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Abstract:

210 metal(II) compounds, including 120 Ni(II) and 90
Cu(II) macrocyclic complexes, have been analyzed and
discussed about bond lengths, chelate angles, conforma-
tion, configuration and many other factors. The hydrogen
bonds exist between the ligands and water/anions and play
an important role to stabilize the crystal structures. There
exhibit two distinct peaks on the histogram of the average
Ni-N distances, whereas the Cu(II) complexes occur in
only one peak in the Cu-N distance distribution. The
average Ni-N distances, corresponding to the two peaks of
four and six coordination, are 1.949(7) and 2.091(7) Å,
respectively. The favorable structures of Ni(II) macro-
cyclic compounds have six and four coordinations and
planar configuration. Those of the Cu(II) structures have
six and five coordinations and planar configuration.

1. Introduction

The macromolecules, such as natural heme proteins, chlo-
rophyll and vitamin B12, reveal distinctive coordination
chemistry and biological importance of complexes with
macrocyclic ligands (Busch, 1978). Stereochemical studies
(Liang et al., 1979) of the complexes with synthetic macro-
cyclic ligands have received a new impetus since the disco-
very of the natural macromolecules. The coordination
chemistry of macrocyclic ligands with pendant functional
groups has attracted growing interest bacause of their
potential biomedical application (Bernhardt & Lawrance,
1990; Bunzli & Choppin, 1986). The X-ray structures of
metal (II) tetraaza ligands have been studied by the first
author since 1981 (Lu et al., 1981). Hence many properties
of the 14-membered macrocyclic structures of tetraaza
ligand complexes have been studied herein.

The tetraazacyclotetradecane complexes with alterna-
tive five- and six-membered chelate rings were reviewed
by Curtis (1979). Afterwards, the structure of 14-
membered macrocyclic quadridentate ligands were
analyzed by the first author (Lu et al., 1991). As macro-
cyclic complexes of chemical, biological and medical im-
portance, the structures of the complexes of these tetra-
azacyclotetradecane ligands were accumulated in the
Cambridge Structural Database (since 1986). 210 metal
(II) complexes were found, consisting of 120 Ni(II) and 90
Cu(II) compounds.

The complexes under study consist of a macrocyclic
ligands with metal (II), namely Ni(II) and Cu(II), and
tetraazacyclotetradecane ligands (Fig 1). Here, we also
studied about the hydrogen bond scheme between ligands
and water/perchlorate ions/other anion groups.

The common features of the macrocyclic compounds
are deduced from the relations among the metal ion-nitro-

gen distances, the chelate angles, the axial lengths, the
coordination numbers, the conformations of the central
five atoms, the symmetry elements at the metal atoms and
configuration of the ligands relative to the macrocyclic
plane. The above common features are summarized in this
work.

2. Discussion

2.1 Structures of the macrocyclic compounds

We investigated for the common features of macro-
cyclic structures, say, bond distance, chelate angle and
axial length, particularly about the interaction between the
metal ion and the surrounding anions or/and water
molecules. The structures from Cambridge Crystallo-
graphic Data Center (CCDC) since 1986 have been
searched for the statistical analysis. Total number of the
Cu(II) and Ni(II) complex structures of the tetraazacyclo-
tetradecane ligands is 210. The structure index (ID), the
mean bond distance between the metal (II) ion and its four
basic bonding nitrogen atoms (M-N), the minimum chelate
angle (NA), the maximum chelate angle (MA), the short
(SAL) and long (LAL) axial distances, the coordination
number (CN), the conformation (CS) of the two six-
membered rings, the configuration of the axial ligands
relative to the equatorial plane (TR), the symmetry element
occurred in the metal atom (SE) and the conformation (CF)
of the central five atoms (MN4) are given in Table 1 and
Table 2 for the Ni(II) and Cu(II) macrocyclic compounds,
respectively. There are many factors found in the crystal
structure determination. These factors depend upon the
molecular structure of the ligand and the environmental
molecules surrounding the ligand, such as water molecules
and other anion groups. Between the Ni(II) and Cu(II)
macrocyclic compounds, there are lot of differences
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occurred. The metal (II) ion-nitrogen distance, the chelate
angle, the coordination number of the metal (II), the config-
uration of the coordinated ligand relative to the macro-
cyclic plane, metal (II) ion symmetry and the conformation
of the central five atoms are separately discussed for Ni(II)
and Cu(II) compounds.

