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The reaction of [Ni(R-rac-L)](ClO4)2 with K2[Ni(CN)4] gives a cyanide bridged [2+2] type of molecular square, {cis-
[Ni(f-rac-L)][Ni(CN)4]}2 (1). By slightly changing the reaction conditions, the reaction of [Ni(R-rac-L)](ClO4)2 with
KCN leads to a metastable compound, cis-[Ni(f-rac-L)(CN)2] (2), and an unexpected 1D helical chain, {cis-[Ni(f-
rac-L)][Ni(CN)4]}n (3). In 3, the 1D helical chains are packed in an alternating right- and left-handed chirality due
to the oppositely twisted arrangements of two adjacent [Ni(CN)4]2- anions. The metastable compound 2 can be
converted to 3 in a CH3CN/CH3OH solution. Compounds 1 and 3 are classified as supramolecular isomers, and
isomer 3 can be considered to be formed by the ring-opening polymerization of the square precursor 1. Magnetic
susceptibility measurements of 1 and 3 show that the adjacent six-coordinated Ni(II) atoms are antiferromagnetically
coupled through the bent −NC−Ni−CN− bridges of the diamagnetic [Ni(CN)4]2- anions, with g ) 2.08 and J )
−0.426 cm-1 for 1 and g ) 2.08 and J ) − 0.278 cm-1 for 3. The correlation between the structures and the
J values is discussed.

Introduction

Recently, increasing attention has been focused on su-
pramolecularisomerisminthefieldofmoleculararchitectures.1-4

For given building blocks, different arrangements of these
building blocks can lead to the formation of a series of
supramolecular isomers. The architectures of supramolecular

isomers are very sensitive to experimental conditions such
as reaction temperature,2 template molecules,3a solvents,3b,3c

and so forth. Chen et al.3a reported three supramolecular
isomers of a one-dimensional (1D) zigzag chain and two
discrete octagonal and decagonal molecular rings by the
reactions of Cu(NO3)2 with 2-methylimidazolate in the
presence of either methanol, toluene, orp-xylene template
molecules, respectively. They3b also described two solvent
polarity-induced supramolecular isomers of one triple-
stranded helical and one zigzag chainlike structure. Zaworot-
ko et al.1c demonstrated that the one-pot reaction of 5-nitro-
1,3-benzenedicarboxylic acid and Cu(II) ions gave two
supramolecular isomers of a discrete molecular hexagon and
a polymeric zigzag chain. The conversion process from the
discrete closed structures to the polymeric one can be
described asring-opening polymerization4a-4c or ring-opening
isomerism.4d Though ring-opening polymerization is common
in organic polymers,5 only a few examples have been
reported in coordination polymers.1c,3a,4

Nickel complexes of the macrocyclic ligand 5,5,7,12,12,-
14-hexamethyl-1,4,8,11-tetraazacyclotetradecane (L, see
Scheme 1) exhibit several conformational isomers, depending
on the configurations of the two asymmetric carbon atoms
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and the four asymmetric nitrogen atoms. In our previous
work,6 we described how to control the experimental
conditions to obtain six-coordinated nickel(II) complexes
with defined cis or trans configurations by the reaction of
[Ni(R-rac-L)](ClO4)2 or [Ni(â′-rac-L)](ClO4)2 cations with
different bridging ligands. Interestingly, by carefully control-
ling the experimental conditions, we were able to construct
two cyanide bridged supramolecular isomers of one molec-
ular square,{[Ni(R-rac-L)][Ni(CN) 4]}2 (1), and one 1D
helical chain,{[Ni(R-rac-L)][Ni(CN) 4]}n (3), in which3 can
be considered to be formed by the ring-opening polymeri-
zation of the square precursor1. To the best of our
knowledge, similar molecular squares and 1D helical chains
have not been reported in complexes of [Ni(CN)4]2- with
macrocyclic metal compounds.

