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The conformations of metal complexes of 18-membered tetraimino macrocycles have been studied.  A correlation
between the bond length of the metal–nitrogen bond and the conformation of the macrocycle has been found in the pub-
lished X-ray data.  Molecular mechanics (MM) calculations based on the Points-On-a-Sphere (POS) method reproduce
the correlation.  The effect of the MM force constants on the conformation of the ligand has been extensively studied.
The MM study clarified that the conformation of the macrocycle is principally determined by the length of the coordina-
tion bond and that the methyl groups substituted at the imine carbon plays an important role in the conformation of the
macrocycles.  Two X-ray crystal structure analyses of macrocycle L

 

H

 

 complexes, [Ba(L

 

H

 

)(ClO

 

4

 

)

 

2

 

Ba(L

 

H

 

) (H

 

2

 

O)(ClO

 

4

 

)-
(

 

µ

 

-ClO

 

4

 

)] and [Sr(L

 

H

 

)(ClO

 

4

 

)

 

2

 

], were included in the study to complement the structural data. 

 

The syntheses and structures of the metal complexes con-
taining macrocyclic ligands

 

1

 

 L and L

 

H

 

 have been investigated
over the past two decades.

 

2

 

  Potential applications for catalysis
and NMR imaging have been reported.

 

3

 

  Benetollo, Bombieri
and Vallarino have extensively contributed to the work.  We
also have been studying the structures and properties of the
complexes and the related macrocycles.

 

4

 

  These macrocyclic
complexes are mainly prepared by metal-templated, Schiff-
base condensation of 2,6-dicarbonylated pyridine and ethyl-
enediamine.  The framework of the macrocycle (Chart 1) is so
flexible that the complexes can adopt a variety of conforma-
tions.  Most complexes of the ligands adopt a folded-butterfly
conformation, but some has a skew conformation in which a

 

C

 

2

 

 axis runs just through the two pyridine rings.  Many com-
plexes of the ligands contain rare earth metals or alkaline earth
metals, which have a coordination number of 8–12; this means
there are additional ligands besides the macrocycles.

Some papers pointed out that there is a correlation between
the size of the metal ion encapsulated and the conformation of
the ligand.

 

5,6,7,8

 

  Generally, the complexes containing  large
metal ions have a tendency to show planar conformation; on
the other hand, the ones containing small metal ions show fold-
ed conformation.  In this paper, two new crystal structures of
the metal complexes of L

 

H

 

 are presented.  The results includes

structural data of the complexes of long metal to nitrogen (M–
N) distances ( 

 

>

 

 2.8 Å), which have been missing in the re-
ported works.

Molecular mechanics models have been developed for coor-
dination compounds.

 

9,10

 

  MM calculations of coordination
compounds can be made easily by using commercially avail-
able software.  However, it is a serious problem that there are
no standard MM parameters for metal atoms.  We could repro-
duce almost any structure if we would adjust the MM parame-
ters.  However, critical evaluation of the methodology is also
insufficient.

 

11

 

  In this study, POS (points-on-a-sphere) method
is used to predict the conformation of the macrocyclic com-
pound and a methodology to obtain reasonable MM parame-
ters is proposed.  The effect of the methyl groups on the ring
has also been described.

 

Experimental

 

Preparation of Macrocyclic Complexes.    

 

  Warning

 

!  Per-
chlorate salts of metal complexes are potentially explosive.  Only
a small amount of the material should be prepared, and it should
be handled with great care.

Methanol was dried over 3 A molecular sieves before use.

 

[Ba(L

 

H

 

)(ClO

 

4

 

)

 

2

 

Ba(L

 

H

 

)(H

 

2

 

O)(ClO

 

4

 

)(

  

µµµµ

 

-ClO

 

4

 

)].    

 

2,6-pyridine-
dicarboxaldehyde (2.0 

 

×

 

 10

 

−

 

3

 

 mol) and ethylenediamine (2.0 

 

×

 

10

 

−

 

3

 

 mol) were added to a solution of barium perchlorate (1.0 

 

×

 

10

 

−

 

3

 

 mol) in 30 mL of methanol.  The solution was refluxed for 3
h and concentrated in vacuo to a small amount of volume.  The
pale yellow precipitates which deposited were collected by filtra-
tion and recrystallized from hot methanol.  Yield: 0.14 g (25%).
Anal. Calcd for Ba

 

2

 

(C

 

18

 

H

 

18

 

N

 

6

 

)

 

2

 

(ClO

 

4

 

)

 

2

 

(H

 

2

 

O): C, 32.58; H, 2.89;
N, 12.66%.  Found: C, 32.18; H, 3.16; N, 12.30%.

