
Russian Chemical Bulletin, Vol. 46, No. 7, July, 1997 1221 
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A new approach combining the molecular mechanics (MM) method and the Gillespie-- 
Kepert model was applied to calculate the geometry and strain energy of zinc(n) and 
cadmium(~l) complexes with amino- and pyridyl-containing ligands. High accuracy of 
calculations of the geometry was demonstrated for more than 20 compIexes of the~ metals. 
Typical r.m.s, deviations between the calculated and experimental values (X-ray diffraction 
analysis) were 0.02 A for bond lengths, 2 ~ for bond ang!es, and 4 ~ for torsion angles. The 
size-match selectivity of several macrocycles and polydentate open-chain ligands was 
studied. Correlations between the calculated strain energies of metal complexes and the 
experimental values of their stability constants and enthalpies of formation are discussed. 
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cadmium(HI complexes. 

Molecular mechanics (MM) is a recognized method 
used for theoretical investigations in the field of coordi- 
nation chemistry. 1 With the aid of this method the 
structure and properties of  a wide variety of complexes 2 
have been studied, and the molecular design of new 
reagents 3 has successfully been performed. However, the 
commonly used version of the method has drawbacks 
associated with the "idealization" of  the coordination 
geometry, of the compound under study. Hence, the 
structures of  metal complexes with strongly distorted 
coordination polyhedra as well as reorganizations of the 
polyhedra are poorly reproduced. It is possible to ad- 
equately describe the geometry of complexes of a metal 
with various coordinat ion numbers only if  individual 
parameters are used for each species. In this connection, 
interest in improving the routine of  the MM method has 
grown among researchers in recent years. 

Previously ,  4 we suggested " incorporat ing"  the 
Gi l lespie--Keper t  model,  well known in qualitative ste- 
reochemistry, into the MM method.  The force field (a 
set of calculated parameters) of complexes of iron(H) 
and nickel00 with amino- and pyridyl-containing ligands 
has been successfully used to describe properties of  
several transition metal complexes. In this work, the 
force field parameters  were determined on the basis of 
the Gi l lesp ie- -Keper t  model  in the framework of  the 
MM method ( M M G K )  and the structure and properties 
of  several zinc(II) and cadmium(Il l  complexes with 
ligands containing donor atoms of  amine and pyridyl 
nitrogen were studied. Zinc is one of  the most important 

biometals; in many cases the mechanism of  the action of 
zinc-containing biologically active substances (for in- 
stance, human carboanhydraze) includes changes in the 
coordination number of zinc. The version of the MM 
method presented in this work and tested on 17 z inc00  
complexes makes it possible to calculate the geometry_ of  
metal complexes with various coordinat ion numbers. 
We particularly emphasize that  the structures of zinc(H) 
complexes with coordination numbers 4, 5, and 6 were 
calculated with the same set of  parameters.  

As far as we know, attempts to study zinc complexes 
by the MM method have mostly been undertaken with 
the aim of  elucidating the mechanism of  the action of 
various zinc-containing proteins and enzymes (for in- 
stance, human carboanhydraze  ( H C A  II) s - 7  etc.), 
whereas little attention has been paid  to problems of  the 
adequacy of  parametrization. The authors of  Ref. 7 
fitted parameters only for zinc complexes with mono-  
dentate ligands; however, even for these substances the 
calculated and experimental structural data were not 
compared. In Ref. 5 the parameters for calculations by 
the MM method were fitted for only one structure, 
HCA II. In a number of works, s,9 calculations of  zinc 
and cadmium complexes with low-molecular  ligands by 
the MM method have been described; however, the 
parameters used in those works were tested only for two 
compounds,  Zn([161aneN4)8 and Cd(L 3) (L 3 is a 
macrocycle with the O2N4-donor set). 9 The parametf i-  
zation we present adequately reproduces the geometry. 
of  17 zinc(Ill and 6 cadmium0Q complexes (Table 1). 
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Table 1. The calculated and experimental geometries of zinc(IJ) and cadmium(II) complexes (1--23, M = Zn (a), Cd (b)) 