(i) Nickel (II) - nitrogen distances

For the average bond length (Ni-N) between the Ni(II)
atom and the nitrogen atoms of the ligand, the first two
columns of Table 1 show the reference indices (ID) and the
average (Ni-N) bond length in ascending order. Two peaks
occur in the histogram (Fig 2) of the distribution of Ni-N
distances. From these two peaks, it will clear that one peak
is in six coordination and another is in four coordination.
As shown in Table 1 the distribution of the coordination
number (CN) is clearly related to the distribution of the
Ni-N distances. The larger Ni-N lengths are correlated with
the coordination number six, whereas the smaller lengths
are related to the coordination number four. The mean
Ni-N distance for the four and six coordinations are

1.949(7) and 2.091(7) Å� respectively.

The bond distance (M-N) between metal atom and
nitrogen atoms depends upon its surroundings. The sizes of
the substituents attached to the nitrogen atoms bonded to
the metal, the number of methyl and/or ethyl substitutents
connected to the carbon atoms on the macrocyclic ligands
and the anions and/or the water molecules coordinated to
the metal atom conclusively affect the M-N distances. If
the metal atom is at the origin and several spheres with
various radii are drawn, then the substituent that increase
the M-N distance most is that which is located on the
smallest sphere and is closest to the metal atom. The
subsituent groups attached to the nitrogen atoms affect the
M-N distance more than the substituent groups connected
to the carbon atoms of the six-membered rings of the
ligand.

Under the influences of the atoms or groups of atoms
situated at different position, their steric effects on the MN4

geometry (CF), the coordination number (CN), the
symmetry element (SE), the cis or trans configuration
(TR), the conformation of the six-membered rings (CS)
and the metal axial lengths (SAL and LAL) sorted in Table
1 are also correlated with the M-N bond distance. In the
upper part of Table 1 of Ni-N bond distance, four six
coordination compounds occur. The smallest region of 37
Ni-N distances have in common structures of planar
conformation, except one structure has folded conforma-
tion. In the central part of the data distribution for the sorted
Ni-N distances, the factors to affect the Ni-N distances are
mixed and compensate to each other. Hence, the most
informative factors can only be drawn from the two ends of
the data distribution.

(ii) The chelate angle

Many factors are involved in the chelate angles. The
chelate angle depends upon the interaction of the
surrounding groups with the metal ion and with the macro-
cyclic ligands. In general, the chelate angle has lower value
at the five-membered ring side, whereas at the six
membered ring side the chelate angle is larger. If the ring
size increases, the chelate angles also increase. The
structure of the folded conformation (CF = F) commonly
maintain smaller chelate angles in both five-membered and
six-membered rings of the ligand compare with the average
chelate angles of NA and MA. There is no positive
evidence that the smallest NA corresponds to the largest
MA. In the folded conformations of the central five atoms,
the smallest NA structures also appear in the smallest MA
structures. The surrounding groups affect the chelate angle
to some extent as they influence the M-N distances. In the
histogram of the NA (Fig 3) and MA values exhibit only a
single peak. The mean NA and MA values are 85.5(1)o and
94.9(3)o, respectively for the Ni(II) macrocyclic com-
pounds.

(iii) Miscellaneous factor for the Ni(II) compounds

Table 3 shows the statistical results of the Ni(II) macro-
cyclic compounds. From Table 3, one can conclude that the
structures which contain six coordinations about the Ni(II)
atom, the planar conformation for the central five atoms,
the trans configuration of the axial ligands relative to the
equatorial plane, the chair conformation of the six-
membered ring are the most favorable.

(iv) Copper (II) macrocyclic complexes

There are 90 Cu(II) macrocyclic compounds for the inves-
tigation of the above mentioned factors. The sorted data for
the Cu-N distances (M-N), minimum (NA) and maximum
(MA) chelate angles, small (SAL) and large (LAL) axial
lengths are summarized in Table 2. The statistical percent-
ages of CN, CS, TR, SE and CF for these 90 Cu(II)
compounds are given in Table 3. The Cu(II) structures have
more possible six and five coordination and least possible
four coordinations, whereas the Ni(II) complexes have
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more abundant with six and four but least in five coordinat-
ion. In the Cu(II) complexes, there exists nearly the same
possibility of trans and cis configurations. Only one peak
occurs in the histogram of Cu-N distance (Fig 4), minimum
and maximum chelate angles. The average Cu-N distance,
the minimum chelate angle and the maximum chelate angle
are 2.032(3)A, 85.8(1)o and 94.2(1)o, respectively.