Experimental Section

Materials and General Methods. The macrocyclic ligand (L)
and its nickel(II) complex [Ni(R-rac-L)](ClO4)2 were prepared
according to the previously reported method.6 K2Ni(CN)4‚2H2O was
prepared according to the literature method.7 All of the other
chemicals are commercially available and were used without further
purification. Elemental analyses were determined using an Elemen-
tar Vario EL elemental analyzer. The IR spectra were recorded in
the 400-4000 cm-1 region using KBr pellets and a Bruker
EQUINOX 55 spectrometer. ESI-MS spectra were obtained using
a Shimadzu LCMS-2010A mass spectrometer. Magnetic suscep-
tibility data were collected in the 2-300 K temperature range with
a Quantum Design SQUID Magnetometer MPMS XL-7 with an
applied field of 1 T. A correction was made for diamagnetic
contributions prior to data analysis.

{cis-[Ni( f-rac-L)][Ni(CN) 4]}2, 1. A water solution (20 mL) of
K2Ni(CN)4‚2H2O (0.111 g, 0.4 mmol) was layered with an
acetonitrile solution (20 mL) of [Ni(R-rac-L)](ClO4)2 (0.216 g, 0.4
mmol). After about 2 weeks, block-shaped purple crystals of1‚
2H2O formed from the solution. The crystals were collected, washed
with water and methanol, and dried in the air. Yield: 0.214 g, 51%.
Anal. Calcd for C40H76N16Ni4O2 (1‚2H2O): C, 45.85; H, 7.25; N,
21.39. Found: C, 45.98; H, 7.12; N, 21.41%. IR (KBr):νCN 2162
(coordinated) and 2126 (uncoordinated) cm-1.

cis-[Ni( f-rac-L)(CN)2], 2. A solution of KCN (0.026 g, 0.4
mmol) in 10 mL of cold water was added to a solution of [Ni(R-
rac-L)](ClO4)2 (0.108 g, 0.2 mmol) in 20 mL of cold acetonitrile.
The resulting solution was filtered, and the filtrate was evaporated
at a low temperature to give plate-shaped purple crystals of2‚2H2O
within about 1 week. The crystals were filtered, washed with water
and acetonitrile, and dried in the air. Yield: 0.060 g, 69%. Anal.
Calcd for C18H40N6NiO2 (2‚2H2O): C, 50.13; H, 9.35; N, 19.49.
Found: C, 50.46; H, 8.90; N, 19.45%. IR (KBr):νCN 2094 cm-1.

{cis-[Ni( f-rac-L)][Ni(CN) 4]}n, 3. A solution of KCN (0.026 g,
0.4 mmol) in 20 mL of cold water was added to a solution of [Ni-
(R-rac-L)](ClO4)2 (0.108 g, 0.2 mmol) in 20 mL of cold acetonitrile.
The resulting solution was filtered, and the filtrate was evaporated
at a low temperature to give prism-shaped violet crystals of
3‚(4.5H2O)n within about 1 month. The crystals were filtered,
washed with water and methanol, and dried in the air. Yield: 0.041
g, 70%. Anal. Calcd for C20H44N8Ni2O4 (3‚4H2O)n: C, 41.56; H,
7.61; N, 19.39. Found: C, 41.67; H, 7.60; N, 19.45%. IR (KBr):
νCN 2158 (coordinated) and 2127 (uncoordinated) cm-1.

The crystals of3‚(4.5H2O)n can also be obtained by dissolving
2 in a mixture solution of acetonitrile and methanol (1:1) and
evaporating slowly at room temperature.

X-ray Crystallography. Single-crystal data of1‚2H2O, 2‚2H2O,
and 3‚(4.5H2O)n were collected at 293(2) K on a Bruker Smart
1000 CCD diffractometer with Mo KR radiation (λ ) 0.710 73
Å). All empirical absorption corrections were applied by using the
SADABS program.8 The structures were solved using direct
methods, which yielded the positions of all non-hydrogen atoms.
These were refined, first, isotropically and, then, anisotropically.
All the hydrogen atoms of the ligands were placed in calculated
positions with fixed isotropic thermal parameters and included in
the structure factor calculations in the final stage of full-matrix least-
squares refinement. The hydrogen atoms of the water molecules
were located in the difference Fourier map and refined isotropically;
the O-H distances involving the water molecules were refined with
a DFIX restraint of 0.86 Å. All calculations were performed using
the SHELXTL system of computer programs.9 The crystallographic
data for1-3 are summarized in Table 1. The selected bond lengths
and angles for1-3 are listed in Table 2.

