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Abstract 

Quantum chemical calculations within the ab 
initio Hartree-Fock framework have been carried 
out for the complexes of Li(I) and Na(1) ions with 
both 1,4,7,10-tetraaza- and 1,4,7,10-tetraoxa-cyclo- 
dodecane, optimizing the conformation of ligands 
and complexes. In agreement with experimental 
findings, ab initio calculations predict the alternate 
and maxidentate as being the most stable structures 
of the poly-N and poly-0 ligands respectively. These 
conformations are also maintained in both com- 
plexes. The conformational changes to suit the metal 
being complexed consume only minor energies. When 
compared to the open chain analogues, the results 
show that much more energy input is necessary to 
change the structure of the open chain ligands to the 
optimal form for metal binding, especially in the 
case of polyethers. 

It is understood, therefore, that the peculiar 
stability of the complexes with macrocyclic ligands 
is mainly due to the rigid pre-strained conformation 
of these specific ligand types, ‘containing’ already the 
amount of strain energy which otherwise reduces the 
gain of energy by metal bonding considerably. 

Introduction 

The theoretical study of complexes of simple 
cyclic nitrogen and oxygen donor ligands is of 
considerable interest, as they can serve as models 
for natural and synthetic macrocyclic complexes. The 
term ‘macrocyclic effect’ was first introduced to 
specify the peculiar stability of metal complexes 
with cyclic ligands compared to analogous non- 
cyclic ligands [l] . Various conclusions were drawn 
concerning the factors influencing this effect. Some 
suggested that it is entirely due to the entropy term 
[2-S], while others [6] assumed that the enthalpy 
term should predominate. Summarizing all data, 
both enthalpy and entropy contributions seem to 
participate in this effect [7-91 . 

It is generally agreed that some extra stability 
arises from the smaller configurational entropy of the 
macrocycle. Margerum et al. [6] suggested that it 
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arose from the lower degree of solvation of the cyclic 
ligands. Fabbrizzi and co-workers [2], however, 
showed that ligand desolvation effects were over- 
estimated. Some other groups [8, IO-121 assigned 
special importance to a higher ‘ligand field strength’ 
of macrocycles compared to linear ligands. Other 
workers [8, 131 concluded that special stability 
is given because the cyclic ligand is pre-strained or 
pre-oriented, i.e. already in the conformation requir- 
ed for complex formation. 

At present, a few theoretical studies of macro- 
cyclic complexes have been made [ 14-171. In our 
work we have considered 1,4,7,10-tetraaza-cyclodo- 
decane (Lr3 and 1,4,7,10-tetraoxa-cyclododecane 

(Lib), which have been compared with their 
analogous linear ligands, 2,5,8,11-tetraaza-dodecane 
(La& 2,5,8,11-tetraoxa-dodecane (Lzb), 2,5-diaza- 
hexane (Lsa), and 2,5-dioxa-hexane (Lsb). Li(1) and 
Na(1) were selected as ions, having the same charge 
but different atomic radii (Li(1) = 0.60 A, Na(1) = 
0.95 A), so that the metal size effect could also be 
studied. 

The investigations included: (i) the conformation 
of the compounds in the form of free ligands and 
metal complexes, (ii) complexation energies of the 
cyclic ligands compared to that of the open chain 
ligands, and (iii) an analysis of the factors contribut- 
ing to the ‘macrocyclic effect’. 

Method 

Ab initio MO-SCF computations were performed 
using a minimal Gaussian lobe basis set [ 181. 
Although stabilization energies computed with this 
small basis set are usually over-emphasized, quanti- 
tative features of relative stabilities are satisfactorily 
reproduced in almost every case [16, 19-211. On 
the other hand, the size of the system under 
consideration did not allow the use of extended basis 
sets because of the enormous computation time that 
would have been required. For the same reason the 
experimental geometries of references [22-241 
(Table I) were used, and only the metal-ligand dis- 
tances, the torsion angles, (and thereby the ring size) 
were optimized with respect to total energy. 
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Fig. 1. The five types of possible conformations of 1,4,7,10-tetraaza-cyclododecane-metal complexes: (a) planar, (b) chair, (c) 

maxidentate, (d) alternate, (e) tetrahedral. 

