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The data of quantum-chemical calculations of structures of (5.6.5)macrotricyclic metallocomplexes that may 
be formed as a result of template synthesis in the MII – organic compounds having N and S donor atoms [(N,S)-
ligson, L1] – monocarbonyl or dicarbonyl compound [(O)-ligson, L2] (M = VO, Cr, Mn, Fe, Co, Ni, Cu, Zn, L1 
– ethanedithioamide-1,2 H2N–C(S)–C(S)–NH2, L2 – methanal CH2O or propanone H3C–C(O)–CH3)  using DFT 
B3LYP hybrid method with 6-31G(d) basis set and Gaussian 98 program,  are presented. Coordinates of all atoms 
contained in «template» metallocomplexes, the lengths of bonds, valence and torsion angles between various atoms 
were calculated. An unusual character of change of these parameters depending on M nature, is noted and, also, the 
fact that N–C–O–C–N and N–C–C–C–N groups of six-numbered metalcycles contained in given complexes, are not 
in the same flatness with MN2S2  groups is discussed.
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Introduction

One of the most important methods of obtaining of 
metallomacrocyclic coordination compounds is template 
synthesis where macrocyclic ligand is formed from simple 
acyclic organic compounds (ligand synthons or ligsons). 
This method allows to obtain the metallocomplexes, the 
synthesis of which by traditional methods is either difficult or 
impossible.[1-5] As a rule, template synthesis is accompanied 
with considerable decrease of entropy of reaction and 
proceeds under rather hard conditions. This synthesis may 
be facilitated by using biopolymer-immobilized matrix 
systems providing preliminary decrease of entropy of 
reactionary medium.[6-8] One of the ligsons in given process 
(L1) may be organic compound containing two (C=S) groups 
and N donor atoms, for example ethanedithioamide-1,2, 
H2N–C(=S)–C(=S)–NH2, or propanedithioamide-1,3, 
H2N–C(=S)–CH2–C(=S)–NH2. As another ligson (L2), 
some organic compounds containing one or two carbonyl 
groups (C=O), may be used, for example methanal 
H2C=O, propanone H3C–C(=O)–CH3, ethanedial-1,2 
HC(=O)–CH(=O), etc. The fact of template synthesis into 
triple systems containing MII ion (M= Co, Ni, Cu), ligand 
synthons L1 and L2 indicated, was evidenced before in[9-13]. 
Also, some details related to coordination of corresponding 
macrocyclic ligand to metal ion in metalocomplexes formed 
as a result of such a template synthesis, were ascertained. 
However, space structure of these complexes has not 
been reliably established up to now. The point is that their 
isolation in crystalline form suitable for X-ray diffraction 
analysis, is extremely difficult. In this connection, non-
empirical quantum-chemical calculation of structure of 
metalmacrocyclic coordination compounds formed in the 
[MII– L1– L2] triple systems, becomes particularly actual. 

One of the most suitable methods for such a calculation 
is hybrid method of the density functional theory B3LYP 
(further DFT B3LYP) with 6-31G(d) basic set[14,15] which was 
successfully used in many works published before.    

The simplest of triple systems indicated are [MII 
ion – ethanedithioamide-1,2 – methanal] and [MII ion – 
ethanedithioamide-1,2 – propanone]. The present paper 
is devoted to namely these systems. Quantum-chemical 
calculation of metalcomplexes formed as a results of 
template reactions in the given systems with using DFT 
B3LYP method, was carried out by us for the first time. 

Method

DFT B3LYP level of theory[14] was used by us for calculations. 
It is hybrid DFT method using Becke function (1988) including 
Slater exchange, by beginning with amendment including density 
gradient, and correlation function of Lee, Yang and Parr, which 
includes local and non-local therms.  

The energy values E were calculated according to Equation 
1, where V is nuclearic energy of repulsion, <hP> – one-electronic 
(kinetic + potential) energy, 1/2<PJ(P)> – energy of electrons 
repulsion, EX[P] – exchange function; EC[P] – correlation 
function. 