 

[Sr(L

 

H

 

)](CF

 

3

 

SO

 

3

 

)

 

2

 

·(H

 

2

 

O).    

 

The strontium complex was pre-
pared in a similar manner to that described above, using strontium
trifluoromethanesulfonate instead of the barium salt.  Recrystalli-
zation from ethanol/methanol mixture (3:1) gave the strontium
complex (0.27 g, 45%) as a white powder.  Anal. Calcd for
SrC

 

18

 

H

 

18

 

N

 

6

 

(CF

 

3

 

SO

 

3

 

)

 

2

 

•

 

(H

 

2

 

O) (722.2): C, 33.26; H, 2.79; N,Chart 1.   
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11.64%.  Found: C, 33.48; H, 2.75; N, 11.59%.  The perchlorate
salt, [Sr(L)](ClO

 

4

 

)

 

2

 

, was prepared by a similar method using
strontium perchlorate as a starting material, and was obtained as
yellow crystals.

 

X-ray Crystal Structure Determination.    

 

X-ray measure-
ments were performed on a Rigaku AFC5S diffractometer.  The

 

ω

 

–2

 

θ

 

 scan method was employed with a scanning rate of 8°/min.
Three standard reflections were monitored during the data collec-
tion; these showed no significant variance.  Calculations were car-
ried out using the program package teXsan.

 

12

 

  The position of the
metal atom was determined by the heavy-atom method, and the
remaining structures were solved by Fourier syntheses.  Absorp-
tion correction by means of the 

 

Ψ

 

 scan method was applied.  The
positional and anisotropic thermal parameters of non-hydrogen at-
oms were determined by full-matrix least-squares refinements on

 

F

 

2

 

.  The positional parameters of hydrogen atoms were deter-
mined by geometrical calculations.  The parameters of the hydro-
gen atoms were included as fixed contributions in the refinements.
For the crystal of the barium complex, the maximum and mini-
mum peaks on the final difference Fourier map corresponds to 1.4
and 

 

−

 

1.2 e/Å

 

3

 

, respectively.  These residual densities were found
only near the barium atom.  Crystallographic data have been de-
posited at the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
and copies can be obtained on request, free of charge, by quoting
the publication citation and the deposition numbers 17335 and
17336.  The data are also deposited as Document No. 75045 at the
Office of the Editor of Bull. Chem. Soc. Jpn.

 

Crystal Data for [Ba(L

 

H

 

)(ClO

 

4

 

)

 

2

 

Ba(L
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O)(ClO

 

4

 

)(

  

µµµµ

 

-
ClO
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)].    

 

Ba

 

2

 

Cl

 

4

 

O

 

17

 

N

 

12

 

C

 

36

 

H

 

38

 

, M 

 

=

 

 1327.24, triclinic, 

 

a

 

 

 

=

 

15.958(5), 

 

b

 

 

 

=

 

 16.134(5), 

 

c

 

 

 

=

 

 11.114(4) Å, 

 

α

 

 

 

=

 

 96.54(3), 

 

β

 

 

 

=

 

108.93(3), 

 

γ

 

 

 

=

 

 62.82(2) °, 

 

U

 

 

 

=

 

 2405(1) Å

 

3

 

, 

 

T

 

 

 

=

 

 295 K, space
group 

 

P1

 

 (no. 2), 

 

Z

 

 

 

=

 

 2, 

 

µ

 

(Mo-

 

K

 

α

 

) 

 

=

 

 1.9 mm

 

−

 

1

 

, 14505 reflec-
tions measured, 14037 unique (

 

R

 

int

 

 

 

=

 

 0.029) , 9658 used (

 

I

 

 

 

>

 

 1.0

 

σ

 

(

 

I

 

)).  The final 

 

R

 

(

 

F

 

2

 

) and 

 

wR(F2) was 0.069 and 0.108, respec-
tively.

Crystal Data for [Sr(LH)(ClO4)2].    SrC18 H18N6Cl2O8, M =
604.90, triclinic, a = 8.465(2), b = 15.317(2), c = 9.063(1) Å, b
= 99.89(2) °, U = 1157.7(4) Å3, T = 295 K, space group P21/c
(no. 14), Z = 2, µ(Mo-Kα) = 5.8 mm−1, 1939 reflections mea-
sured, 1725 unique (Rint = 0.027), 1720 used (I > 0).  The final
R(F2) and wR(F2) was 0.076 and 0.124, respectively.