All computations were performed at the CDC 
Cyber 74 computer of the University of Innsbruck. 

Results and Discussion 

Conformations 
Five types of cyclic ligand conformation were 

considered: planar, chair, maxidentate, alternate 

and tetrahedral forms (Fig. 1). In the planar form 
(Fig. la), all C and N or 0 atoms are located in the 
same plane. When the opposite dimethylene bridges 
are moved above and below the N or 0 plane, one 
obtains the chair form (Fig. lb). In the maxidentate 
form (C, symmetry), all dimethylene bridges are 
located on the same side of the N or 0 plane (Fig. 
lc). From the maxidentate form with torsion angle 
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TABLE I. Experimental Values for Bond Lengths (in A) and Angles of; Polyamine and Polyether Ligands. 
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Polyamine 

(a) (b) 

Polyether 

(a) (b) 

c-c 1.540 1.540 c-c 1 SO2 1.540 
C-N 1.470 1.470 c-o 1.430 1.426 
C-H 1.094 1.094 C-H 1.094 1.094 
N-H 1.014 1.014 c-o-c 113.60 111.50 
C-N-C 118.00 109.47 o-c-c 110.75 109.47 
N-C-C 104.40 109.47 Other angles 109.47 109.47 
Other angles 109.47 109.47 

(a) cyclic. (b) open-chain form. 

TABLE II. Total Energies (aeu) of the Various Conformations of the Macrocyclic Ligands 1,4,7,10_Tetraazacyclododecane (Li,) 
and, 1,4,7,10-Tetraoxa-cyclododecane (Ltb) (torsion angles of the most stable alternate and maxidentate forms in parentheses). 

Form 

Chair 
Planar 
Tetrahedral 
Maxidentate 
Alternate 

-452.02659 -519.30936 
-452.09954 -519.25549 
-451.95506 -519.23605 
-452.11372 (cr = 60”) -519.36377 (a = 65”) 
-452.12012 (o = 70”) -519.35638 (or = 75”) 

TABLE III. Total Energies of Li(1) and Na(1) Complexes in Various Conformations of the Macrocyclic Ligands 1,4,7,10-Tetra- 
azacyclododecane (Lh) and 1,4,7,10-tetraoxa-cyclododecane (Lib) (torsion angles for the most stable alternate and maxidentate 
foms in parentheses). 

Form Lla 

Li(1) Na(I) 

Lib 

Li(I) N+(I) 

Chair 
Planar 

Tetrahedral 
Maxidentate 

Alternate 

-458.53309 -601.01482 -525.77887 -668.44201 
-458.41390 -600.42282 -525.78822 -668.46967 

o.oa o.oa 0.5a 0.8= 
-458.38544 -600.24886 -525.47955 -667.21956 
-458.71247 (o= 60”) -601.29308 ((II = 74”) -525.86552 (or = 55”) -668.58551 (0~ = 65”) 

o.oa o.oa 0.5a 1 .oa 
-458.72705 (or = 65”) -601.31810 ((u = 87”) -525.85185 (0~ = 65”) -668.52135 (or = 82’) 

?he metal ion’s out-of-plane distance (in A) for the most stable planar and maxidentate forms. 

O’, by rotating the adjacent N or 0 atoms to the 
opposite side of the plane of C atoms the alternate 
form (C,,) is obtained (Fig. Id). Finally, when N or 
0 atoms are located in tetrahedral positions, one 
has the ‘tetrahedral’ form of Fig. le. 