3. General Features of the Metal (II)
compounds:

The structures of the Ni(II) and Cu(II) macrocyclic
compounds, have been scrutinized and studied about their
bond length, chelate angles, conformation, coordination
and configuration, resulting in many structural features.
The coordination bond lengths and the chelate angles
correlate with the structural features about the metal (II)
ion.

Intra- or inter- molecular hydrogen bonding exists
among the ligands and water molecules or anions, and
plays an important role in the structure, such as the stability
of the crystal structure. Generally, the temperature factor of
the atoms, which is close to the metal atom is lower than
faraway atoms. The faraway atoms vibrate more strongly
along the direction perpendicular to the bond than parallel
to the bond. In most case, the structures of Ni(II) macro-
cyclic compounds have coordination number six and pla-
nar conformation for the central five atoms.

In general, the axial bond lengths of the Ni(II) macro-
cyclic compounds are nearly the same as the equatorial
bond length, whereas the axial length of Cu(II) macro-
cyclic compounds are longer than the equatorial bond
lengths;

(Ni-L)ax ~ <Ni-N>eq, (Cu-L)ax longer than <Cu-N>eq.
The above point is due to Jahn-Teller distortion (Deeth &
Hitchman, 1986).

The mean Ni-N distances for the six-coordinate and
four-coordinate complexes are 2.091(7) and 1.949(7) Å,
respectively. The average Ni-N distance for the four-
coordinate complexes is significantly shorter than that for
the six-coordinate complexes. They are correspondent to
the low-spin square planar complexes and the high-spin
octahedral complexes, respectively. The average Cu-N
distance is 2.032(3) Å. The substituents attached to the
nitrogen atoms affect the distance between the metal ion
and nitrogen atom more than the substituents connected to
the carbon atoms on the tetradendate ligands.

A nonsymmetrical configuration of the anion groups
has the most influence on the chelate angles. A nonsym-
metrical attachment of the substituents commonly widens
the chelate angle in the neighborhood of the substituent.
The chelate angle is smaller for the five-membered ring
than that for the six-membered. In general case, the chelate
angle is increased, when the ring size is increased. The
average minimum and maximum chelate angles are;
85.5(1)o and 94.9(3)o for Ni(II) macrocyclic compounds,
85.8(1)o and 94.2(1)o for Cu(II) macrocyclic compounds.
These values agree with the values reported in literature
(Lu et al., 1991).

Out of 90 Cu(II), only 17 macrocyclic complexes have
four coordination. From this study, the Cu(II) compounds
have higher coordination (either five or six). In five
coordination Cu(II) complexes, the Cu(II) ion is slightly
above the mean plane of the four nitrogen atoms and
towards the axial coordinated atom. 38% Ni(II) complexes
have trans conformation, whereas 22% structures are in the
cis conformation, and planarity configuration is 88%,
whereas 12% have folded configuration. The Cu(II)
complexes have almost equally cis and trans configura-
tions, and highly populated planar conformation than
folded conformations at the central five atoms. In both
metal(II) complexes, the most probable conformations of
the two six-membered rings exhibit stable chair form.
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ID M-N NA MA SAL LAL CN CS TR SE CF REF

1 1.842 84.4 97.2 4 T 1 F Collins et al., 1991
2 1.894 86.2 93.6 4 CB m P Moran et al., 1995
3 1.894 83.3 98.5 4 T 1 P Dumas et al., 1995
4 1.899 85.0 94.9 4 T 1 P Dumas et al., 1995
5 1.907 83.1 96.2 4 C 1 P Hancock et al., 1989
6 1.910 85.0 94.1 4 T 1 P Dumas et al., 1995
7 1.913 85.4 94.8 4 CT 1 P Chinn et al., 1993
8 1.913 85.6 94.4 4 C i P Dumas et al., 1995
9 1.916 89.5 90.5 4 T 2 P Barefield et al., 1986b