E = V + <hP> + 1/2<PJ(P)> + EX[P] + EC[P]      (1)

6-31G(d) basis set where each inner atom orbital (AO) is 
described by six functions of Gauss type (GTO), valence 2s- AO 
– by three GTO, valence р-АО – by one GTO, with addition of 
polarization d-GTO to each р-function, was used. All calculations 
were made with using Gaussian 98 program.[15]

According to the published experimental data,[9-12] (N,N,S,S)-
coordination of donor centers of template ligand to metal ion 
occurs in the complexes formed in the [MII – ethaneditioamide-1,2 
– methanal] and in the [MII – ethaneditioamide-1,2 – propanone] 
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triple systems (M= Co, Ni, Cu). In this connection, the following 
structures of complexes which may be theoretically expected as a 
result of possible template reactions in the triple systems indicated, 
were considered in our work (atoms numbering is shown by figures; 
M= VO, Cr, Mn, Fe, Co, Ni, Cu, Zn). 

We have calculated the geometrical parameters of the 
structure of these complexes for each of MII ions indicated above 

Table 1.  Relative energies in basic and in highly excited states with various MS values in metalmacrotricyclic compounds of type 1.  

MII Electron 
configuration

Relative energies for states with various spin multiply MS, kJ/mole *
1 2 3 4 5 6

MnII 3d5 - 171.5 - 92.5 - 0
FeII 3d6 198.5 - 19.5 - 0 -
CoII 3d7 - 15.6 - 0 - 107.1
NiII 3d8 30.4 - 0 - - -
CuII 3d9 - 0 - 117.6 - -
ZnII 3d10 0 - 135.3 - - -

Table 2.  Relative energies in basic and in highly excited states with various MS values in metalmacrotricyclic compounds of type 2.  

MII Electron 
configuration

Relative energies for states with various spin multiply MS, kJ/mole *
1 2 3 4 5 6

MnII 3d5 - 158.9 - 43.0 - 0
FeII 3d6 158.2 - 10.8 - 0 -
CoII 3d7 - 10.3 - 0 - 81.3
NiII 3d8 0 - 25.6 - - -
CuII 3d9 - 0 - 93.9 - -
ZnII 3d10 0 - 65.7 - - -

* “ – “ non-existing spin states for given MII.

(Cartesian coordinates of all atoms, length of bonds, valence and 
torsion angles between various atoms). 

Results and Discussion

According to data of these calculations, 
metalmacrotricyclic complexes 1 as well as complexes 2 of 
MnII, FeII and CoII are high-spin complexes (spin multiply 
of basic state is 6, 4 and 3, respectively). The basic states of 
CuII and ZnII compounds 1 and 2 are spin doublet and spin 
singlet, respectively. NiII complex of type 1 is paramagnetic 
and has MS value = 3; however, NiII complex of type 2 is 
diamagnetic and has MS = 1. The data concerning energies 
of states with various MS is presented in the Tables 1-2. 

The data on (N,N,S,S) coordination to M in complexes 
1 and 2 are presented in the Table 3. As may be seen, various 
types of planar or tetrahedral coordination of donor centers 
of macrocyclic ligand occur to be depending on the metal 
nature. The examples of space structures of complexes 
considered are shown in Figures 1, 2. The change of M–N 
and M–S bonds lengths depending on M nature are shown 
in Figures 3, 4; separate valence and torsion angles - in 
Figures 5-8. The data of Figures 3-4 bear testimony that 
M–N and M–S bonds lengths in the complex 1 as well as 
in the complex 2 are rather considerably distinguished. 
Moreover, the lengths of two M–N bonds [M(13)N(5) and 
M(13)N(7)] and two M–S bonds [M(13)S(4) and M(13)S(12)] 
distinguished between themselves, too. This distinction is 
more noticeably pronounced in the case of complexes 2; 
most sharply it develops for M–N bonds in the complexes 
of NiII and ZnII [in the case of ZnII, the distinction between 
of two M–N bonds surpasses 40 pm (213.7 and 257.3 pm, 
respectively)], for M–S bonds, in the CoII complex. As it 
may be seen from the Figure 3, in complexes of type 1, the 
most long and the most short M–N bonds are observed in 
the case of MnII and ZnII, the most long and the most short 
M–S bonds – in MnII and NiII complexes, respectively. In the 

Complex 1

Complex 2
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Table 3. MS values of basic state and (N,N,S,S) coordination to M in complexes 1 and 2 for various metals.