MM Calculations.    MM calculations were carried out on a
MS-Windows based personal computer using the Tinker program
package, which was explored by Prof. Ponder.13  MM3(96)14

Force field was applied in all calculations.  All metal-dependent
parameters for MM calculation are discussed in a later section and
are listed in Table 6.  Default values of the parameters of the MM3
force field were used for all the metal-independent parameters in-
cluding out-of-bending, bond dipole, and cross energy terms such
as stretch-bend terms.  Atom type 37 was used for all nitrogen at-
oms.  Modified Pariser–Parr–Pople type SCF–MO calculations
were included in order to modify the parameters of the π-conju-
gated groups.15  Hay’s method16 for defining the structure of a
metal complex was employed in order to calculate the MM energy
on the POS method using a normal MM program, as follows.  Six
separate lanthanum atoms (atom type 128 in the MM3 force field)
are attached to each donor nitrogen atom of the ligand rather than
attaching of all the donor atoms to a single metal center.  The ini-
tial coordinates of the lanthanum atoms were set very near the ori-
gin (computation error occurs if the metal atoms are set just on the
origin) and the coordinates of the six atoms were restrained to the

origin with 99999 kcal/Å2 harmonic potential.  The connectivity
list is edited such that the metal atoms are attached to one another
in a ring formation.  Thus, each metal atom is connected to one ni-
trogen atom and two adjacent metal atoms.  The results showed
that the offsets of each metal atom from the origin were within
0.00005 Å in all x, y, and z coordinates.  N–M–N bending interac-
tions, N–M–N–X torsional strains, and van der Waals interactions
that involve the metal ion were all neglected.  Other metal-depen-
dent parameters were set as described later.  The generation of the
initial structures were performed by the FREEWHEEL software.17

The calculations of best planes and the dihedral angles of between
them were done by a software coded by Ito.18

Results and Discussion

Conformation of the Macrocyclic Ligands.    A General
View.    Table 1 shows the structural data of the complexes
containing the ligand L or an analogous ligand found in the
Cambridge database.19  The macrocyclic ligands have a com-
mon structure where two π-conjugated planar groups (NwC–
C5H3N–CwN) are linked by two aliphatic diamine units.  The
two planar groups are not coplanar, and the dihedral angle be-
tween the two planar groups has been used as a measure of the
coplanarity.6,20  Here the dihedral angle was defined as follows.
First, best-plane calculations using ten carbon and nitrogen at-
oms of the diiminopyridyl groups determine each of the conju-
gated planes.  Then the dihedral angle between the two planes,
which was defined as 180° when the macrocycle has a planar
conformation, was calculated.  The non-coplanarity would ex-
pect to correlate with the cavity-size of the macrocycle.  As
pointed out by Vallarino et al.,8 the dihedral angle could be de-
composed into two components: 1) twisting of the macrocycle
about an axis through the pyridine N atoms and 2) bending at
the ethylenediamine hinges.  As Bombieri pointed out, we
could not found any clear correlation between the M–N bond
length and either the twist angle or the bending angles.  How-
ever, we want to focus on a simple trend in the structural pa-
rameters, as shown in Fig. 1.  First, a clear correlation between
the dihedral angles and the average M–N bond lengths was ob-
served.  Second, the dihedral angles are generally closer to
180° for the complexes of LH than that of L. Of course, other

Fig. 1.   The dihedral angles between the two π-conjugated
groups of the macrocyclic ligands in the reported crystals
found in the CCDC database.  Square denotes the metal
complex of the ligand L, and triangle that of LH.  The solid
line shows the best-fit line calculated from the data of the L
complex.
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factors besides the size of the metal ions should contribute to
the conformation of the complexes.  The factors are 1) the ef-
fect of the axial ligands, 2) the effect of the alkyl groups substi-
tuted on the ring, and 3) the crystal packing requirements.
However, in many of the reported crystal structures, which are
accumulated in Table 1, one of the most important factor to de-
termine the conformation of the ligand is the size of the metal
ions.  We want to see how the metal-nitrogen bond length af-
fects the overall conformation of the macrocycles in this paper.