10 1.917 89.1 91.9 4 C 1 P Kobiro et al., 1990
11 1.917 83.7 96.2 4 C 1 P Hancock et al., 1989
12 1.917 88.2 91.8 4 T i P Konig et al., 1996
13 1.917 84.3 96.9 4 C 1 P Bu et al., 1996a
14 1.924 86.3 93.6 4 C 1 P Mochizuki et al.,1996a
15 1.925 88.2 95.8 4 C 1 P Kobiro, et al., 1992
16 1.926 87.6 93.6 4 C 1 P Wang et al., 1996a
17 1.927 86.3 95.4 4 CT 1 P Kimura et al., 1988
18 1.933 85.8 93.8 4 CB 1 P Kido et al., 1995
19 1.938 86.5 96.6 4 C 1 P Mochizuki et al,1996b
20 1.939 85.5 94.5 4 C i P Adam et al., 1991
21 1.940 87.0 92.9 4 C 1 P McAuley et al., 1987
22 1.940 85.7 94.3 4 C i P Szalda et al., 1994
23 1.942 86.3 93.7 4 C i P Drew et al., 1987
24 1.943 86.2 94.5 4 C 1 P Kimura et al., 1993
25 1.943 86.5 94.9 4 C 1 P Tahirov et al., 1995
26 1.948 86.0 94.0 4 C i P Choi et al., 1996
27 1.950 87.2 93.2 4 C 1 P Kimura et al., 1990b
28 1.952 85.5 94.6 4 C 1 P Prasad et al., 1987
29 1.953 86.6 93.4 4 C i P Munoz et al., 1995
30 1.954 86.9 93.1 4 C i P Ferguson et al., 1990
31 1.954 87.5 92.5 4 C i P Chapman, et al., 1992
32 1.958 85.1 98.2 4 C 1 P Kobiro, et al., 1992
33 1.958 85.7 94.3 4 C i P Szalda et al., 1994
34 1.960 87.8 94.7 4 CB 1 P Bernhardt et al., 1994
35 1.961 85.1 95.6 4 C 1 P Kobiro, et al., 1992
36 1.965 88.0 92.0 4 B 1 P Bernhardt et al., 1994
37 1.966 87.2 92.8 4 C i P Miyamura et al., 1987
38 1.971 86.3 94.2 .615 2.617 6 C T 1 P Toriumi et al., 1989
39 1.972 86.3 93.5 4 CT 1 P Bernhardt et al., 1994
40 1.973 86.4 93.7 2.110 2.114 6 C T 1 P McAuley et al., 1993
41 1.982 87.8 92.2 4 C i P Ruiz et al., 1993
42 1.983 86.4 94.9 4 C 1 P Hambley, 1986
43 1.983 85.8 93.9 2.401 2.430 6 C T 1 P McAuley et al., 1991
44 1.987 86.3 95.2 4 C 1 F Schmid et al., 1996
45 1.990 87.5 92.5 4 C i P Barefield et al., 1986a
46 1.990 85.7 94.7 4 C 1 P Oberholzer et al., 1995
47 1.995 86.7 94.5 4 C 1 P Schmid et al., 1996
48 1.996 86.1 93.9 2.472 2.472 6 C T i P Yamashita et al., 1989
49 2.003 86.6 94.1 4 C 1 P Schimd et al., 1997
50 2.012 85.7 96.0 2.881 5 C C 1 P Kajiwara et al., 1993
51 2.013 87.1 92.9 4 C i P Lee et al., 1986
52 2.037 85.6 94.8 2.569 2.665 6 C T 1 P Kajiwara et al., 1994
53 2.052 84.5 97.7 2.130 2.547 6 CB T 1 P Curtis et al., 1993
54 2.057 84.2 96.7 2.142 2.166 6 CT T 1 P Kimura et al., 1988
55 2.059 83.8 100.5 2.153 2.172 6 C T 1 P McAuley et al., 1994
56 2.059 84.7 95.6 2.159 2.189 6 C T 1 P Kobiro, et al., 1992
57 2.062 85.0 95.3 2.123 2.237 6 T T 1 P Kimura et al., 1986
58 2.062 81.7 97.3 2.100 2.259 6 C T 1 P Vicente et al., 1997
59 2.062 85.0 94.1 2.165 2.172 6 C T 1 P Escuer et al., 1993a
60 2.063 85.1 94.9 2.137 2.137 6 C T i P Oshio, 1993

Table 1. Sorted Ni-N distances for Ni(II) macrocyclic structures
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ID M-N NA MA SAL LAL CN CS TR SE CF REF