Com- M--N bond tength/A N - - M - - N  Bond angle/des D Refe- 

pound X-ray analysis Calculation X-ray analysis Calculation rence 

la 2.05 2.04 90.0, 180.0 90.0, I80.0 0.0, 0.0 12 

2a 2.04 2.02 97.6, 115.7 98.4, 115.3 �9 13 

3a 2.00 1.98 104.8, 118.2 107.2, 113.9 �9 14 

4a 2.00 1.98 103.1, 123.1 104.7, 119.4 3.2, 6.0 s 

5a 2.08 (e), 2.21 (a) 2.13 (a), 2.19 (e) �9 13 

6a 2.20, 2.18. 2.18, 2.17, 78.9, 84.5, 91.5, 79.3, 83.2, 93.2, 2.0, 5.3 15 
2.09 (am) 2.11 (am) 93.5, 107.8, 104.2, 96.4, 103.0, 105.0, 
2.01, 2.02 (arom) 2.03, 2.04 (atom) 130.4, 146.5 125.6, 151.2 

7a 2.07, 2.26, 2.10, 2.22, 77.7, 83.9, 99.2, 76.5, 82.0, 96.5, 2.2, 4.4 16 
2.30 (am) 2.23 (am) 93_8, 100.2, 102.6, 97.6, 102.6, 103.9, 
2.01, 2.06 (arom) 2.07, 2.07 (atom) 142.4, 133.4, 155.2 138.2, 139.5, 153.0 

8a 2.08, 2.25 (am) 2.08, 2.23 (am) 77.9, 83.7, 88.2, 75.9. 85.1, 89.5, 1.7, 2.4 17 
2.00 (arom) 2.06 (arom) 114.2, 135.9, 155.9 115.5, 135.3, 151.9 

9a 2.22 2.22 81.2, 93.2, 92.9, 171.5 83.0, 91.9, 93.7, 172.6 * Is 

10a 2.15. 2.24, 2.26 2.15, 2.23, 2.26 79.8, 80.8, 87.5, 90.5, 8t.9, 82.4, 85.7, 89.9, 2.5. 6.2 19 
97.7, 98.1, 101.9, 95.2, 99.0, 100.8, 
159.6, 177.5 162.6, 176.4 

l l a  2.17 2.18 �9 z0 

12a 2.19 2.18 �9 zl 
13a 2.10, 2.2l 2. I2, 2.21 78.9, 81.1, 86.8, 93.3, 81.5, 85.9, 88.4, 91.7. 2.9, 4.7 zz 

98.4, 101.6, 177.3, 178.7 93.9, 98.7, 175.4, 179.7 

14a 2.15 (am), 2.18 (am), 80.4, 87.0, 93.0, 80.7, 85.3, 94.6, 1.4, 8_0 z3 
2.15 (atom) 2.13 (atom) 99.6, 180.0 99.3, 180.0 

15a 2.2l (am), 2.22 (am), 75.1, 82.5, 104.9, 75.7, 84.4, 104.3, 1.3, t.7 24 
2.11 (atom) 2.11 (arom) 105.3, 150.2, 180.0 102.7, 151.4, 180.0 

16a 2.22 (am), 2.22 (am), 75.1, 82.5, 104.9, 76.3, 84.3, 103.7, 1.9, 3.6 z5 
2.08 (atom) 2.08 (atom) 105.3, 150.2, 180.0 102.3, 152.5, 179.9 

17a 2.13 2.13 85.4, 93.5, 180.0 85.3, 93.6, 180.0 0.8, 1.7 z6 

9b 2.37 2.39 75.1. 93.9, 96.2, 166.6 77.8, 95.9, 93.8, 167.6 4.1, 6.2 z7 

l i b  2.36 2.34 �9 zs 

12b 2.30 2.28 �9 zl 

14b 2.34 (am), 2.36 (am), * "-3 
2.35 (atom) 2.36 (arom) 