Furthermore, one common feature was found for the confor-
mation of the ligand L (not for LH).  The two chelates of the
ethylenediamine residue in the opposite positions across the
metal ion show the STAGGERED conformation in almost all
the structures of ligand L.  Table 1 contains the data of the
staggered angles.  An exception in the complexes of L was
found in the complex,5 “filkeq”, which is the Reference Code
in the CSD database.  In this complex, the two diamine che-
lates are parallel with each other.  The complex shows an ab-
normal dihedral angle as shown in Fig. 1, which should be as-
cribed to the exceptional conformation.

Preparation of the Barium and Strontium Complexes.
Although there are a lot of reported macrocyclic complexes
containing rare earth metals, only one structure of the complex
containing an alkaline earth metal has been known.  Cabral et
al. briefly reported21 the preparation and the structure of stron-
tium(Ⅱ) and lead(Ⅱ) complexes of the ligand L.  However, the
detailed structural data have not been published.  The com-
plexes were prepared by template condensation of dialdehyde
and diamines in the presence of the metal ions.  The reported
strontium complex has two axial chlorine atoms.

In this work, template condensation of 2,6-pyridinedicar-
boxaldehyde and ethylenediamine in the presence of the ap-
propriate alkaline earth metal perchlorates afforded the macro-
cyclic complexes in moderate yield.  Trifluoromethane-
sulfonate salt was also obtained for the strontium complex.
Crystals suitable for X-ray crystallography were obtained from
methanol solution of the perchlorate salts. 

Crystal Structure of the Barium Complex.    The bond
lengths and angles around the barium ions were listed in
Tables 2 and 3, respectively.  The structure of the barium com-
plex is described as a perchlorato-bridged dimers as shown in
Fig. 2.  There are two ten-coordinate barium ions that are
bridged by a perchlorato ligand.  Each barium ion is coordinat-

ed to the six nitrogen atoms of the macrocycle LH.  The coordi-
nation geometries around the two barium ions are similar as
shown in Fig. 3.  One of the two barium ions (Fig. 3, left) has a
didentate perchlorato, a monodentate perchlorato and a bridg-
ing perchlorato ligand besides the macrocycle.  The other bari-
um ion is coordinated by a water molecule, a didentate per-
chlorato chelate, and a monodentate perchlorato ligand.  The

Table 2.   Selected Bond Distances for [Ba(LH)(ClO4)2-
Ba(LH)(H2O)(ClO4)(µ-ClO4)]

Atom Atom Distance/Å Atom Atom Distance/Å

Ba1 O1 2.813(8) Ba2 O9 2.800(6)
Ba1 O5 2.903(6) Ba2 O10 2.855(6)
Ba1 O12 2.981(5) Ba2 O14 2.913(5)
Ba1 O13 2.972(5) Ba2 O15 3.008(6) 
Ba1 N1 2.845(5) Ba2 N7 2.832(5)
Ba1 N2 2.817(5) Ba2 N8 2.828(5)
Ba1 N3 2.827(5) Ba2 N9 2.867(6)
Ba1 N4 2.832(6) Ba2 N10 2.851(6)
Ba1 N5 2.832(6) Ba2 N11 2.850(6)
Ba1 N6 2.807(5) Ba2 N12 2.840(6)

Fig. 2.   An ORTEP drawing of the barium(Ⅱ) complex.

Fig. 3.   The coordination-structure around the two barium ions.
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last perchlorato serves as a bridging ligand.  The Ba–O dis-
tances range from 2.80 Å to 3.01 Å in the two coordination
moieties.  All the Ba–O bond lengths in perchlorato chelates
(2.91–3.01 Å) are longer than any Ba–O bonds from the Ba
atom to the monodentate perchlorato ligand.  The Ba–O bond
of the coordinated water molecule was the shortest (2.799(6)
Å) among the Ba–O bonds.  On the other hand, the Ba–N bond
lengths are in the narrow range 2.81–2.87 Å.  Each macrocy-
clic ligand LH contains two π-conjugated NwCH–C5H3N–
CHwN groups.  The deviation from planarity is little in all the
four π-conjugated groups, such that the average deviation of
the non hydrogen atoms from the best planes is smaller than

0.05 Å.  Both the conformations of the two macrocyclic
ligands are nearly planar.  The average deviations of the 6 ni-
trogen atoms from the best plane defined by the 6 atoms are
0.17 Å and 0.06 Å, respectively, for the ligands containing Ba1
and Ba2.  Both the barium atoms are lifted from the best planes
by ca. 0.7 Å.  The dihedral angles between the two planes de-
fined as described before are 174° and 169° in the two macro-
cycles.  Although there are some differences in the relative
conformation of the two chelates of the ethylenediamine moi-
eties in the two macrocycles, the planarity of the macrocycles
is notable as compared with the other complexes listed in Table
1.  Clearly, the barium atom is too large to be encapsulated in