61 2.064 85.5 96.5 2.108 2.373 6 C T 1 P McAuley et al., 1994
62 2.065 86.4 93.6 2.128 2.128 6 C T i P Curtis et al., 1993
63 2.066 85.0 96.1 2.181 2.196 6 C T 1 P Mochizuki et al.,1996a
64 2.066 86.5 94.3 2.140 2.165 6 B T 1 P Curtis et al., 1993
65 2.067 85.3 94.7 2.084 2.092 6 C T 1 P Oshio et al., 1997
66 2.067 86.7 93.3 2.102 2.143 6 B T 1 P Curtis et al., 1993
67 2.067 84.6 95.4 4 C i P Bernhardt et al., 1994
68 2.068 85.1 94.9 2.176 2.176 6 C T i P Mochizuki et al., 1995
69 2.069 85.1 96.1 2.385 2.563 6 C T 1 P Fortier et al., 1989
70 2.070 86.6 93.7 2.124 2.127 6 B T 1 P Curtis et al., 1987
71 2.070 86.6 93.7 2.124 2.127 6 B T 1 P Curtis et al., 1993
72 2.070 85.8 97.3 2.141 2.161 6 CT T 1 P Kimura et al., 1993
73 2.071 85.7 94.3 2.479 2.479 6 C C i P Shionoya et al., 1990
74 2.072 83.6 96.4 2.108 2.109 6 C T 1 P Choi et al., 1998
75 2.073 85.0 95.8 2.098 2.132 6 C T 1 P Kimura et al., 1987a
76 2.073 85.9 94.1 2.174 2.180 6 C T 1 P Vicente et al., 1997
77 2.078 84.9 96.6 2.015 2.401 6 C T 1 P Iitaka et al., 1986
78 2.078 85.0 94.5 2.065 2.223 6 C T 1 P Lin et al., 1986
79 2.079 87.0 100.8 2.051 2.104 6 CT T 1 P Lin et al., 1995
80 2.083 85.7 98.3 2.073 2.199 6 T C 1 P Xu et al., 1986
81 2.085 83.6 95.7 2.150 2.248 6 C T 1 P Krajewski et al., 1991
82 2.085 85.4 94.5 2.170 2.189 6 C T 1 P Escuer et al., 1993b
83 2.089 85.0 95.0 2.148 2.148 6 C T i P Kang et al., 1995
84 2.090 85.0 94.6 2.065 2.223 6 C T 1 P Xu et al., 1988
85 2.091 83.8 96.2 2.240 2.240 6 C T i P Ferlay et al., 1996
86 2.095 83.7 91.8 2.070 2.071 6 C T 1 P Battaglia et al., 1988
87 2.095 84.8 95.2 2.122 2.138 6 C T 1 P Colacio et al., 1996
88 2.100 83.4 92.9 2.130 2.140 6 C C 1 F Barefield et al., 1986b
89 2.101 85.6 94.6 2.068 2.092 6 C T 1 P Lin, 1988
90 2.101 85.6 94.6 2.068 2.092 6 C T 1 P Xu et al., 1988
91 2.102 83.4 91.2 2.083 2.232 6 C C 1 F Kimura et al., 1987a
92 2.107 86.2 93.8 4 C i P Ram et al., 1995
93 2.109 85.2 88.9 2.665 2.665 6 C C m F Bencini et al., 1986
94 2.109 83.3 90.9 2.080 2.112 6 C C 1 P Kimura et al., 1990a
95 2.111 84.3 90.8 2.096 2.109 6 T T 1 P Clark et al., 1993
96 2.112 83.6 101.5 2.101 2.426 6 T C 1 P Stranger et al., 1997
97 2.119 84.5 90.6 2.058 2.084 6 C C 1 P Benelli et al., 1988
98 2.123 82.1 94.6 2.393 5 C C 1 F Schimd et al., 1997
99 2.124 84.1 93.7 1.937 5 C C 1 F Vicente et al., 1997