For finding the most stable conformation, the 
values of the torsion angles (o) around the C-C bond 
((~oooo and oNCoN) for the maxidentate and alter- 
nate forms were optimized. In case of complex con- 
formations, the metal ions were positioned in the 
center of the ligand and the distance between the 
metal ions and the N or 0 plane (out-of-plane dis- 
tance) for the planar and maxidentate forms were 
also optimized. The results of these calculations are 

given in Tables II and III. In Table IV the minimum 
energy conformations for Lr, and Lrb, together 
with the optimized torsion angles, metal-donor 
atom and out-of-plane distances are summarized. 

The most stable conformation of Lr, is the alter- 
nate form with a torsion angle of 70’. In the com- 
plex the torsion angle is not the same as in the free 
ligand and depends on the type of metal ion bound- 
ed. In the complex with Li(I), the macrocyclic ring is 
contracted (from (Y = 70” to (Y = 64”), whereas in that 
of Na(1) it becomes larger (to OL = 87”). In experi- 
mental investigations with various types of metal 
ions, approximate cis-octahedral forms were observed 
[25-311 The exact cis-octahedral form is included 
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TABLE IV. Torsion Angles (Y, Metal-Donor Distances d (A) and N1 .*.N3 (01 . . ‘03) Distances D (A) for the Most Stable Con- 
formations of 1,4,7,10-Tetraaza-cyclododecane (Lh) and 1,4,7,10-Tetraoxa-cyclododecane (Lib), and Their Complexes with 
Li(I) and Na(I) Ions. 

Form 

Lh Alternate 
Lib Maxidentatea 

L 

Q 

70 
65 

D 

3.78 
4.10 

L + Li(1) L + Na(1) 

OL d D (Y d D 

64 1.88 3.72 87 2.08 4.09 
56 2.04 4.08 65 2.28 4.10 

aFor the maxidentate form, Li(1) and Na(I) ions are located out of the 0 plane 0.5 A and 1.0 A respectively. 

in our optimization of the alternate form, but our 
results indicate that this form of the L1, complex is 
more or less distorted, in agreement with X-ray data 
showing N-M-N angles deviating from the exact 
cis-octahedral angles [32] . 

Some other data [30, 311 indicate that for L1, 
complexes more or less distorted square coplanar 
conformations can be observed with increasing 
temperature and ionic strength of the solvent. In 
this case our calculations predict that the maxidentate 
conformation (four N atoms are in the same plane) 
should be formed, as the energy difference between 
the most stable alternate to the maxidentate form is 
small, amounting to 9.2 and 15.1 kcal/mol for Li(I) 
and Na(I) complexes (Table II). Upon this conforma- 
tional rearrangement the M’--N distance changes only 
in the case of Na(1) (from 2.08 a to 2.01 a). 

No experimental data have been reported on these 
complexes. Although it is obviously not sufficient 
to consider only the relative size of the metal ions 
and the aperture of the free ligand, it is interesting 
to compare the M-N distances of 1.90, 1.93 and 
2.03-2.10 a measured for Ni(I1) [8], Co(H) [32] 

and Cu(I1) [33] complexes with our data 
(atomic radii; Li(1) = 0.60 A, Ni(I1) = 0.69 A, 
Co(I1) = 0.70 A, Na(1) = 0.95 A and Cu(I1) = 
0.96 A). 

Our N1***** N3 distance characterizing the ring 
size for free L1, (3.88 A) is significant larger than 
that calculated by Busch et al. [14]. In their calcula- 
tions (3.66 a), however, the four N atoms are in 
a square planar arrangement (corresponding to a 
maxidentate form with torsion angle of 50” in our 
calculations), which is surely not the most stable 
form. Complexes of this structure have never been 
isolated [S, 8,23,24,35]. 

