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Protonation (pK1 and pK2) and copper(II) binding stability con-
stants (log b110 and log b120) of glycine and five N-alkylated glyci-
nes (methyl, dimethyl, diethyl, tert-butyl and tert-butylmethyl)
were determined by potentiometric titration. These constants and
the constants of eight N-alkylated glycinates, measured previously,
were correlated with four topological indices (Wiener index, W, and
the first-, second- and third-order valence-connectivity indices, 1cv,
2cv and 3cv) calculated for the ligand.
The first protonation constants (ascribed to the dissociation of
COOH group) do not correlate with any of the chosen topological
indices (r2 < 0.3), but significant correlation was obtained for pK2
(dissociation of amino group) with r2 values up to 0.920. »Correc-
ted« stability constants (obtained by subtracting pK2 value) yielded
a generally better fit than the uncorrected ones. Our stability con-
stants are better correlated with topological indices (max. r2 =
0.993) than the constants measured previously (max. r2 = 0.836).
From the regression analysis it is possible to predict the values of
pK2, log b110 and log b120 with an error less than 0.1, 0.3 and 0.3
log units, respectively.
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INTRODUCTION

Copper(II) chelates with N-alkylated and N,N-dialkylated amino acids1

are very suitable model compounds for studies of sterical interactions in the
class of copper(II) complexes with amino acids and similar biologically inter-
esting compounds (Figure 1).

Enantioselectivity effect observed in this class of compounds,2,3 was not
observed in the complexes with naturally occurring amino acids.4 Also, com-
plexes of N-alkylated amino acids with copper(II) show a very pronounced
distortion of coordination polyhedron;5–7 this has made them suitable for de-
velopment of molecular mechanics models for complexes with flexible geo-
metry.8–11 Recently, a new method for estimation of conformational energy
(sterical interactions among chelate rings) based on the model of overlap-
ping spheres was checked on this class of compounds.12

Molecular mechanics calculations showed that the stability of copper(II)
chelates (i.e. enantioselectivity effect) with N-alkylated amino acids in apro-
tic solutions was dependent on sterical interactions among the bulky groups
of ligands.13,14 However, the estimation of stability constants of topologically
different molecules is not an easy task for molecular mechanics, and other
sophisticated methods (e.g. methods based on continuous distributions of
solvents15,16 and molecular dynamics17).

The aim of this paper is to use topological indices of ligands in the struc-
ture-stability constants modeling for copper(II) chelates with N-alkylated
and N,N-dialkylated amino acids and to compare the models developed from
two sets of stability constants for N-alkylated and N,N-dialkylated glycines
(old set18 and the set from this paper).

EXPERIMENTAL

Materials and Methods

The ligands, N,N-dimethyl- and N,N-diethylglycine, were prepared by condensa-
tion of glycine with the corresponding aldehydes, i.e. formaldehyde and acetaldehy-
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Figure 1. General structure formula of copper(II)bis-complexes with glycine and its
N-alkylated derivatives.



de. The catalytic hydrogenation was carried out over three days at room tempera-
ture and 1.5 bar in ethanol/water (1:1) solution.19

After removing the catalyst, the products were recrystalyzed from ethanol/ether
solution giving N,N-dimethylglycine (m.p. 178–180 °C) and N,N-diethylglycine (m.p.
131–132 °C). N-tert-butylglycine (m.p. 201–202 °C, total yield 33%) was prepared ac-
cording the known procedure.20 This product was condensed with formaldehyde, fol-
lowed by catalytic hydrogenation, as described before, and recrystalized from etha-
nol (total yield 30%).

Protonation and stability constants were determined at 25 °C in aqueous KNO3

(0.1 mole L–1) solution by potentiometric titration. Acidified solution (HNO3) of li-
gands (10 mL ca 0.005 mol L–1) in a thermostated double walled glass vessel was ti-
trated with aqueous KOH (0.06 mol L–1) with the same background electrolyte. Puri-
fied argon was bubbled through the solution during titration. For the determination
of stability constants, an adequate amount of Cu2+ (2.5 to 5.0 mL of 0.005 mol L–1

Cu(NO3)2) was used.

The measuring system was calibrated in terms of hydrogen concentration ac-
cording to Irving's recommendations.21 The apparatus was standardized on the con-
ventional pH scale22 by measuring the e.m.f. in two buffer solutions (potassium hy-
drogenphtalate and borax) and by calibration titration of HNO3 in background
electrolyte before and after each experiment.