100 2.126 84.6 89.2 2.081 2.086 6 T T 1 P Engelhardt et al., 1993
101 2.127 89.6 102.9 2.128 2.133 6 C C 1 P Colacio et al., 1997
102 2.128 84.0 93.1 2.369 5 C C 1 F Ram et al., 1995
103 2.131 84.3 90.7 2.091 2.197 6 C C 1 P Colacio, et al.,1994
104 2.133 86.0 101.2 2.063 2.074 6 C C 1 P Escuer et al., 1992
105 2.134 85.0 93.7 1.991 5 C C 1 F Kato et al., 1986
106 2.136 84.4 94.6 1.984 5 C C m F Escuer et al., 1996a
107 2.139 89.3 102.2 2.142 2.142 6 C C m P Mitsumi et al., 1993
108 2.140 84.4 94.4 1.990 1.990 6 C C m F Escuer et al., 1996a
109 2.142 86.4 93.6 2.141 2.141 6 C T i P Barefield et al., 1986a
110 2.143 82.8 127.5 2.076 2.212 6 C C 1 P Escuer et al., 1996b
111 2.147 85.6 94.4 2.059 2.064 6 C T 1 P Hay et al., 1987
112 2.149 83.3 92.3 2.347 5 C C 1 F Ram et al., 1995
113 2.152 81.5 93.9 2.082 2.165 6 C C 1 P Calligaris et al., 1990
114 2.152 84.4 94.9 1.999 5 C C 1 F Tendero et al., 1995
115 2.154 84.2 91.6 2.041 5 C C 1 F Ram et al., 1997
116 2.160 83.5 99.2 2.470 2.485 6 C C 1 P Vicente et al., 1990
117 2.163 87.3 94.2 2.101 2.116 6 C T 1 P Kato et al., 1986
118 2.168 85.0 90.1 2.054 2.111 6 C C 1 P Colacio et al., 1995
119 2.181 84.4 92.4 2.306 5 C C 1 F Planinic et al., 1997
120 2.182 83.3 96.5 2.016 2.137 6 CT T 1 P Alcock et al., 1991

Note;
ID: The identification index of the molecular structure.
M-N: The average bond distance between the metal (II) (M) and its nearest neighboring nitrogen atom (N) in the main

ligand.
NA: indicates the minimum value of the four chelate angles with metal (II) as its vertex.
MA: indicates the maximum value of the four chelate angles with metal (II) as its vertex.
SAL: represents the small axial length of the coordination bond between metal (II) and its ligands. Blank indicates the metal

(II) atom is in 4 coordination.
LAL: represents the large axial length of the coordination bond between metal (II) and its ligands. Blank indicates the metal

(II) atom is in either 4 or 5 coordination.
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CN: represents the coordination number of the metal atom.
CS: represents the conformation of the two six-membered rings; C means chair form; T means twist form; B means boat form; CT means

one is in chair and other is twist; CB means one is in chair and other is boat; TB means one is in twist and other is in boat.
TR: represents the cis (TR=C) or trans (TR=T) configuration for the fifth and or sixth coordinated ligands relative to the equatorial

plane. TR = blank indicates that the basic coordination number is four.
SE: represents the symmetry element at the metal atom: i means inversion center; 2 means two fold axis perpendicular to the ligand plane

and passing through the metal atom; m means mirror plane perpendicular to the ligand plane and passing through the metal atom;
2/m means two fold and also mirror plane perpendicular to the ligand plane and passing through the metal atom; 1 means no speacial
symmetry.

CF: indicates the conformation of the MN4 plane for the central five atoms (M represents metal atom); P means planar conformation; F
means folded conformation. And REF: references.

ID M-N NA MA SAL LAL CN CS TR SE CF REF

1 1.982 81.2 100.2 2.341 5 C C m P Pattrick et al., 1991
2 1.985 87.0 93.0 4 C i P Konig et al., 1997
3 1.994 84.3 93.9 2.263 5 T C 1 P Bu et al., 1997
4 1.996 88.5 93.4 2.434 5 C C i F Lu et al., 1986a
5 2.002 85.4 94.5 2.338 2.859 6 C T 1 P Siegfried et al., 1994
6 2.002 85.2 95.5 4 T 1 P Bu et al., 1996b
7 2.003 86.1 93.7 2.627 5 C C 1 P McAuley et al., 1992
8 2.004 86.2 93.5 2.368 2.428 6 C T 1 P Moi et al., 1987
9 2.004 86.7 97.3 2.333 2.668 6 T T 1 P Bernhardt et al., 1997b