Table 3.   Selected Bond Angles for [Ba(LH)(ClO4)2Ba(LH)(H2O)(ClO4)(µ-ClO4)]

Atom Atom Atom Angles/° Atom Atom Atom Angles/°

O1 Ba1 O5 143.5(2) O9 Ba2 O10 140.0(2)
O1 Ba1 O12 67.7(2) O9 Ba2 O14 141.2(2)
O1 Ba1 O13 71.4(3) O9 Ba2 O15 143.8(2)
O1 Ba1 N1 131.2(3) O9 Ba2 N7 72.3(2)
O1 Ba1 N2 139.3(2) O9 Ba2 N8 75.5(2)
O1 Ba1 N3 94.4(3) O9 Ba2 N9 74.4(2)
O1 Ba1 N4 75.7(2) O9 Ba2 N10 75.2(2)
O1 Ba1 N5 75.7(3) O9 Ba2 N11 75.6(2)
O1 Ba1 N6 99.2(3) O9 Ba2 N12 78.3(2)
O5 Ba1 O12 140.3(2) O10 Ba2 O14 66.0(2)
O5 Ba1 O13 142.9(2) O10 Ba2 O15 75.2(2)
O5 Ba1 N1 78.0(2) O10 Ba2 N7 71.8(2)
O5 Ba1 N2 71.2(2) O10 Ba2 N8 70.7(2)
O5 Ba1 N3 84.2(2) O10 Ba2 N9 104.5(2)
O5 Ba1 N4 72.4(2) O10 Ba2 N10 138.8(2)
O5 Ba1 N5 72.6(2) O10 Ba2 N11 135.5(2)
O5 Ba1 N6 78.9(2) O10 Ba2 N12 96.7(2)
O12 Ba1 O13 45.7(1) O14 Ba2 O15 45.7(1)
O12 Ba1 N1 95.2(1) O14 Ba2 N7 104.3(1)
O12 Ba1 N2 72.1(2) O14 Ba2 N8 136.6(2)
O12 Ba1 N3 125.2(2) O14 Ba2 N9 136.1(2)
O12 Ba1 N4 143.3(2) O14 Ba2 N10 100.4(2)
O12 Ba1 N5 108.4(1) O14 Ba2 N11 70.2(2)
O12 Ba1 N6 69.9(1) O14 Ba2 N12 68.6(2)
O13 Ba1 N1 65.2(1) O15 Ba2 N7 143.1(1)
O13 Ba1 N2 85.4(2) O15 Ba2 N8 124.7(2)
O13 Ba1 N3 79.7(2) O15 Ba2 N9 90.6(2)
O13 Ba1 N4 124.0(2) O15 Ba2 N10 69.0(2)
O13 Ba1 N5 144.3(2) O15 Ba2 N11 80.4(2)
O13 Ba1 N6 114.2(1) O15 Ba2 N12 111.6(2)
N1 Ba1 N2 58.0(2) N7 Ba2 N8 57.6(2)
N1 Ba1 N3 57.6(2) N7 Ba2 N9 113.2(2)
N1 Ba1 N4 111.4(2) N7 Ba2 N10 147.5(2)
N1 Ba1 N5 150.5(2) N7 Ba2 N11 112.6(2)
N1 Ba1 N6 117.9(2) N7 Ba2 N12 57.5(2)
N2 Ba1 N3 114.3(2) N8 Ba2 N9 58.9(2)
N2 Ba1 N4 143.6(2) N8 Ba2 N10 114.4(2)
N2 Ba1 N5 112.1(2) N8 Ba2 N11 151.1(2)
N2 Ba1 N6 60.0(2) N8 Ba2 N12 114.5(2)
N3 Ba1 N4 59.0(2) N9 Ba2 N10 57.1(2)
N3 Ba1 N5 116.7(2) N9 Ba2 N11 112.6(2)
N3 Ba1 N6 163.1(2) N9 Ba2 N12 152.7(2)
N4 Ba1 N5 58.0(2) N10 Ba2 N11 57.4(2)
N4 Ba1 N6 114.9(2) N10 Ba2 N12 115.0(2)
N5 Ba1 N6 58.0(2) N11 Ba2 N12 58.9(2)
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the hole of the ligand LH.  The barium atoms seem to force the
macrocycle to be planar.