Potentiometric titrations were performed by means of a Metrohn titrator 736 GP
Titrino equipped with a combined glass electrode and Metrohn TiNet-2.1 software
connection. The initial estimates of the protonation and stability constants were re-
fined using the SUPERQUAD program.23

DEFINITIONS OF THE TOPOLOGICAL INDICES

The chemical graph theory24,25 provides a number of topological indi-
ces,26–28 but only a few of them have been used in QSPR (quantitative
structure-properties relationships) studies29–35 (e.g. the Wiener index, the
connectivity index, and the connectivity index extended to heteroatoms).
The indices are computed from the hydrogen-suppressed molecular structu-
res.36,37 In this paper, we used the following topological indices:

(a) The Wiener index,38–40 W(G) = W, of a structure G is calculated from
the distance matrix D of the corresponding hydrogen-suppressed chemical
graph G:41,42

W = (1/2) ( )
,

D ij

i j

� (1)

where (D)ij represents the off-diagonal elements of D. It is the shortest dis-
tance (i.e. path) in terms of the number of bonds between atoms i and j in G.
Distance i-j has to be weighted in the case of heterosystems,39,43 as in our
case.
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(b) The Vertex-Connectivity Index, c = c(G), of a (molecular) graph G is
defined as:44

c =
edges
� �d(vi) d(vj)�

–1/2. (2)

The sum is taken over all edges of G; d(vi) is the vertex-degree and �d(vi)
d(vj)�

–1/2 is the weight of the i-j edge. The degree of a vertex vi, d(vi), is equal
to the number of adjacent vertices. Two vertices of graph G are adjacent if
there is an edge joining them.

In the case of heterosystems, the connectivity index is given in terms of
valence delta values �(vi) and �(vj) of atoms i and j. This kind of connectivity
index (valence-connectivity index, cv) is defined as:29

cv =
i j,
� ��(vi) �(vj) �–1/2. (3)

Valence delta values are available for many kinds of atoms.29,33,36 The
connectivity index can be generalized to include also the weighted paths pe

of length l, not only the weighted edges (weighted path pl of length one):45–47

lc =
paths
� �d(vi) d(vj) ... d(vl+1)�–1/2 (4)

where d(vi), d(vj), ..., d(vl+1) are valences of vertices vi, vj, ..., vl+1 in the con-
sidered path of length l. The first-, 1cv, second-, 2cv, and third-order, 3cv,
valence-connectivity indices in this paper are calculated by Eq. (4) when va-
lence delta values are introduced into it for heterosystems.

RESULTS AND DISCUSSION

The non-empirical structure-property relationships for the protonation
and stability constants of the copper(II) chelates with N-alkylated and
N,N-dialkylated glycine using experimental values by Basolo and Chen (Ta-
ble I)18 were established. However, we also repeated measurements of con-
stants pK1, pK2, log b110 and log b120 for the chelates studied by Basolo and
Chen, including two additional structures (Table I).

The objective was to compare the structure-property model based on
previous measurements18 and the model based on our measurements.

Non-empirical structure-property relationships are based on topological
indices.34,37,43,44 The topological indices used in this paper are the Wiener
index (W), the first-order, (1cv), the second-order (2cv) and the third-order
(3cv) valence-connectivity index. These indices of the ligands are presented
in Table II.
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TABLE I

Stability constants of copper chelates with N-alkylated and N,N-dialkylated
amino acids (Ref. a = our paper*; Ref. b = Ref. 18)

Ligand pK1 pK2 log b110** log b120**

a b a b a b a b

Gly 2.378(8) 2.43 9.667(4) 9.62 8.270(11) 8.38 15.233(10) 15.17

MeGly 2.174(2) 2.24 10.007(3) 10.01 7.740(1) 7.94 14.276(12) 14.59

Me2Gly 1.879(7) 2.08 9.788(6) 9.80 7.276(3) 7.30 13.902(8) 13.65

EtGly 2.30 10.10 7.34 13.55

Et2Gly 1.842(10) 2.04 10.429(3) 10.47 6.848(2) 6.88 13.383(25) 12.86

n-PrGly 2.28 10.03 7.25 13.31

n-BuGly 2.29 10.07 7.32 13.52

ButGly 2.292(6) 10.202(17) 6.059(18) 12.177(13)
6.096(15)***
6.303(15)

MeButGly 1.940(28) 10.646(17) 6.730(3)

i-PrGly 2.36 10.06 6.70 12.45

* I = 0.1 mol dm–1 (KNO3), T = 298.15 K; standard error is given in the parentheses.