15b 2.38 (am), 2.36 (am), 71.6, 78.2, 108.4, 71.3, 80.4, 108.7, 1,9, 2.2 29 
2.31 (atom) 2.31 (atom) 113.7, 143.2, 174.8 111.9, 142.5, 179.9 

16b 2.38 (am), 2.36 (am), �9 25 
2.26 (atom) 2.26 (arom) 

.Vote. D is the r.m.s, deviation between the calculated and experimental values (over all bond and torsion angles, respectively); 
e, a, am, and arom denote the equatorial, axial, amine, and aromatic N atom, respectively. 
* Experimental data are incomplete or erroneous. 

T h e  f o r c e  f ie ld 

The total  confo rmat iona l  energy of  a mo lecu le  is 
described by the expression 4 

Eco.f = E(E~ + EGK + E~ + ~ + E,,~B + Eimp), 

where E b = 0.5Kb(r - t o )  2 is the energy of  bond defor-  
mat ion,  EGK = Ai j /R i j x~  is the energy of  "bond repul-  

sion", E a = 0.5Ka(0 - 00) 2 is the energy o f  deformat ion  
o f  the bond angle, E t = 0.5V0(1 + cos(n~ + 8)) is the 
torsional energy, ENB = A / R  1~- -- B / R  6 is the  energy of  
nonbonding interactions,  Limp = 0-5KimpW 2 is the  en-  
ergy o f  the ou t -o f -p lane  deviat ions (for conjugated sys- 
tems).  

The  force field for comput ing  meta l  complexes  con-  
sists o f  two parts: the "organic" part, corresponding to 
the ligands, and the "meta l -dependen t"  part,  which in- 
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Fig. !. "Repulsion of  bonds" in the coordination sphere of the 
metal. 

e ludes  a set o f  p a r a m e t e r s  for  the  c o o r d i n a t i o n  sphere  of  
the  metal .  

Parameters for  the "organic" moiety o f  metal com- 
ple:ces. To desc r ibe  the  g e o m e t r y  of  the  "organic" com-  
p o n e n t  o f  m e t a l  complexes ,  the  known  C H A R M M  l~ 
force field s u p p l e m e n t e d  by several  pa rame te r s  for the  
pyridyl f r a g m e n t  was used.  

Parameters fo r  the coordination sphere. The  Gi l l e sp ie - -  
Keper t  m o d e l  was used to descr ibe  the  de fo rma t ions  of  
the  bond  ang les  at  the  me ta l  a t o m ;  the  a r r a n g e m e n t  of  
the  d o n o r  a t o m s  a r o u n d  the  me ta l  ion was a s sumed  to 
be caused  by m u t u a l  r epu l s ion  o f  all m e t a l - - l i g a n d  
b o n d s  ( M - - L ) .  T h e  ratio:  

d i = reff.i/r i. 

was used to  d e t e r m i n e  the  pos i t ion  o f  the  effective 
c e n t e r  of  the  r e p u l s i o n  o f  b o n d  i (Fig. 1). 

The  p o t e n t i a l  o f  t h e  r epu l s ion  o f  b o n d s  i and  j was 
def ined  as 

where  Rij.e ff is t h e  d i s t ance  b e t w e e n  t he  effect ive centers  
o f  repuls ion  (Fig .  1) r e l a t ed  to the  ang le  i - - M - - j  be-  
tween  b o n d s  i a n d  j by  the  r e l a t i ons h i p  

ij,eff" = zfl',i" + reff ,  j 2 * 2re,'r, ireff, icos(iMj); 