M Complex 1 Complex 2
MS (N,N,S,S) coordination to M MS (N,N,S,S) coordination to M

VO 2 Plane 2 Tetragon-pyramidal
Cr 5 Quasi-plane 5 Plane
Mn 6 Quasi-plane 6 Quasi-plane
Fe 5 Quasi-plane 5 Quasi-plane
Co 4 Quasi-plane 4 Quasi-tetrahedral
Ni 3 Quasi-tetrahedral 1 Plane
Cu 2 Plane 2 Plane
Zn 1 Quasi-tetrahedral 1 Quasi-planar

Figure 1. The space structure of complexes 1: NiII (left) and CuII (right).

Figure 2. The space structure of complexes 2: MnII (left) and CoII (right).

Figure 3. Changes of length of M-S and M-N bonds for template complexes formed in MII– ethanedithioamide-1,2 – methanal systems:  
Left:  M(13)-N(5) (black), M(13)-N(7) (grey), Right: M(13)-S(4) (black), M(13)-S(12) (grey).
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Figure 4. Changes of length of M-S and M-N bonds for template complexes formed in MII – ethanedithioamide-1,2 – propanone systems. 
Left:  M(13)-N(5) (black), M(13)-N(7) (grey), Right: M(13)-S(4) (black), M(13)-S(12) (grey).

Figure 5. Changes of valence angles for template complexes formed in MII – ethanedithioamide-1,2 – methanal systems. 
Left:  ∠MNM (black), ∠SMS (grey), Right: ∠S(4)M(13)N(5) (black), ∠N(7)M(13)S(12) (grey).

Figure 6. Changes of valence angles for template complexes formed in MII – ethanedithioamide-1,2 – propanone systems. 
Left: ∠MNM (black), ∠SMS (grey), Right: ∠S(4)M(13)N(5) (black), ∠N(7)M(13)S(12) (grey). 
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Figure 7. Changes of valence angles sum (VAS) and torsion angles for template complexes formed in M(II)– ethanedithioamide-1,2 – 
methanal systems. Left: (VAS-360o) (black), ∠N(5)S(4)S(12)N(7) (grey), Right: ∠N(5)N(7)C(20)O(18) (black), ∠N(5)M(13)N(7)C(20) 
(grey).  

complexes of type 2, the most long and the most short length 
bond for both M–N and M–S bonds are observed in the case 
of MnII and ZnII complexes (Figure 4).

The dynamics of changes of N(5)M(13)N(7), S(4)M(13)
S(12), S(4)M(13)N(5) and S(12)M(13)N(7) valence angles 
for various M in the complexes considered is once more 
interesting (Figures 5-6). It is noteworthy that the values of  
N(5)M(13)N(7) and  S(4)M(13)S(12) angles very strongly 
depend on M nature whereas the values of S(4)M(13)N(5) and 
S(12)M(13)N(7) angles – comparatively small distinguished 
between themselves. It my be believed in this connection that 
the «bite» of the N-C-C-S ligating moieties remains relatively 
constant as one would expect (hence, the angle S-M-N 
remains constant), and that the two approximate chelating 
plans formed by the two ethanedithioamide moieties can 
indeed twist with respect to each other (taking advantage 
of the chain of σ-bonds connecting them), leading towards 
tetrahedral geometries and therefore affecting the N-M-N 
and S-M-S angles. The magnitude of these changes is indeed 
expected to mirror the tendency of these metals to leave the 
square-planar geometry and adopt tetrahedral geometry. The 
character of change of N(5)M(13)N(7) angle values in the case 
of complex 1 leaps to the eye in the ordinary sense of the 
word – from VO to Mn these values increase, from Mn to Co 
– decrease, from Co to Ni – sharply increase and from Ni to 
Zn – sharply decrease (Figure 5, left). In the case of complex 
2, on the contrary, for Ni this angle has a minimum (Figure 6, 
left). The curves of change of values of S(4)M(13)S(12) angle, 
however, is similar for these complexes (Figures 5, 6) and 
may be considered as «mirror reflection» of curves of change 
of N(5)M(13)N(7) angle for complexes 2: minimal value of it 
occurs for MnII, maximal one – for Ni. It should be noted in 
this connection that in the case of NiII complex 2 the angles 
N(5)M(13)N(7) and S(4)M(13)S(12) are practically equally 
(91.3 and 89.3o, respectively). The distinction between S(4)
M(13)N(5)  and  S(12)M(13)N(7) valence angles for various 
M in these complexes shows itself in considerably lesser 
degree (Figures 5-6); it is extremely appreciably only for ZnII 
complex of type 2 (Figure 6, right). 