For 1,4,7,10-tetraoxa-cyclododecane, L1b, the 
minimum conformation is the maxidentate form 
(Table III). The conformation of its complex with 
Na(1) ion is the same as that of the free ligand (CX = 
65”, 0, *.**03 = 4.10 A), whereas Li(1) makes the 
ring smaller and changes the ligand conformation 
from (Y = 65’ to a! = 56” (01.***03 = 3.96 a). Appar- 
ently the structure of this ligand is ideal for sodium 
ions, as can be seen from the stabilisation energy 

TABLE V. Total Energies (aeu) of Li(1) and Na(I) Ions Com- 
plexes with Open Chain Ligands. 

(a) 2,5,8,11-Tetraazadodecane (Lza) and 2,5,8,11-Tetraoxa- 
dodecane (LZb) 

Form LZa L2b 

Li(1) ion -6.40997 -6.40997 
Na(I) ion -149.12772 -149.12772 
L(expand.) -453.12195 -520.41694 
L(contract. a) -453.09368 -520.34534 
L(contract. b) -453.08922 -520.35027 
L(contract. a) + Li(1) -459.67507 -526.85291 
L(contract. b) + Na(1) -602.27994 -669.56121 

(b) 2,5_diaza-hexane (L& and 2,5dioxa-hexane (L3b) 

Form L3a L3b 

L(frans) -227.05951 -260.70744 
L(cis) -227.05666 -260.69937 
2L(dimer a) -454.15970 -521.33661 
ZL(dimer b) -454.16495 -521.33794 
ZL(dimer a) + Li(1) -460.62256 -527.85392 
2L(dimer b) + Na(1) -603.24158 -670.53783 

data in Table VI. In this compound, Li(1) and Na(1) 
ions stay above the plane of the 0 atoms (0.5 ,& for 
Li(1) and 1.0 ,& for Na(I)), rather than to induce a 
larger deformation of the ligand. 

The experimental results [22] and other calcula- 
tions [ 15, 17, 191 obtainable for this ligand are 
similar to our findings. Fukui et al. [ 171 using 
the CNDO/2 method, suggested the maxiden- 
tate form for both free ligand and its Na(1) 
complex, Na(1) out of plane by 1.5 8. Pullman 
et al. [ 151 performed ab initio calculations 
using another minimal (STO-3G) basis set. 
Almost the same stabilization energy for maxi- 
dentate and alternate forms was obtained for 
both free and Li(I)-bound ligands (Li(1) out of 
plane by 0.4 A in the alternate form). Some 
small discrepancies may be due to the geo- 
metrical data of large compounds being used 
for the ligand in their calculations. 
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TABLE VI. Energy Balance for Complex Formation Processes of Li(1) and Na(I) Complexes with Cyclic and Open Chain Ligands. 

(a) Macrocyclic Ligands, Lh and Lib 
process 

L1, 

Li(I) WI) 

Lib 

Li(1) WI) 

la) L(conf. 1) -L(conf. 2) +0.9 +8.9 +5.3 0.0 
2.a) L(conf. 2) + M+ - ML+ -123.6 -43.5 -51.6 -59.0 
3a) overall process: 

L+W - ML+ -122.7 -34.6 -52.3 -59.0 

(b) open chain ligands, Lza and L2b 
process 

1 b) L(expand.) - L(contract.) 
2b) L(contract.) + I@ - ML+ 
3b) overall process: 

L(expand.) +M+ ___f ML+ 

L2a 

U(1) 

+17.7 
-107.6 

-89.9 

Na(I) 

+20.5 
-39.5 

-19.0 

L2b 

LitI) 

44.9 
-61.3 

-16.3 

WI) 

+41.8 
-52.2 

-10.4 

cl open chain ligands, L3a and LJb 
process 

J-3, 

Li(1) Na(I) 

L3b 

Li(1) NaO) 

lc) L(frans) - L(cis) 
2c) ZL(cis) ---+ Lz(dimer) 
3c) Lz(dimer) +M’ - M(L2)+ 
4c) overall process: 

ZL(frans) + M+ - M(L2)+ 

+1.8 +1.8 +5.1 +5.1 
+29.1 +32.4 +39.0 +38.2 
-90.3 -28.4 -61.4 -45.3 

-59.4 +4.8 -23.3 +2 .o 

b 
Fig. 2. 2,5,8,1 l-tetraazadodecane configurations: (a) expanded form, (b) contracted form with Li(1) ion. 