Crystal Structure of the Strontium Complex.    The im-
portant bond lengths and angles are listed in Tables 4 and 5 re-
spectively.  The structure of the strontium complex is simpler
than that of the barium complex.  The Sr atom is encapsulated
in a macrocyclic ligand, LH, and two perchlorato ligands attach
didentately as shown in Fig. 4.  The strontium atom is located
at the origin of the unit cell, which corresponds to an inversion
center.  The dihedral angle of the two bis(diiminomethyl)py-
ridyl group is just 180° because of the requirements from sym-
metry.  Two Sr–O distances are 2.858(8) and 2.828(8) Å, re-
spectively, while the Sr-N distances are in the range 2.696(6)–
2.719(5) Å.

MM Calculations.    A lot of papers have been published
for MM calculation of macrocyclic complexes.22,23,24  In these
studies, the POS method25 have been demonstrated to be useful
in predicting the geometries of many metal complexes, which
contain especially large metal ions, such as alkali metal, alka-
line earth metal and lanthanide complexes.26,27

Many attempts have been made to obtain the MM parame-
ters, but generally they are still obtained by manual fitting to
experimentally observed structures.9  One can generally obtain
ranges of parameters that yielded similar levels of agreement
with experiment.27  To identify a narrower range of transfer-
able parameters, structural data of several complexes for a giv-
en metal ion type are necessary.  For coordination compounds,
wide variations of the parameters have been reported.  For ex-
ample, the stretching force constant of 0.55 mdyn Å−1 was

used for Gd–O (CwO) bond in the Hay’s paper, whilst 0.1
mdyn Å−1 was adopted for similar Gd–O bond by Cundari et
al.28  In this paper, we propose a strategy to estimate reason-
able metal-dependent MM parameters by a different approach.

Detailed Description on the Current MM Method.    The
default MM3(96) parameters were applied to all metal-inde-
pendent terms, as described in the experimental section.  The
SCF–MO calculations were included in the MM calculations
in order to modify the stretching and torsional parameters
within the π-conjugated groups, NwCR–C5H3N–CRwN
(RwCH3 or H).  The calculation showed that the π-bond order
of the CwN imine bond is 0.95 and that of the CR–C5H3N bond
is only 0.23.  The calculated bond lengths are 1.29 and 1.48 Å
respectively.  The calculated values reproduce the X-ray results
very well.  X-ray studies of this work showed that the CwN
bond lengths are very short (1.25–1.29 Å) in the complexes,
and that the bonds are comparatively long (1.46–1.50 Å) for
the bonds between the imine carbon and the aromatic carbon.

In the POS method applied here, the parameters that must
be determined are M–N stretching, M–N–X bending and M–
N–X–X torsional parameters.  After many trial and error calcu-
lations, the standard parameters for this MM study were set as

Table 4.   Selected Bond Distances for [Sr(LH)(ClO4)2]

Atom Atom Distance/Å Atom Atom Distance/Å

Sr1 O1 2.858(8) Sr1 N1 2.696(6)
Sr1 O3 2.828(8) Sr1 N2 2.719(5)

Sr1 N3 2.718(6)

Table 5.   Selected Bond Angles for [Sr(LH)(ClO4)2]

Atom Atom Atoma) Angles/° Atom Atom Atoma) Angles/°

O1 Sr1 O3 45.6(2) O3 Sr1 N2 71.6(2)
O1 Sr1 O3* 134.4(2) O3 Sr1 N2* 108.4(2)
O1 Sr1 N1 83.4(2) O3 Sr1 N3 69.9(2)
O1 Sr1 N1* 96.6(2) O3 Sr1 N3* 110.1(2)
O1 Sr1 N2 110.6(2) N1 Sr1 N2 60.1(2)
O1 Sr1 N2* 69.4(2) N1 Sr1 N2* 119.9(2)
O1 Sr1 N3 109.4(2) N1 Sr1 N3 118.9(2)
O1 Sr1 N3* 70.6(2) N1 Sr1 N3* 61.1(2)
O3 Sr1 N1 83.4(2) N2 Sr1 N3 59.6(2)
O3 Sr1 N1* 96.6(2) N2 Sr1 N3* 120.4(2)

a) An asterisk denotes the atom symmetrically moved along the twofold axis.

Fig. 4.   A top view (left) and a side view (right) of the strontium complex.
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shown in Table 6.  The effect of varying each parameter was
studied in detail.

