ZnlB-N2B  97.63(10) NIB-ZnIB-N2B  84.11(10)
N3A-ZnlA-O1A  90.679) NIA-ZnlA-OlA  89.90(9)
N4A-ZnlA-O1A  98.40(10) N2A-ZnlA-OlA  82.03(10)
N3B-ZnIB-OIB  93.61(10) NIB-ZnIB-OIB  87.54(9)
N4B-Zn1B-O1B  101.35(10) N2B-ZnlB-OIB  81.44(10)

Symmetry code: #1 x,y,z+1 #2 x,y,z-1 #3 x,y+1,z #4 x,y-1,2

zinc(I) coordination polymers with a repeating [Zn(L1)
(bpdc)] unit (Figure 1). The coordination geometry around
the central zinc(II) ion exhibits a distorted octahedron in
the chain direction with four Zn-N and two Zn-O inter-
actions. The selected bond distances and angles of com-
plex 1 are given in Table 1. The Zn-N distances vary from
2.063(2) A-2.136(3) A with an average distance of ca.
2.099 A. The Zn-O distances of 2.248(2) A and 2.229(2)
A are comparable to the values reported for related com-
plexes ([Zn(L2)(H2pm)]-H20 (pm = pyromellitate); Zn-O
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=2.207(4),2.170(3) A," [Zn(cyclam)(tp)]-H,O (tp = tere-
phthalate); Zn-0=2.1559(12) A, [Zn(cyclam)(H,bta)]-2H,O
(bta = 1,2,4,5-benzenetetracarboxylate); Zn-O = 2.2839(14)
AP [Zny(cyclam)y(oxalate)|(ClOs)-2DMF; Zn-0=2.1175(11),
2.1397(11) A,*® Zn(L1)(apc), (apc = 3-amino-2-pyrazin-
ecarboxylate); Zn-O = 2.099(2) A).*!

In 1, the 1D polymeric structure is stabilized by hydro-
gen bonds occurring from the N-H groups of macrocycle and
the carboxylate groups of bridging bpdc ligands (N3A-
H3AC-02A: d(D--A) =2.848(3) A, 2 (DHA) = 157.3°
N3B-H3BC-02B: d(DA) = 2.960(4) A, 2 (DHA)=152.2°)
(Table 2). One of the pertinent features in 1 is the presence
of two kinds of 1D chains, running toward crystallographic b
and c directions, respectively (indicated by green and yellow
chain in Figure 2).

Table 2. Hydrogen bonds for 1 (A and °)

D-H-A dD-H) dH-A) dD-A) <(DHA)
N3A-H3AC--02A 0.93 1.97 2.848(3) 157.3
NI1B-H1BB--0O4B#3 0.93 2.02 2.902(4) 158.0
N3B-H3BC--02B 0.93 2.10 2.960(4) 152.2
N4B-H4BC--O3B#3 0.93 2.37 2.835(3) 110.7
O1IW-HIWA--O2B 0.84 2.03 2.815(4) 155.6
O2W-H2WB--04A 0.84 1.93 2.768(6) 179.4

Symmetry code: #1 x,y,z+1 #2 x,y,z-1 #3 x,y+1,z#4 x,y-1,2
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Figure 2. Extended structure of 1 illustrating (a) double stranded
polymer chains by the pairing up of two 1D chains (yellow)
through CH--mt interactions (top) and space-filling diagram of
double stranded polymer chains (bottom) (b) a network structure
formed by 1D chains (b direction) running over 1D double stranded
polymer chains (¢ direction) in a slanted fashion. Lattice water
molecules are omitted for clarity.
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As shown in Figure 2(a), two 1D chains (yellow) pair
up through C7A-H---xt (centroid of phenyl ring) (d(C---m) =
2.688 A) interactions between the macrocycle in one chain
and bridging bpdc ligands in another chain to form a dou-
ble stranded supramolecular polymer. Due to these inter-
actions, two phenyl rings in the bridging bpdc ligands are
twisted with respect to the carbon-carbon bond with a
dihedral angle (C26A-C25A-C28A-C33A) of 153.52°. How-
ever, no such secondary interactions either between the
yellow double stranded polymers or between the green 1D
chains are found. Ultimately, the 1D chains (green chain
lying on crystallographic b direction) run over the yellow
double stranded polymers in a slanted fashion like a plywood,
resulting in the formation of 2D sheets (Figure 2(b)). The
short contacts d(H3B:+C25A) =2.809 A, d(H3B--C24A)
=2.662 A, d(O2A--H26B) = 2.406 A, d(O2A--H29B) =
2.679 A, and d(C26B--H12B) =2.818 A) are observed near
the intersection of double strands and green 1D chains.