Aij is a c o n s t a n t  (Aij = 1 was t a k e n  as a first a p p r o x i m a -  
t ion ;  in th i s  case  on ly  coef f ic ien t s  d i a n d  dj 4 are p a r a m -  
eters  of  the  m o d e l ) .  T h e  to ta l  energy  o f  b o n d  repuls ion  
in the  c o o r d i n a t i o n  s p h e r e  o f  t he  me ta l  is ob t a ined  by 

t he  s u m m a t i o n  Ere p -7- ~Erep,i j .  
To descr ibe  d e f o r m a t i o n s  o f  the  lengths  of  the  m e t a l - -  

d o n o r  a t o m  b o n d s ,  we u sed  a h a r m o n i c  po ten t i a l :  
Eb = 0 .5Kb(r  --  r0) 2, w h e r e  r 0 is the  " idea l ' ,  and  r is the  
real value  o f  t h e  b o n d  length .  It is na tu ra l  tha t  the  
repuls ion  o f  t h e  d o n o r  a t o m s  in t he  c o o r d i n a t i o n  sphere  
of  the  me ta l  s h o u l d  cause  t h e  l e n g t h e n i n g  of  the  m e t a l - -  
l igand bonds .  H e n c e ,  t he  "ideal"  b o n d  lengths  were 

changed  ( sho r t ened)  as c o m p a r e d  to those  c o m m o n l y  
used in rou t ine  ca lcula t ions .  

Calculation Procedures 

To determine the optimal size o f  the metal ion for one or 
another macrocycle or ~br an open-chain  polydentate reagent, 
we calculated complexes with central  ions of various sizes 
(variable r 0 for coordination bonds) to clarify how the confor- 
mational energy changed. Since the conformational energy of 
an ideal MN 6 polyhedron in the adopted model differs from 
zero and is equal to the minimum energy of the "repulsion" of 
coordination bonds, its value (individual for each metal) was 
subtracted from the calculated energy of the complex. 

The Kr, Ai, and d i values were kept constant (equal to those 
for zinc) in the course of calculations, so that only r 0 was 
varied. A preliminary test showed that  in this ease the general 
pattern of the dependence of the energy on the ion size was 
not essentially different from that obtained by a more rigorous 
procedure (with an individual set o f  all parameters for each 
metal). The calculated strain enemy Econf was represented as a 
dependence of the metal--nitrogen bond lengths in the com- 
plexes under study. 

Parameters for the coordination sphere of the metal were 
fitted so that they could best reproduce the geometry, of the 
reference structures. The following values were found: 

Metal Bond Kr/kcal tool -1 ro/A di,,f f 

Zn(ll) M--Nam 30.0 t.78 0.243 
M--Narom 30.0 1.86 0.271 

Cd(II) M--Nam 30.0 2.20 0.250 
M--Narom 30.0 2.30 0.305 

The structures of seventeen Zn(It)  complexes and six Cd(I0 
complexes were used for calibration (see Table 1). The experi- 
mental and calculated geometric parameters of the complexes 
are listed in Table 1. As can be seen, the structures are 
reproduced with high accuracy. The deviations in the lengths 
of coordination bonds are equal to ~0.02 A, those in the angles 
are equal to 2--3 ~ The r.m.s, deviations between the calcu- 
lated and experimental values for zinc and cadmium com- 
plexes are: 

Deviation Zn(ll) Cd(lt) 
in bond lengths/ ,~ 0.02 0.02 
in bond angles/deg 1.8 3.0 
in torsion angles/deg 4.0 4.2 

The above approach makes it possible to describe the 
geometry, of complexes containing not  only amine or pyridyl 
nitrogen atoms, but also that of complexes with a mixed 
coordination sphere using only one set of parameters for each 
metal. Such a description is difficult within the framework of a 
conventional approach, so one has to introduce additional 
parameters. For instance, in Ref. 12 the "ideal" values of the 
bond lengths r 0 for the amine and  pyridyl complexes of 
nicket(ll) were taken to be equal to 2.090 and 2.025 A for the 
Ni--Nam and Ni--Narom bonds, respectively, whereas for com- 
plexes with a mixed coordination sphere r0(Ni--Nam ) was 
reduced to 2.050 A. In our  work the r0(M--Nam ) and 
r0(M--Narom ) values are independent  of the composition of 
the coordination sphere. 