Macrocyclic Effect respectively. A negative energy sign denotes a net 
The complexation energies of the macrocyclic gain of energy in the reaction. 

ligands and their open chain analogues are given in The conformation of the open chain ligands is 
Table VI. The conformations 1 and 2 represent the shown in Fig. 2a (L23 and Fig. 3a (L32. Before 
most stable free and metal-bonded cyclic ligands, complexation, Lza and L2b have to be contracted 
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a b 

C 

Fig. 3. 2,5diaza-hexane configurations: (a) tram form, (b) cis form, (c) dimer form with Li(I) ion. 

to a geometry suitable for complex formation (Fig. 
2b) and Lsa and Ls,, have to change from tram 
(Fig. 3a) to cis conformation (Fig. 3b) and to a 
‘dime? structure as shown in Fig. 3c. 

In our calculations on these contracted and 
dimer forms, the macrocyclic geometrical para- 
meters were used, thus obtaining conformations 
analogous to metal-bound macrocyclic ligands 
(conformation 2). 

The results are collected in Table VI. The Lt 
complex with Li(1) is considerably more stable 
than the corresponding Na(I) complex (see eqns. 3a 
and 3b). The consumed energies are due to the con- 
formation change (eqns. la and 1 b) before complexa- 
tion and the nature of these ions in the complex 
formation step (eqns. 2a and 2b). Comparing the 
macrocyclic ligand with the open-chain ligands Lza 
and Lsa, ‘macrocyclic effects’ of 32.8 and 63.6 kcal/ 
mol for Li(I) and 15.6 and 39.4 kcal/mol for Na(I) 
result. The analysis of energy contributions to these 

values shows clearly that the main factor is the strain 
energy (eqns. 1 a, 1 b and Ic + 2c, Table VI). 

A smaller but still important contributing factor 
(especially in the Li(I)-Lr, complex) is the stronger 
binding of the metal ions by the cyclic ligand in the 
complexation process (eqns. 2a, 2b and 3c, Table VI), 
which should be due to the more flexible electron 
distribution in the ring system. 

In the case of O-containing ligands, both Li(I) 
and Na(I) complexes show an opposite order 
(Na(1) > Li(1)) for the macrocyclic effect (36.0 
and 29.0 kcal/mol for Li(I) and 48.6 and 61.0 kcal/ 
mol for Na(I)). Apparently, the smaller intrinsic 
affinity of the Na(I) ion is compensated by a better 
fit of this ion to the ligand structure. In the case of 
these ligands, complex stabilization seems to be 
mainly due to this macrocyclic ‘prestrain-energy 
content’. 

In our calculations, solvent and entropy effects 
are neglected. The small basis set used might have 
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affected the absolute stabilization energies, in the 
form of some over-estimation. The relative order, 
however, can be assumed to be quite reliable. There- 
fore, the conclusion that the peculiar stability of the 
complexes with macrocyclic ligands and thus the 
‘macrocyclic effect’ are mainly due to the rather rigid 
pre-strained conformation of these specific ligands 
‘containing’ already the amount of strain energy, 
which otherwise would compensate much of energy 
gain in the complex formation step, seems to be justifi- 
ed and be based on a satisfactory quantum chemical 
foundation. 

These strain energies when taken as an enthalpic 
effect would correspond to entropy changes of -60 
to -150 cal/mol*K. Such high values are not very 
likely to occur in solvation/desolvation processes. 
Therefore, the entropy term should be only of secon- 
dary importance concerning the extra stability of 
macrocychc complexes. 
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