The structure 2 is composed of a zinc(II) macrocycle
and a bridging ligand e,e-trans-1,4-chdc with two lattice
water molecules. The structure exhibits a 1D coordina-
tion polymer with a basic [Zn(LL1) (e,e-trans-1,4-chdc)]
unit (Figure 3). The zinc(Il) ion coordination geometry is
completed by four Zn-N and two Zn-O bonds. Table 3
contains important bond distances and angles for 1. The
zinc atom sits on an inversion center. The Zn-N distances
are normal with 2.0939 (9) A and 2.1263(9) A. The Zn-O
distance of 2.1948(8) A is comparable to the those for
related zinc(Il) complexes ([Zn(L1)(oxalate)]-3H,O-
0.5DMF; Zn-O = 2.205(3), 2.248(3) A, [Zn(L2)(oxa-
late)]-3.5H0; Zn-O = 2.2175(17), 2.2352(12) A;? [Zn(cyclam)
(maleate)]-3H,0; Zn-O = 2.1968(16), 2.2840(16) A).*

The 1D coordination polymer chain is connected to each
other by the mediation of lattice water molecules to form

Figure 3. Molecular structure of 2 with atom-labeling scheme
(50% thermal ellipsoids). Hydrogen atoms other than those on
nitrogen atoms and water molecules are omitted for clarity.

Table 3. Selected bond distances (A) and angles (°) for 2

Znl1-N1 2.1263(9) Znl-N2 2.0939(9)
Zn1-01 2.1948(8) O1-Cl11 1.2588(13)
02-C11 1.2550(14)
N2-Zn1-N1 83.58(3) N2-Znl-N1#1  96.42(3)
N2-Zn1-O1#1 92403)  N2-Znl-Ol 87.60(3)
N1-Zn1-O1#1 98.86(4)  NI1-Znl-Ol 81.14(4)
#1 —x+1,-y+1,-z+1 #2 —x,-y+2,-z
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Figure 4. Extended structure of 1D coordination polymers in 2.

Table 4. Hydrogen bonds for 2 (A and °)

D-H-A d(D-H) dH~A) dD-A) <(DHA)
NI-HIN--Ol 0.86(15) 230 2811(2) 1182
N2-H2N-02#1 042(15) 215  2.946(2) 158.0
OIW-HIWA~02  0.82(2) 206 2.8642) 168(2)
OIW-HIWB-O1#3  0.792)  2.12  2.906Q2) 174(2)

Symmetry code: #1 —x+1,-y+1,-z+1 #2 -x,-y+2,-z#3 —x+1,-y+1,-z

2D sheet, but neither direct inter chain interactions nor
interactions between the sheets are observed in 2 (Figure
4, Table 4). As usually found in the tetraazamacrocyclic
metal complexes with carboxylate ligands, the Zn-O coor-
dination bond is supported by the hydrogen bond arising
from the pre-organized N-H groups of the macrocycle and
carboxylate group (N2-H2N--O2#1: d(D---A) = 2.946(2)
A, 7 (DHA) = 158.0°).

The infrared spectrum of 1 displays characteristic bands
of the bpdc bridging ligands at 1592, 1540 cm™" (v,COO)
and 1380 cm™ (vsCO0).” Two weak bands at 3220 cm’!
and 3125 cm™ can be assigned to the N-H stretchings of
the macrocycle. The broad band at 3345 cm™ is originated
from O-H stretching of the lattice water molecules. The
infrared spectrum of 2 shows strong absorptions at 1572 cm™!
(vasCOO) and 1384 cm™ (v{COO) due to the ee-trans-1,4-
chdc bridging ligands. The band at 3160 cm™ is assignable
to the N-H stretchings of the macrocycle. In addition, the
broad bond at 3410 cm™ indicates the O-H stretching of
the lattice water molecules. The weak band at 1649 cm™
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is originated from bending vibration of lattice water mol-
ecules (6H,0) (Figures S1 and S2).

TGA curves for 1 show a first weight loss of 2.0% (calcd.
2.0%) over ca. 30—150 °C, corresponding to the loss of a
lattice water molecule. Final residues (observed 12.4%,
calculated 12.4%) were remained above 540 °C with ZnO
composition. TGA curves for 2 were obtained with dehy-
drated powder due to the instability of 2 even in the crys-
talline state in air. Weight losses of 86.0% over ca. 320—
550 °C was observed, corresponding to the losses of mac-
rocycles and bridging ligands. Final residues (obsd. 14.0%,
caled. 14.2%) were remained above 550 °C with ZnO compo-
sition (Figures S3 and S4).