One more advantage of the model lies in its ability to 
adequately calculate the geometry of  metal complexes with 
different coordination numbers using the same set of param- 
eters. In particular, adequate results for tetra-, penta-,  and 
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hexacoordinated complexes of Zn were obtained, which was 
impossible with the routine method. 

Results and Discussion 

Despite the great difference in the ionic radii of the 
metals (Ri(Zn 2~') = 0.75 A, Ri(Cd 2+) = 0.95 A), 3z the 
stabilities of most zinc01) and cadmium(t 0 complexes 
are known 31 to be usually nearly the same (discrepancies 
within the limits of one logarithmic unit). This made it 
more interesting to study the reasons for the appreciable 
distinctions in the stabilities of the zinc and cadmium 
complexes with some ligands. Additionally, quantitative 
studies of the stereochemical effect on one or another 
property of complexes of different metals (derivation of 
various correlations) take on particular meaning; this is 
also important for the subsequent molecular design of 
new reagents. 

Geometry and conformational energies of  zinc(tO and 
cadmium (II) complexes with several triamines 

As can be seen from the data listed below, the 
stability of the Zn 2+ and Cd 2+ complexes with three 
open-chain  N3-1igands is approximately the same, 
whereas the zinc complex with triazacyclononane is 
much more stable than the cadmium complex. 

Metal log!32 
10 18 19 11 

Zn(u) 14.0 12.4 10.3 21.7 
Cd(u) 13.5 11.5 9.5 17.9 

The latter is in good agreement with the results of 
calculations of the size-match selectivity of his-com- 
plexes of triazacyelononane; 1 according to these calcu- 
lations, complexes of metals with small ionic radii are 
the least sterically strained. However, it was of interest 
to compare changes in the steric energies with differ- 
ences in the stabilities of considered compounds for the 
whole series of above-mentioned ligands. 

We calculated the strain energies for the zinc and 
cadmium bis-complexes with these ligands. The depen- 
dence of AIogl3 z = IogB2(ZnL) - log132(CdL) on 
~Eeonf = Econf(ZnL) - Eeont{CdL) was considered. 

The correlation found is given below; as can be seen, 
the results of calculations (AEconf) are in agreement with 
the experimental data (Alog132). 

Complex AEconf AIog~32 
/kcal tool -1 

I0 -3.1 0.5 
18 -3 .4  0.9 
19 -0.9 0.8 
11 -10.3 3.8 

Eeonf/kcal mol -l 

'~ V 

�9 4 

-j 

40 i ~, ,. '~ L I ' 

. 3 . :  ,1  

20 L I 
2.0 2.4 

_ AlogK 

a 

I 
2.8 

d(M--N)/, z, 

-Q Coll 

C d l l  

I ] I 

-8 -4 
Econf/kcal tool -1 

Fig. 2. Metal complexes M(18N6) and M(tml8N6): a, curves 
of the size-match selectivity for M(18N6) (1, 3) and M(tml8N6) 
(2, 4): facial(/, 7) and meridional (3, 4) isomers; b, depen- 
dence of stability, on the strain energy in the complexes. 

Metal complexes with 1 ,4 ,7 ,10 ,13 ,16-hexaazacycio-  
oetadecane (M(18N6)  (20))  and 1,4 ,7 ,13-tetra-  
methyl - l ,4 ,7 ,10 ,13 ,16-hexaazacyciooctadecane 

(M(tm18N6)  (21))  

One more example of an "abnormally" great differ- 
ence in the stability of zinc(u) and cadmium(n) com- 
plexes is in their compounds with the azamacrocycle 
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Er f/kcal mol-t AlogK 
30 -- 0 - 