10 2.004 86.1 93.9 2.887 2.887 6 C T i P Bernhardt et al., 1997b
11 2.004 84.6 97.0 2.629 5 C C 1 F Lancashire et al., 1995
12 2.005 86.4 93.6 2.439 2.439 6 C T i P Xin et al., 1992
13 2.005 85.4 94.6 2.544 2.544 6 C T i P Bernhardt et al., 1997b
14 2.006 85.6 94.4 4 C i P Pickardt et al., 1995
15 2.007 79.9 98.3 2.204 5 TB C m P Pattrick et al., 1991
16 2.008 85.9 95.4 2.521 2.689 6 C T 1 P Lampeka et al., 1996
17 2.009 86.1 93.9 4 C i P Lawrance et al., 1986
18 2.009 86.7 93.3 4 C i P Bernhardt et al., 1996c
19 2.010 86.0 94.0 4 C 2/m P Bernhardt et al., 1993
20 2.013 85.5 94.5 2.484 2.484 6 C T 2/m P Emsley et al., 1988
21 2.013 85.3 95.1 2.655 2.717 6 C T 1 P Bernhardt et al., 1997a
22 2.013 86.4 93.6 2.569 2.569 6 C T i P Bernhardt et al., 1997b
23 2.013 86.7 93.3 2.535 2.535 6 C T i P Fabbrizzi et al., 1996a
24 2.013 86.0 94.0 2.430 5 C C 2/m P Lu et al., 1996
25 2.014 86.3 93.7 4 C i P Bernhardt et al., 1998
26 2.014 86.0 94.0 2.506 2.506 6 C T i P Bernhardt, 1996
27 2.015 86.5 93.5 2.448 2.448 6 C T i P Scott & Holm, 1994
28 2.017 86.7 93.3 2.590 2.590 6 C T i P Rossignoli et al., 1997
29 2.018 86.6 93.4 2.514 2.514 6 C T i P Xin et al., 1992
30 2.018 86.8 93.3 2.451 2.451 6 C T 2/m P Bernhardt, 1996
31 2.018 85.7 94.7 2.853 2.853 6 C T 2/m P Studer et al., 1989
32 2.018 85.7 94.3 2.842 2.842 6 C T 2/m P Bulach et al., 1994
33 2.019 85.6 98.8 2.351 2.515 6 C T 1 P Kato et al., 1986
34 2.020 85.4 94.6 4 C i P Antsyshkina el al., 1992
35 2.020 86.7 93.3 2.658 2.658 6 C T i P Choi et al., 1997
36 2.020 85.2 94.8 2.953 2.953 6 C T i P Chen et al., 1996
37 2.020 85.7 94.3 4 C i P Wang et al., 1996b
38 2.020 85.2 94.7 2.754 2.754 6 C T 2 P Pickardt et al., 1995
39 2.021 85.6 94.4 2.502 2.502 6 C T i P Oshio, 1993
40 2.021 86.0 94.0 2.570 2.570 6 C T i P Scott & Holm, 1994
41 2.022 85.2 94.8 2.652 2.652 6 C T i P Nazarenko et al., 1996
42 2.023 86.6 93.4 4 C i P Antsyshkina el al., 1992
43 2.023 85.8 94.2 2.491 2.491 6 C T i P Oshio, 1993
44 2.023 86.2 93.8 2.535 2.535 6 C T i P Xin et al., 1992
45 2.023 85.1 94.9 3.193 3.193 6 C T i P Makhaev et al., 1996
46 2.023 86.4 94.0 4 C 1 P Fabbrizzi et al., 1996b
47 2.024 85.7 94.3 2.524 2.524 6 C T i P Comba et al., 1986
48 2.024 85.5 94.3 2.148 5 C C 1 P Kimura et al., 1987b
49 2.024 86.1 93.9 4 C i P Hay et al., 1996
50 2.025 86.5 93.7 2.557 2.640 6 C T 1 P Fabbrizzi et al., 1996a

Table 2. Sorted Cu-N Distances for Cu(II) Macrocyclic Structures
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ID M-N NA MA SAL LAL CN CS TR SE CF REF