Results and Discussion

Synthesis and Solution Studies.The [Ni(CN)4]2- anion
usually forms 1D liner chains withtrans-Ni(II) tetradentate
macrocyclic complexes.10 In reactions withcis-octahedral
Ni(II) tetradentate macrocyclic complexes, [Ni(CN)4]2- can
construct six possible supramolecular isomers (see Scheme
2): a [2+2] molecular square (isomer1), a [4+4] molecular
square (isomer2), 1D zigzag chains (isomers4 and5), and
1D helical chains (isomers3 and6). However, considering
the repulsive interactions between the two terminal nitrogen
atoms of two uncoordinated cyano groups, isomers4 and5
with 1D zigzag chainlike structures cannot be formed. The
two adjacent [Ni(CN)4]2- planes should be twisted to avoid
the repulsive interactions between the two uncoordinated
cyano groups, and this leads to the formation of isomers3
and6 with 1D helical chainlike structures. Therefore, only
four possible supramolecular isomers (1, 2, 3, and6) could
be constructed by usingcis-[Ni( f-rac-L)] 2+ and [Ni(CN)4]2-

building blocks.
Two supramolecular isomers (isomers1 and 3) were

successfully synthesized in this study by using different
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Scheme 1

Supramolecular Isomers of Molecular Squares and 1D Helical Chains
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methods of preparation. Isomer1 could be obtained by
carefully layering a water solution of K2[Ni(CN)4] with an
acetonitrile solution of [Ni(R-rac-L)](ClO4)2. Under these
reaction conditions, the neutral compound of isomer1 was
isolated quickly from the solution as a result of its low
solubility once the [Ni(R-rac-L)]2+ and [Ni(CN)4]2- building
blocks met together.

Interestingly, the reaction of [Ni(R-rac-L)](ClO4)2 and
KCN in a mixture of 10 mL of water and 20 mL of
acetonitrile led to the metastable compound2 within 1 week.
The same reaction in 20 mL of water and 20 mL of
acetonitrile unexpectedly yielded compound3 within 1
month. In the latter case, the metastable compound2 formed
but did not crystallize out from the dilute solution, and it
was slowly converted to the less soluble compound3. During
the formation of3, the following reactions occurred:

or

in which a thermodynamically favorable [Ni(CN)4]2- anion
was formed from2, and [Ni(CN)4]2- then reacts slowly with
[Ni(R-rac-L)] 2+ to form 3. In addition, compound2 itself
could be converted to3 in an acetonitrile/methanol solution.
The results of the ESI-MS spectra of2 (see the Supporting
Information) indicate that2 was converted to several new
species in the acetonitrile/methanol/water (1:1:1) solution,
the main species corresponding to [NiL(CN)(H2O)]+, [NiL] +,
[HL] +, {[Ni(H2L)][Ni(CN) 4]}2+, {[Ni(HL)] 2[Ni(CN)4]}4+,
[Ni(H2L)(CN)2(H2O)]2+, and [(Ni(HL)(CN))2+ {NiL ) cis-
[Ni( f-rac-L)] 2+ (six-coordinated) or [Ni(R-rac-L)] 2+ (four-
coordinated)}, indicating that the coordinated CN- anions
exchange quickly with water molecules in solution. The
intermediate species of{[Ni(H2L)][Ni(CN) 4]}2+ and
{[Ni(HL)] 2[Ni(CN)4]}4+ correspond to oligomers of3, and
these oligomers aggregate in solution to form the insoluble
compound3 with 1D helical chain structures. Indeed, after
the solution was left for 2 days, the species{[Ni(H2L)][Ni-
(CN)4]}2+, {[Ni(HL)] 2[Ni(CN)4]}4+, and [Ni(H2L)(CN)2-
(H2O)]2+ disappeared, and the intensities of the peaks
corresponding to [NiL(CN)(H2O)]+, [NiL] +, and [(Ni(HL)-
(CN))]2+ decreased, while the intensity of the peak corre-
sponding to [HL]+ had increased. This clearly demonstrates
that compound2 is slowly converted to3 in solution and
the free macrocyclic ligand L is produced.