25 

a 

- 2  

20 I I m 1 - 4  
2.0 2.4 2.8 0 

d(M--N)/A 

b 

N i  2+ 
....3 

CoQ / 

, , 

2 4 

Er tool -I 

A(-- .x/-/)/kcal mol - t  
0 ~ C 

Ni 2+ ~ /  

--4 

-- ~ . ' 2 +  

--8 t I I I 
3 4 

AIEconf)/kcal mo1-1 

Fig. 3. Metal complexes M(taen) and M(tatn): a, curves of the size-match selectivity: 1 -- M(taen), 2 - -  M(tatn); b, correlation 
between stability and the strain energy in the complexes; c -- correlation between AH and the strain energies in the complexes. 

tmlSN 6. As far as we know, this is virtually the only 
ligand for which the complex with Cd is much more 
stable than that with Zn (logK = 16.8 and 13.3, respec- 
tively). However,  the stability of complexes with 
nonmethylated 18N 6 is almost the same (logK = 17.9 
and 17.2 for CdL and ZnL, respectively). It is interest- 
ing that a sharp decrease in stability is observed on going 
from 18N 6 to tml8N6 not only in the case of Zn and Cd 
complexes but also for complexes of other metals. This 
is likely due to steric hindrances caused by the four 
methyl substituents. We attempted to quantitatively esti- 
mate the magnitude of this drop in stability. For this 
purpose, we determined the optimal size of the metal 
ion for the complex with 18N 6 and as well as for that 
with tm 18N 6. 

Metal complexes with ISN 6 exist in two isomeric 
forms, t~acial and meridional. 33 Since no structural in- 
formation on these complexes of zinc and cadmium has 
been reported in the literature, we studied the size 
preferences for both forms (the isomer with minimum 
energy was selected from six meridional isomers of 
tmlSNr) .  

The obtained curves of the size-match selectivity are 
shown in Fig. 2. The dependence of the change in the 
logar i thm of the stability cons tan t  [AlogK = 
IogK(M(18N6)) - logK(M(tml8N6))] on the increment 
in the strain energy [AEconf = Econf(M(18N6)) - 
E=onf(M(tmlSNr)) ] on going from the metal complexes 
with 18N 6 to those with tmlSN 6 is presented below and 
in Fig. 2. 

Metal &Econr AlogK 
/kcal mol -t  

Cd(,) -2.6 1.1 
Ni(.) -5.1 3.4 
Zn(n) -7.5 4.5 
Co(u) -7.7 5.8 

As can be 
complexes 

seen, the sharp change in the stability of the 
is well reproduced by the calculations. 

Complexes of 
N,N,N ,N'-tetra-(2-aminoethyl)ethylenediamine 

(M(taen) (22)) and 
2,2",2-,2"" ( trimethylenedinitrile )tetrakis( ethylamine ) 

(M(tatn)  (23)) 

The two ligands, taen and tatn, differ only in the 
bridge between the tertiary nitrogen atoms. This bridge 
is ethylenediamine for compound 22 and tr imethylene- 
diamine for compound 23. However, this small change 
in the structure of the reagent has a rather strong effect 
on the stability of its complexes. We studied this effect 
by the MM method. 

The dependences of the strain energies on the metal--  
nitrogen bond lengths in the complexes (i.e., the profiles 
of the size-match selectivity) were plotted. As can be 
seen from Fig. 3, the changes in  the calculated strain 
energies correlate well with the changes in the stability 
constants and the enthalpies of formation on going from 
M(taen) to M(tatn). Note that in  this case we had an 
opportunity to compare the calculated and experimental 
data not only on the stability constants, but also on the 
enthalpies of formation. As can be seen, the latter 
dependence is more pronounced (by and large, it is 
more reasonable to compare the energies calculated by 
the MM method with gxH}. Unfortunately,  data on the 
enthalpies of formation of the complexes are scarce in 
the literature, therefore, only stability constants were 
used for comparison in the above cases. 

Metal AEeonr NogK A(-AH) 
/kcal mol -I /kcal tool -1 

Cd(,) 1.4 -3.4 -- 
Mn(H) 2.2 -3.9 -6.3 
Zn(ll) 3.4 -1.3 -2.5 
Co0D 3.4 -2.3 -2.3 
Ni(H) 3.8 -0.7 -0.5 
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