51 2.026 87.7 94.2 2.879 5 C C 1 F Lu et al., 1986b
52 2.026 85.9 94.0 4 C 1 P Rawle et al., 1992
53 2.026 85.1 96.0 2.232 5 C C 1 P Studer et al., 1990
54 2.026 84.9 95.9 2.256 5 C C 1 P Studer et al., 1990
55 2.026 86.0 94.0 2.539 2.539 6 C T i P Wang et al., 1996c
56 2.027 85.7 93.1 2.541 5 T C 1 F Bernhardt et al., 1998
57 2.028 84.5 95.5 2.648 2.648 6 C T i P Choi et al., 1996
58 2.029 85.2 94.8 2.409 2.409 6 C T i P Oshio, 1993
59 2.032 86.5 93.0 2.712 5 C C 1 F Lancashire et al., 1995
60 2.033 86.1 93.9 2.573 2.573 6 C T i P Nazarenko et al., 1996
61 2.033 85.3 93.4 2.519 5 T C 1 F Bernhardt et al., 1996b
62 2.033 86.6 93.4 4 C i P Chapman et al., 1990
63 2.034 84.7 96.1 2.196 5 C C 1 F Bernhardt et al., 1996a
64 2.034 87.1 93.1 2.355 5 C C 1 P Tahirov et al., 1996
65 2.040 86.2 94.6 2.275 5 C C 1 P Beveridge et al., 1991
66 2.040 85.1 94.6 2.568 5 C C 1 P Bernhardt et al., 1996a
67 2.043 85.6 95.1 2.552 5 C C 1 P Fortier et al., 1989
68 2.044 87.4 93.7 2.223 5 T C 1 P Lin et al., 1996
69 2.046 86.6 95.0 2.515 5 C C 1 P Bernhardt et al., 1994
70 2.051 85.5 93.8 2.157 5 C C 1 P Panneerselvam et al.,1998
71 2.054 86.3 93.7 2.263 2.263 6 C T i P Helps et al., 1988
72 2.055 86.4 93.4 4 C 1 P Edwards et al., 1993
73 2.055 85.0 93.1 2.305 5 C C 1 F Weisman et al., 1996
74 2.058 85.6 94.7 2.552 5 C C 1 P Tschudin et al., 1989
75 2.060 86.2 92.1 2.280 5 C C 1 P Bernhardt et al., 1994
76 2.063 84.5 91.8 2.327 5 C C 1 F John et al., 1986a
77 2.063 86.0 95.2 4 C 1 P Oberholzer et al., 1995
78 2.065 87.8 92.2 4 C i P Bharadwaj et al., 1988
79 2.074 85.9 94.8 2.223 5 C C 1 F Tschudin et al., 1989
80 2.079 85.2 93.9 2.160 5 C C 1 F Tschudin et al., 1989
81 2.081 86.4 93.6 2.309 2.309 6 C T i P Belsky et al., 1993
82 2.081 86.0 93.8 2.537 5 C C 1 P Tendero et al., 1995
83 2.082 87.0 93.0 2.248 2.248 6 C T i P Chen et al., 1993
84 2.083 87.1 92.9 2.368 2.368 6 C T i P Chapman et al., 1990
85 2.088 84.2 90.8 2.314 5 C C 1 P John et al., 1986b
86 2.090 85.0 94.8 2.610 5 C C 1 F Schmid et al., 1997
87 2.094 86.2 91.5 2.458 5 C C 2 F Harrowfield et al., 1994
88 2.100 86.7 93.3 2.228 2.302 6 C T 1 P Riesen et al., 1988
89 2.104 85.3 94.7 2.658 5 C C 1 F Schmid et al., 1997
90 2.134 84.7 94.2 2.296 5 C C 1 F Weisman et al., 1996

Table 2 continuation

CN P CS P TR P SE P CF P

6 52; 43 chair 78; 92 trans 38; 43 Ci 20; 42 planar 88; 83

5 8; 38 twist 9; 7 cis 22; 38 C2 1; 2 folded 12; 17

4 40; 19 boat 4; 0 none 40; 19 Cm 4; 2

CT 6; 0 C2/m 0; 7

CB 3; 0 P1 75; 47

TB 0; 1

The percentages on the two sets of Ni(II) and 90 Cu(II) data are separated by the symbol “;”
CN = coordination number of the metal atom
CS = conformation of the two six-membered rings
TR = configuration of the fifth and the sixth coordinated ligands relative to the macrocyclic plane
SE = symmetry element at the central metal atom
CF = conformation geometry of the central five atoms
P = percentage

Table 3. The statistical percentages for the Ni(II) and Cu(II) macrocyclic structures
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