We believe that isomer1 could also be converted to isomer
3 since the ESI-MS spectrum of isomer1 in a water/
acetonitrile (1:1) solution shows three main species of [NiL-
(CN)(H2O)]+, [NiL] +, and{[Ni(HL)] 2[Ni(CN)4]}4+, which
are disintegrated from isomer1. Unfortunately, we cannot
find suitable solvents to dissolve isomer1 since it is only
slightly soluble in common solvents. We are still trying to

Table 1. Crystallographic Data for1-3

compound 1‚2H2O 2‚2H2O 3‚(4.5H2O)n

formula C40H76N16Ni4O2 C18H40N6NiO2 C20H45N8Ni2O4.5

fw 1048.01 431.27 587.06
cryst size (mm) 0.36× 0.35× 0.27 0.50× 0.32× 0.12 0.48× 0.33× 0.27
cryst syst monoclinic orthorhombic monoclinic
space group P21/c P212121 P21/c
a/Å 16.330(12) 8.636(3) 9.962(2)
b/Å 22.908(16) 13.335(4) 10.368(2)
c/Å 13.866(10) 19.179(6) 28.389(6)
â/deg 90.317(13) 90 91.548(4)
vol/Å3 5187(6) 2209(1) 2931(1)
Z 4 4 4
Dc/g cm-3 1.342 1.297 1.330
µ/mm-1 1.478 0.903 1.324
reflns collected 31 541 12 090 14 094
unique reflns (Rint) 11 305 (0.0612) 4792 (0.0334) 5731 (0.0345)
params 578 262 322
SonF2 1.051 1.085 1.081
R1,a wR2

b [I > 2σ (I)] 0.0659, 0.1574 0.0402, 0.0981 0.0373, 0.0903
R1,a wR2

b (all data) 0.1231, 0.1942 0.0625, 0.1082 0.0652, 0.1101

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) [∑[w(Fo
2 - Fc

2)2]/Σw(Fo
2)2]1/2. Weighting: 1, w ) 1/[σ2(Fo)2 + (0.0928P)2 + 7.2634P]; 2, w ) 1/[σ2(Fo)2 +

(0.0557P)2 + 0.0000P ]; 3, w ) 1/[σ2(Fo)2 + (0.0575P)2 + 0.0000P]; whereP ) [(Fo
2) +2Fc

2]/3.

Scheme 2. Six Possible Arrangements ofcis-[Ni( f-rac-L)] 2+ and
[Ni(CN)4]2- Building Blocks

[Ni(R-rac-L)] 2+ + 2CN- 98
fast

cis-[Ni( f-rac-L)(CN)2]

cis-[Ni( f-rac-L)(CN)2] + 2CN- f [Ni(CN)4]
2- + L

2cis-[Ni( f-rac-L)(CN)2] + 2H2O f

[Ni(CN)4]
2- + cis-[Ni( f-rac-L)(H2O)2]

2+ + L

[Ni(CN)4]
2- + cis-[Ni( f-rac-L)(H2O)2]

2+98
slow

3
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seek suitable solvents to study the conversion from isomer
1 to isomer3. However, it appears impossible to convert

isomer3 to isomer1 since3 is totally insoluble in common
solvents.