It is also interesting to see the dynamics of change of 
valence N(5)M(13)N(7), S(4)M(13)S(12), S(4)M(13)N(5) and 
S(12)M(13)N(7) angles sum (VAS) (Figures 7-8) because 
given parameter may be as criterion of degree of departure 
of MN2S2 chelate grouping of atoms from the plane 
structure. As may be seen from the Figures 7-8, almost for 
all complexes of types 1 and 2 (VAS-360o) is negative and, 
besides, as a rule, its absolute value is lesser than 10o. Sole 
exception to this rule is NiII complex of type 1 where (VAS-
360o) is 31.7o.  The values of torsion angles N(5)S(4)S(12)
N(7), N(5)N(7)C(20)O(18), N(5)M(13)N(7)C(20) in the case 
of complex 1 and N(5)S(4)S(12)N(7), N(5)N(7)C(18)C(27), 
N(5)M(13)N(7)C(18) – in the case of complex 2, which are 
presented in the Figures 7, 8, testify to that six-numbered 
chelate cycles N(5)–C(19)–O(18)–C(20)–N(7) (in complexes 
of type 1) and N(5)–C(17)–C(27)–C(18)–N(7) (in complexes 
of type 2) are not in the same flatness with MN2S2 grouping. 
Moreover, these cycles are not plane themselves – oxygen 
atom O(18) (in the complex 1) and carbon atom C(27) (in the 
complex 2) are deflected from flatness of N–C–C–N atoms 
on rather considerable angles. And so, in anyone of these 
complexes chelate macrocycle is not plane.

Conclusions

To summarize the aforesaid, it may be ascertained 
that any of (5.6.5)macrotricyclic MII complexes with ligands 
arising as a result of template reactions in the MII – ethane- 
dithioamide-1,2 – methanal and MII – ethanedithioamide-1,2 
– propanone triple systems, as a whole, is not plane. Moreo-
ver, MN2S2 metalchelate junction is not strictly plane, too, 
because for the each of complexes 1 and 2 the values of sum 
of valence angles (VAS) is not equal exactly 360o (although 
VAS-360o values, as a rule, are relatively small – lesser than 
10o). The first as well as the second is a little unexpected 
thing because, a priori, it should be expected that all these 
complexes considered would have coplanar structure. It is 
noteworthy in this connection that additional metalcycles 
formed as a result of template “stitching”, are not plane 
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themselves, too – oxygen atom (in the complex 1) and 
carbon atom (in the complex 2) are deflected from flatness 
of N–C–C–N atoms on rather considerable angles. Both 
complexes 1 and complexes 2 are strongly asymmetric and, 
at the best, have only one element of symmetry, namely 
symmetry plane passing through M atom and O (in the 
case of complexes 1) or C (in the case of complexes 2) atom 
contained in 6-membered metalchelate cycles.

Finally, it may be noted that the character of change 
of bonds lengths, of valence and torsion angles in the com-
plexes 1 and 2 under examination is unusual and cannot be 
adequately interpreted at the present time. Some details may 
be understand somehow [for example, d(M–N) and d(M–S) 
values which reach of maximum for MnII, may be connected 
with availability of MnII of half-filled electron configuration 
3d5] but most of the data obtained by us, demand a special 
consideration and subsequent researches. These and similar 
data are certain interest for structural coordination chemis-
try of macrocyclic complexes, the more so that experimental 
determination of molecular structures of compounds consid-
ered in the given paper is so far extremely difficult thing. 
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Figure 8. Changes of valence angles sum (VAS) and torsion angles for template complexes formed in MII – ethanedithioamide-1,2 – 
propanone systems. Left: (VAS-360o) (black), ∠N(5)S(4)S(12)N(7) (grey), Right: ∠N(5)M(13)N(7)C(18) (black), ∠N(5)N(7)C(18)C(27) 
(grey).  