Some papers pointed out that the stretching force constants
should decrease with increase of the ionic radius of the central
metals;  the force constants vary within 25% over all the lan-
thanide series.27  However, in this paper, we assume that the
stretching force constants are invariable regardless of the kind
of metals.  A wide variation in the MM force constants has
been used even for the same M–N bond (vide supra), so that
the assumption could be applied to make a rough estimate of
the “true” value of MM force constants.

Initial Structures and Local Minimums.    In order to find
the conformations of local minimum energy, MM calculations
started from different initial structures were examined.  A nota-
ble result clarified was the importance of the relative confor-
mation of the two ethylenediamine chelates.  Both the stag-
gered and parallel conformation for the two ethylenediamine
chelates were tested as the initial structures.  If the initial struc-
ture has the parallel conformation of the two chelates, the opti-
mized structure has also the parallel conformation; and vice
versa.  If r0 was greater than 2.5 Å, the MM energy of the opti-
mized parallel structure was larger than that of the optimized
staggered structure.  On the other hand, if r0 was shorter than
2.5 Å, the MM energy of the optimized parallel structure was
slightly smaller than that of the optimized staggered structure,
but the optimized parallel structure showed an unnaturally
folded conformation in which the dihedral angle of the two
conjugated groups is near 90°.  The complexes with parallel
conformation are rarely found in X-ray data, as stated above.
From these results, we concluded that the staggered conforma-
tion is normally preferred for the ligand.  Thus, we only de-
scribe MM calculations on the staggered conformations in de-
tail.

The Influence of the M–N Stretching Parameters on the
Conformation of the Complex.    We have been interested in
studying whether the overall conformation of the macrocycle,
especially the trend shown in Fig. 1, can been reproduced or
not by varying only the ideal bond length (r0).  In order to
study this, the optimized conformations of the macrocycle
complexes were calculated with increase of r0 of the M–N
bond (for every 0.05 Å).

In the staggered conformation, different initial structures do
not generally converge into one optimized structure for each
set of the MM parameters.  At first, the result for the ligand L
with ks = 0.5 mdyn Å−1 is described.  When the r0 value is in
the range 2.5–2.95 Å, there are two structures of local-mini-
mum-energy.  One conformer (skew) adopts D2 symmetry and
the other conformer (folded skew) has only one two-fold axis.
These are shown in Fig. 6 (b and c).  The skew conformer
shows lower MM energy than the folded skew conformation in
the range r0 = 2.5–2.75 Å, but the opposite results were ob-
tained in the range r0 = 2.8–2.95 Å.  The largest difference in
the MM energy between the two conformers is 0.93 kcal/mol
with r0 = 2.95 Å.

For other ks values, similar calculations were carried out,
and two local minimum structures were found in a certain
range of r0 value.  In Fig. 5, the dihedral angles of the two con-
jugated groups were plotted against the optimized M–N dis-
tance. If there are two energy-minimum structures starting Ta
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from the same r0, the geometrical parameters of the more sta-
ble conformer were plotted.  The plot shows a clear correla-
tion: i.e. the longer the M–N length, is the more the dihedral
angle.  There are two discontinuous points in the plot, at the
M–N distances of 2.8 Å and 2.65 Å.  The folded-skew confor-
mation is the most stable in the right side of the plot, the skew
(D2) conformer has the minimum energy between the two
points, and folded conformation (Fig. 6(d)) shows minimum at

the left side.  The MM result clearly represents the observed
feature depicted in Fig. 1.

The relationship between the optimized M–N length and the
dihedral angle of the macrocycle is independent of the stretch-
ing force constant ks, as seen in Fig. 5.  Although some disor-
der is seen around the discontinuous points, all the plots coin-
cide well with each other.  The result is interpreted as follows.
The stretching energy shows the minimum at the M–N length,
2.86 Å.29  If r0 is shorter than this, the optimized structure is
such that all the M–N bonds are too short to be fit within the
hole of the macrocycle, so that the ligand has more bend con-
formation and the M–N bond is more stretched from r0.  Thus,
if r0 is shorter than 2.86, the optimization with large ks parame-
ter gives a structure of shorter M–N length and more bend con-
formation, on the other hand, that with small ks parameter
gives longer M–N length and more planar conformation.