Table 2. Selected Bond Distances (Å) and Angles (deg) for1-3a

1
Ni(1)-N(1) 2.187(4) Ni(1)-N(2) 2.126(3) Ni(1)-N(3) 2.165(4)
Ni(1)-N(4) 2.106(4) Ni(1)-N(5) 2.100(4) Ni(1)-N(6) 2.121(3)
Ni(2)-C(17) 1.862(4) Ni(2)-C(18) 1.863(4) Ni(2)-C(19) 1.849(5)
Ni(2)-C(20) 1.881(5) C(17)-N(5) 1.137(5) C(18)-N(6)#1 1.149(5)
C(19)-N(8) 1.137(8) C(20)-N(7) 1.139(6)
Ni(3)-N(9) 2.146(4) Ni(3)-N(10) 2.099(4) Ni(3)-N(11) 2.161(4)
Ni(3)-N(12) 2.137(4) Ni(3)-N(13) 2.107(4) Ni(3)-N(14) 2.108(4)
Ni(4)-C(37) 1.879(5) Ni(4)-C(38)#2 1.840(4) Ni(4)-C(39) 1.850(6)
Ni(4)-C(40) 1.861(5) C(37)-N(14) 1.117(6) C(38)-N(13) 1.150(5)
C(39)-N(15) 1.167(9) C(40)-N(16) 1.129(7)
N(5)-Ni(1)-N(4) 166.35(15) N(5)-Ni(1)-N(6) 84.65(13)
N(4)-Ni(1)-N(6) 90.30(14) N(5)-Ni(1)-N(2) 89.46(13)
N(4)-Ni(1)-N(2) 97.69(14) N(6)-Ni(1)-N(2) 167.88(14)
N(5)-Ni(1)-N(3) 108.45(15) N(4)-Ni(1)-N(3) 83.69(16)
N(6)-Ni(1)-N(3) 85.32(15) N(2)-Ni(1)-N(3) 86.51(15)
N(5)-Ni(1)-N(1) 82.40(15) N(4)-Ni(1)-N(1) 86.92(15)
N(6)-Ni(1)-N(1) 106.52(14) N(2)-Ni(1)-N(1) 83.10(13)
N(3)-Ni(1)-N(1) 164.94(15) C(19)-Ni(2)-C(17) 177.9(2)
C(19)-Ni(2)-C(18) 90.9(2) C(17)-Ni(2)-C(18) 90.46(16)
C(19)-Ni(2)-C(20) 89.0(2) C(17)-Ni(2)-C(20) 89.79(16)
C(18)-Ni(2)-C(20) 176.1(2) N(10)-Ni(3)-N(13) 168.40(16)
N(10)-Ni(3)-N(14) 89.20(15) N(13)-Ni(3)-N(14) 85.39(15)
N(10)-Ni(3)-N(12) 99.85(16) N(13)-Ni(3)-N(12) 87.22(15)
N(14)-Ni(3)-N(12) 167.28(15) N(10)-Ni(3)-N(9) 83.53(15)
N(13)-Ni(3)-N(9) 106.08(14) N(14)-Ni(3)-N(9) 84.35(15)
N(12)-Ni(3)-N(9) 87.79(15) N(10)-Ni(3)-N(11) 88.40(16)
N(13)-Ni(3)-N(11) 83.05(16) N(14)-Ni(3)-N(11) 104.47(16)
N(12)-Ni(3)-N(11) 84.84(15) N(9)-Ni(3)-N(11) 168.00(15)
C(38)#2-Ni(4)-C(39) 173.8(3) C(38)#2-Ni(4)-C(40) 89.9(2)
C(39)-Ni(4)-C(40) 93.3(2) C(38)#2-Ni(4)-C(37) 89.64(19)
C(39)-Ni(4)-C(37) 86.8(2) C(40)-Ni(4)-C(37) 176.6(2)

2
Ni(1)-C(17) 2.084(4) Ni(1)-C(18) 2.085(4) Ni(1)-N(2) 2.167(3)
Ni(1)-N(4) 2.199(3) Ni(1)-N(1) 2.211(3) Ni(1)-N(3) 2.211(3)
C(17)-N(5) 1.122(5) C(18)-N(6) 1.143(5)
C(17)-Ni(1)-C(18) 89.06(15) C(17)-Ni(1)-N(2) 88.43(13)
C(18)-Ni(1)-N(2) 170.29(13) C(17)-Ni(1)-N(4) 170.10(12)
C(18)-Ni(1)-N(4) 88.72(12) N(2)-Ni(1)-N(4) 95.30(12)
C(17)-Ni(1)-N(1) 86.28(13) C(18)-Ni(1)-N(1) 106.49(12)
N(2)-Ni(1)-N(1) 82.70(11) N(4)-Ni(1)-N(1) 85.11(10)
C(17)-Ni(1)-N(3) 107.33(13) C(18)-Ni(1)-N(3) 86.65(12)
N(2)-Ni(1)-N(3) 85.15(11) N(4)-Ni(1)-N(3) 82.17(10)
N(1)-Ni(1)-N(3) 161.49(11)