In conclusion, two zinc(Il) complexes [Zn(L.1)(bpdc)]:
0.75H,0 (1) and [Zn(L1)(e,e-trans-1,4-chdc)]-2H,0 (2)
have been prepared and structurally characterized. The
complex 1 which contains the macrocycle L1 and bridging
bpdc ligands exhibits a 2D zinc(II) supramolecular coor-
dination polymer in crystalline solid. Two different 1D
chains exist in the complex 1. One of the chains runs along
the crystallographic ¢ axis with pairing up to form a double
stranded supramolecular polymer. The other chain along
the crystallographic & direction runs over the 1D double
stranded polymers in a slanted fashion, resulting in the
formation of 2D sheets. The structure 2 exhibits a 1D
coordination polymer with a basic [Zn(L1) (e, e-trans-1,4-
chdc)] unit. The 1D coordination polymer chain is con-
nected to each other by the mediation of lattice water molecules
to form 2D sheet, but neither direct inter chain interactions
nor interactions between the sheets are observed in 2.

EXPERIMENTAL

Materials, Methods and Apparatus

All commercially available chemicals were used as received.
Water was distilled before use. IR spectra of solid samples
(KBr pellets) were recorded on a Perkin-Elmer Spectrum
X spectrophotometer between 4000 cm™ and 400 cm™.
The elemental analyses (C, H, N) were performed on samples
using a CE Instruments EA-1110 Elemental Analyzer at
KRICT, Korea. The free ligand L1, Zn(L1)(NOs), and
Nabpdc were synthesized by literature procedures.?**%%’

Synthesis of 1

To a DMF (10 mL) solution of Zn(L1)(NO3), (53 mg,
0.1 mmol) was added a stoichiometric amount of Nasbpdc
(29 mg, 0.1 mmol) in water (10 mL), which was allowed
to stand in an open beaker at ambient temperature. After a
week, colorless crystals of 1 were obtained. Yield: >90% based
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on Zn(LL1)(NO3),. Anal. Caled. for C34Hao50ZnN4O475 (2): C,
62.29%:; H, 7.61%; N, 8.55%. Found C, 62.69%; H, 7.57%;
N, 8.66%. IR (KBr, cm™'): 3491, 3345 (vOH), 3220, 3125
(VNH), 1592, 1540 (v.sCOO), 1380 (v{COO).

Synthesis of 2

To a DMF (10 mL) solution of Zn(L1)(NO3)2 (263 mg,
0.5 mmol) was added an aqueous solution of e,e-trans-
1,4-chdcH, (86 mg, 0.5 mmole) and five pipette drops of
triethylamine. The mixture was left until colorless blocks
of 2 formed. The crystals were filtered and dried in air.
Yield: 67% based on Zn(L1)(NOs),. Anal. Calc. for
C23H54N4O6Zn-2H20: C, 58.72%; H, 8.74%; N, 9.79%.
Found C, 58.75%; H, 8.91%; N, 9.88%. IR (KBr, cm™):
3413 (vOH), 3160 (vNH), 1649 (6H,0), 1572 (v4CO0),
1384 (v{COO).

X-ray Crystallography

Table 5 contains a summary of selected crystallographic
data and structure refinement details for 1 and 2. Data were
collected on a Nonius Kappa CCD (for 1) or a Bruker Kappa
APEX-DUO CCD (for 2) diffractometer, using graphite
monochromated Mo K, radiation. A combination of ¢ and
o (with k offsets) scans were used to collect sufficient

Table 5. Crystal data and structure refinement for 1 and 2

1 2
Empirical formula C34H1050ZnN4Os75  CasHs54ZnN4Og
Formula weight 655.65 608.12
Temperature(K) 150(1) 147(2)
Wavelength(A) 0.71073 0.71073
Crystal system Triclinic Triclinic
Space group P1 Pt
a(A) 15.3733(3) 8.9144(6)
b(A) 8.9144(6) 10.1473(7)
cA) 15.9971(4) 10.3340(7)
a(°) 117.0640(12) 63.698(2)
A°) 102.9830(12) 87.799(2)
v(®) 99.3420(13) 66.688(2)
Volume(A%) 3250.52(12) 758.87(9)
V4 4 1
Deatcd(Mg/m?®) 1.340 1331
Abs coefficient(mm™) 0.802 0.855
Independent refl 14684 [R(int) 3528 [R(int)
=0.0633] =0.0206]
Goodness-of-fit on F? 1.018 1.058
Final R indices [[>26(I)]  R;=10.0590, R;=0.0215,
wR,=0.1359 wR,=0.0530
R indices (all data) R1=0.1263, R;=0.0239,
wR>=0.1651 wR,=0.0542
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data. The Denzo-SMN package was used to process the data
frames.?® The structures were solved and refined using the
SHELXTL\PC V6.1 package.” Refinement was performed
by full-matrix least squares on FZ using all data (negative
intensities included). Crystallographic data for the structures
reported here have been deposited with CCDC (Deposition
Nos. CCDC-743544 (1) and CCDC-1059162 (2)). These
data can be obtained free of charge via http:// www.ccdc.
cam.ac.uk/conts/retrieving.html or from CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK, E-mail: deposit@ccdc.
cam.ac.uk
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