The above results show that the relationship between the op-
timized M–N length and the dihedral angle of the macrocycle
is reproduced independently of the value of ks.  Then what val-
ue of ks is the most reasonable?  We determined ks “experimen-
tally” as follows.  The optimized M–N length is more expand-
ed from r0 as the ks value becomes smaller and as r0 becomes
smaller.  Thus, if ks is small, the r0 vs optimized M–N length
plot has a small slope as shown in Fig. 7.  If ks is a very large
value, the slope of the plot should be close to unity.  It is rea-
sonable that the r0 value is in correlated with the bond radius of
the metal ions.  We assume that, if metal ions bond to a certain
donor atom, the change in the bond radii of the metal ions co-
incide with the change in r0.  In this study, we adopt “ionic ra-
dii in solution” 30 measured by solution X-ray technique as the
bond radius rather than the ordinarily used ionic radii obtained
from the data of ionic crystals,31 because 1) the latter varies
with the coordination number and 2) the former, which is a
measure of M–O (water) length, may correlate better with co-
ordination bonds than the latter.  Actually, the observed M–N
length determined by X-rays (Table 1) is in linear correlation
with the M–O length reported in Ref. 30, as shown in Fig. 8.
However, the slope is about 0.5 which is far smaller than unity.
This means the M–N bonds are expanded when a metal of
smaller ionic radius is encapsulated in the macrocycle.  We can
compare the plot with that in Fig. 7.  In Fig. 7, the slope is near
0.5 when ks has the value of 0.5 mdyn/Å; thus we conclude the

Fig. 5.   The dihedral angels calculated by MM method with
increase of r0 using the standard force constants for the
complex of L and LH.  Variation of the stretching force
constants, ks, from 0.2 to 2.0 mdyn Å−1.

Fig. 6.   Conformations of the optimized structure of ML
complex with ks = 0.5 mdyn Å−1; (a) r0 = 3.0 Å, (b) r0 =
2.7 Å, a folded-skew conformation, (c) r0 = 2.7 Å, a skew
conformation, (d) r0 = 2.4 Å, a folded conformation.

Fig. 7.   The optimized M–N length vs r0 plot calculated by
the MM method.  The solid lines shown in the figure are
the best-fit lines calculated by least-square’s method.
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ks (0.5 mdyn/Å) is approximately reasonable.
Figure 5 also includes the MM results for the macrocycle

complexes of the LH ligand.  The MM parameters were identi-
cal with those in the M–N complexes.  The initial structure is
made by simply deleting the four methyl groups from the ini-
tial structure of the L complex.  One notable result is that we
only found one local minimum in the MM energy potential for
each starting r0.  The optimized structure of the MLH complex
was found to be more planar than that of the ML complex.
Further, the dihedral angles of the LH ligand are less sensitive
to the M–N length.  This result agrees with the observed
trends, although the number of the reported samples of LH is
small (see Fig. 1).  For example, [Sm(LH)] complex, CCDC
code cerlug, shows the dihedral angles of 155 degrees and the
average M–N length of 2.633(2) Å; such geometry is far from
those of the other complexes of the L ligand.

M–N–X Bending and N–M–N–X Torsional Parameters.
Figure 9 shows the optimized geometry when r0 and the bend-
ing force constants, kb, were varied.  Although some minor dif-
ferences are observed, r0 vs the dihedral angles plots roughly
coincide with each other.  This result also shows the indepen-
dence of the MM force constants from the M–N vs dihedral
angle relationship.

For the torsional parameter, similar results were drawn; see
Fig. 10.  The variation of the V2 constant ranging from 1.0 to
10.0 kcal/degree was tested.  Although the dispersion of the di-
hedral angles is larger than in the preceding results, a similar
relationship is reproduced from the calculation with any tor-
sional parameters.

Conclusion of the MM Study.    In this study, extensive
calculations were performed to study the effect of the MM pa-
rameters on the optimized conformation of the macrocycle-
metal complexes.  We focused on the dihedral angle between
the two π-conjugated groups and the M–N distance.  Our re-
sults show that the relationship observed in accumulated X-ray
data (Fig. 1) is reproduced by the MM calculations based on
the POS method.  A reasonable ks value is determined to 0.5
mdyn/Å, which was obtained from the [r0] vs [optimized M–N
length] plots.  The macrocycle LH is essentially more planar
than L, as shown in the MM calculations and the X-ray data.
These results show that the M–N bond length and the substitut-
ed groups essentially determine the conformation of the mac-
rocyclic complexes, although the other effects (axial coordina-
tion and crystal packing effect) may play additional roles in the
conformation.

The authors are grateful to the Promotion and mutual aid
corporation for private schools of Japan for financial support.
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