3
Ni(1)-N(1) 2.159(3) Ni(1)-N(2) 2.121(2) Ni(1)-N(3) 2.155(3)
Ni(1)-N(4) 2.139(3) Ni(1)-N(5) 2.093(3) Ni(1)-N(8) 2.089(3)
Ni(2)-C(17) 1.859(3) Ni(2)-C(18) 1.865(4) Ni(2)-C(19) 1.852(4)
Ni(2)-C(20) 1.863(3) C(17)-N(5) 1.138(4) C(18)-N(6) 1.136(5)
C(19)-N(7) 1.134(5) C(20)-N(8)#1 1.141(4)
N(8)-Ni(1)-N(5) 86.34(11) N(8)-Ni(1)-N(2) 88.29(10)
N(5)-Ni(1)-N(2) 168.75(10) N(8)-Ni(1)-N(4) 169.42(11)
N(5)-Ni(1)-N(4) 88.82(11) N(2)-Ni(1)-N(4) 98.03(10)
N(8)-Ni(1)-N(3) 104.82(10) N(5)-Ni(1)-N(3) 84.07(10)
N(2)-Ni(1)-N(3) 87.77(10) N(4)-Ni(1)-N(3) 84.00(10)
N(8)-Ni(1)-N(1) 85.16(11) N(5)-Ni(1)-N(1) 105.25(11)
N(2)-Ni(1)-N(1) 84.11(10) N(4)-Ni(1)-N(1) 87.05(10)
N(3)-Ni(1)-N(1) 166.96(10) C(19)-Ni(2)-C(17) 174.32(18)
C(19)-Ni(2)-C(20) 87.98(16) C(17)-Ni(2)-C(20) 90.09(13)
C(19)-Ni(2)-C(18) 89.85(18) C(17)-Ni(2)-C(18) 91.95(15)
C(20)-Ni(2)-C(18) 177.46(15)

O(1)‚‚‚N(7) 2.805(5) O(1)-H(1D)‚‚‚N(7) 169.7
O(1)‚‚‚O(2)#4 2.719(4) O(1)-H(1E)‚‚‚O(2)#4 159.8
O(2)‚‚‚O(3)#5 2.765(6) O(2)-H(2D)‚‚‚O(3)#5 165.7
O(2)‚‚‚O(1)#6 2.832(5) O(2)-H(2E)‚‚‚O(1)#6 158.7
O(3)‚‚‚N(6) 2.951(5) O(3)-H(3D)‚‚‚N(6) 170.9

a Symmetry transformations used to generate equivalent atoms: Isomer1: #1 -x + 2, -y + 1,-z; #2 -x + 3,-y +1, -z - 2. Isomer 3: #1-x, y +
1/2, -z +1/2; #4 x, -y + 3/2, z - 1/2; #5 -x + 1, y + 1/2, -z + 1/2; #6 -x + 1, y - 1/2, -z + 1/2; #7 x, y, z - 1.
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Structural Results. One asymmetric unit of the structure
of 1‚2H2O contains two isomers1 and four water molecules.
An ORTEP drawing of one of the isomers is shown in Figure
1a. In isomer1, two [Ni(CN)4]2- anions bridge twocis-[Ni-
(f-rac-L)] 2+ in cis-positions to form a [2+2] type of discrete
molecular square. The macrocyclic ligand L in isomer1
adopts a folded cis conformation. The Ni(1)-N(macrocycle)
distances [2.106(4)∼2.187(4) Å] are close to the Ni(1)-
N(cyano) distances [2.100(4) and 2.121(3) Å], and they are
longer than the Ni(2)-C(cyano) distances [1.849(5)∼
1.881(5) Å]. The C-N(coordinated) distances of the cyano
groups are close to the C-N(uncoordinated) distances (see
Table 2). The two [Ni(CN)4]2- anions in the square are
parallel, with a dihedral angle of 0.0° between the two
[Ni(CN)4]2- planes. The molecular squares are packed along
the a axis (Figure 1b) and combined together through

intermolecular hydrogen bonding interactions [O(1W)‚‚‚
N(15) ) 2.765, O(1W)‚‚‚N(16)a ) 2.934, O(1W)‚‚‚N(12)b

) 2.910, O(2W)‚‚‚N(8)c ) 2.684 Å;a ) x, -y + 3/2, z +
1/2; b ) x, -y + 3/2, z - 1/2; c ) -x + 2, -y + 1, -z].

Compound2 crystallizes in a chiral space group,P212121,
with an absolute structure parameter of 0.036. In2, the
Ni(II) is six-coordinated with four nitrogen atoms of the
folded macrocyclic ligand L and two carbon atoms of cyano
groups in cis positions (Figure 2). The Ni-C distances
[2.084(4) and 2.085(4) Å] are shorter than the Ni-N
distances [2.167(3)∼2.211(3) Å]. There is intermolecular
hydrogen bonding between water molecules and terminal
nitrogen atoms of the cyano groups [O(1)‚‚‚N(6) )
3.036(6), O(2)‚‚‚N(6) ) 2.921(7), O(1)‚‚‚N(5)a ) 2.973(6),
O(2)‚‚‚N(5)a ) 3.022(7) Å;a ) x + 1, y, z].

Isomer3 can be regarded as the result of ring-opening
polymerization of isomer1. In isomer3, the nickel(II) ions
show coordination environments similar to those in isomer
1 (Figure 3a), in which the macrocyclic ligands are also
arranged in a folded cis conformation. In contrast to isomer
1, the Ni-N(macrocycle) distances [2.121(2)∼2.159(3) Å]
are slightly longer than the Ni-N(cyano) distances
[2.089(3) and 2.093(3) Å]. The two adjacent [Ni(CN)4]2-

planes are almost perpendicular, with a dihedral angle of
94.1°. The two Ni(1)-N(5)-N(8) coordination planes are
also twisted with a dihedral angle of 48.4°. The perpendicular
[Ni(CN)4]2- anions alternately bridge thecis-[Ni( f-rac-L)] 2+

cations to form a novel 1D chiral helical chain (Figure 3b).
However, the adjacent 1D helical chain is constructed with
the opposite chirality, rendering the crystal achiral. The two
series of 1D helical chains with alternating∆ (right-handed)
andΛ (left-handed) chirality are packed together along the
b axis to form a 3D structure (Figure 3c). The water
molecules are located between the∆ andΛ series of chains
and form extended intermolecular hydrogen bonds (see Table
2).

Magnetic Properties. The magnetic properties of isomer
1 are shown in Figure 4a in the form of the temperature
dependence oføMT, øM being the molar magnetic suscepti-

Figure 1. (a) ORTEP drawing of isomer1 (thermal ellipsoids are drawn
at the 30% level; top) and a photograph of a single crystal of isomer1
(bottom). (b) Molecular packing arrangement of isomer1 along thea axis,
showing the intermolecular hydrogen-bonding interactions.

Figure 2. ORTEP drawing of the segment of isomer2. Thermal ellipsoids
are drawn at the 30% level.
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bility. The µeff at room temperature, 4.31µB, is slightly larger
than the spin-only value of 4.00µB expected for two
uncoupled Ni(II) ions (S ) 1, g ) 2.0). With decreasing
temperature, theøMT value decreases slowly from 2.32 cm3

mol-1 K at 280 K to 2.08 cm3 mol-1 K at 9.0 K, then
decreases rapidly to 1.69 cm3 mol-1 K at 2.0 K. The plot of
1/øM versusT in the range 2-280 K obeys the Curie-Weiss
law with a small negative Weiss constant ofΘ ) -1.78 K.
These observations suggest a weak antiferromagnetic interac-
tion between the two six-coordinated Ni(II) ions through the
bent-NC-Ni-CN- bridges. The intramolecular magnetic
interaction of isomer1 can be represented with the isotropic

spin Hamiltonian11 Ĥ ) -Ŝ1Ŝ2, and øm can be expressed
as

where the symbols have their usual meaning.J is the
exchange coupling parameter, and TIP represents metallic
impurities.

As shown in Figure 4a, this model reproduces very well
all the experimental points and leads tog, J, and TIP values

(11) Xiang, H.; Lu, T. B.; Chen, S.; Mao, Z. W.; Feng, X. L.; Yu, K. B.
Polyhedron2001, 20, 313 and references therein.

Figure 3. (a) ORTEP drawing of isomer3 (thermal ellipsoids are drawn at the 30% level; top) and a photograph of a single crystal of isomer3 (bottom).
(b) Side view of the 1D helical chains with∆ andΛ chirality. (c) View of the 1D helical chains down the polymer axis (along theb axis), showing the
alternating∆ andΛ chirality.

øM ) 2Nâ 2g2

kT
exp(J/kT) + 5 exp(3J/kT)

1 + 3 exp(J/kT) + 5 exp(3J/kT)
+ TIP
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of 2.08,-0.426 cm-1, and 5.98× 10-4, respectively, with
a correlation coefficient of 0.997 61.

Isomer3 shows magnetic properties similar to those of
isomer1 (Figure 4b). The value oføMT at room temperature,
1.13 cm3 mol-1 K (3.01µB; if the data is calculated per
{[NiL][Ni(CN) 4]}2 unit, theµeff ) 4.26µB), is close to the
value of 1.00 cm3 mol-1 K (2.83 µB) of an isolated Ni(II)
ion (S) 1, g ) 2.0) and decreases slightly with decreasing
temperature to reach 1.00 cm3 mol-1 K at 7.0 K, then
decreases rapidly to 0.80 cm3 mol-1 K at 2.0 K. An analysis
of the magnetic data by the Curie-Weiss law reveals a weak
antiferromagnetic coupling with a small negative Weiss
constant ofΘ ) -1.46 K.

We fitted the magnetic data for3 using Kahn’s expres-
sion12 for a 1D chain with antiferromagnetic coupling
(J < 0):

with

The least-squares fitting of all experimental points leads to
J, g, and TIP values of-0.278 cm-1, 2.08, and 1.89× 10-4,
respectively, with a correlation coefficient of 0.997 57.

TheJ value and Weiss constant of isomer3 (-0.278 cm-1

and-1.46 K, respectively) are smaller than those of isomer
1 (-0.426 cm-1 and-1.78 K), indicating a relatively weaker
antiferromagnetic coupling through the bent-NC-Ni-CN-
bridges in isomer3. The weaker antiferromagnetic coupling
in isomer3 may be due to the twist of adjacent Ni(1)-N(5)-
N(8) coordination planes, which results in less efficient
antiferromagnetic coupling through the bent-NC-Ni-CN-
bridges.

In conclusion, the metastable compound2 and two Ni(II)
supramolecular isomers of a discrete closed molecular square,
1, and a 1D helical chain,3, with alternating right- and left-
handed chirality were successfully constructed. Isomer3 can
be considered to be formed by the ring-opening polymeri-
zation of the square precursor of1. The twisted arrangements
of two adjacent [Ni(CN)4]2- anions lead to the formation of
a 1D helical chain instead of a 1D zigzag chain. Isomer3
can also be obtained by the conversion of2 in a CH3OH/
CH3CN solution. In comparison with isomer1, isomer3
shows a weaker antiferromagnetic coupling within the chain
due to the twist of adjacent Ni(1)-N(5)-N(8) coordination
planes.
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Figure 4. Temperature dependence oføMT vsT for isomer1 (a) and isomer
3 (b). The solid lines are the best-fit curve.

øchain) Ng2â 2

kT
2.0+ 0.0194x + 0.777x2

3.0+ 4.346x + 3.232x2 + 5.834x3
+ TIP

x ) |J|/kT
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