** Stability constants are defined according to the formula:

bklm = �Mk Ll Hm� / �M�k �L�l

*** Assuming log b11–1 = –0.561(30)

TABLE II

Four topological indices for ligands: the Wiener index (W), and the first-, second-
and third-order valence-connectivity indices (1cv, 2cv and 3cv)

Ligand W 1�v 2�v 3�v

Gly 14 1.1701 0.5761 0.1667

MeGly 26 1.6154 0.9023 0.3211

Me2Gly 40 1.9725 1.6098 0.4453

Et2Gly 84 3.1247 1.8334 1.2471

ButGly 86 2.8654 2.9756 0.7631

MeButGly 107 3.2488 3.3989 1.5114

EtGly 44 2.1760 1.1523 0.5193

n-PrGly 69 2.6760 1.5488 0.6961

n-BuGly 102 3.1760 1.9023 0.9764

i-PrGly 64 3.3765 1.9076 0.6547
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TABLE III

Linear regression of stability constants on topological indices; N, the number of
ligands; r2, the correlation coefficient; RMS, the root-mean-square residual; F, the

Fisher ratio; Ref. a = our paper; Ref. b = Ref. 18

Index N r2 Slope Intercept RMS F Ref.

Independent variable: pK2

3�v 6 0.920 0.671 9.625 0.119 46.144 a
3�v 8 0.735 0.599 9.643 0.136 16.632 b

Independent variable: log �110 (ButGly, log �110 = 6.059)

W 6 0.764 –0.018 8.234 0.426 12.933 a
2�v 6 0.789 –0.624 8.328 0.403 14.930 a
2�v 8 0.836 –0.954 8.740 0.237 30.495 b

Independent variable: log �110 (ButGly, log �110 = 6.303)

W 6 0.818 –0.017 8.221 0.343 18.014 a
1�v 6 0.834 –0.761 8.967 0.328 20.132 a
2�v 8 0.836 –0.954 8.740 0.237 30.495 b

Independent variable: log �120

2�v 5 0.961 –1.186 15.668 0.258 73.697 a
2�v 8 0.808 –1.582 15.898 0.415 25.316 b

Independent variable: log �110 – pK2 (ButGly, log �110 = 6.059)

W 6 0.916 –0.027 –1.342 0.349 43.707 a
1�v 6 0.917 –1.194 –0.184 0.347 44.454 a
1�v 8 0.812 –0.823 –0.647 0.344 25.858 b

Independent variable: log �110 – pK2 (ButGly, log �110 = 6.303)

W 6 0.941 –0.026 –1.355 0.280 63.750 a
1�v 6 0.950 –1.159 –0.224 0.257 76.485 a
1�v 8 0.812 –0.823 –0.647 0.344 25.858 b

Independent variable: log �120 – 2pK2 (ButGly, log �110 = 6.059)

W 6 0.923 –0.047 –3.890 0.523 35.875 a
1�v 8 0.829 –1.436 –2.940 0.566 29.073 b

Independent variable: log �110 – log �120 – pK2 (ButGly, log �110 = 6.059)

W 6 0.993 –0.025 –8.095 0.078 445.640 a
1�v 6 0.985 –7.218 –0.184 0.165 97.647 a
3�v 8 0.729 –0.992 –8.267 0.229 16.178 b



Stability constants (Table I) decrease with the size of the substituent(s).
This tendency was pointed out in the earlier paper18 and was tentatively as-
cribed to the destabilization of a complex due to steric hidrance. The same
decreasing trend is also obvious for the second protonation constant (pK2),
but it is hard to make any generalization for the first protonation constant
(pK1). For the N-methyl-N-tert-butylglycine system, the stability constant
for bis-complex could not be obtained, and N-tert-butylglycine gave three so-
lutions upon refinement. If in the latter case only formation of mono-com-
plex was proposed, iterative procedure yielded log b110 = 6.303(15). If the
formation of bis-complex and deprotonation of mono-complex was assumed,
log b110 values of 6.059(18) and 6.096(15) were obtained, respectively.

Four topological indices yielded consistent results, obtained by regres-
sion analysis, (Table III). Parameters for linear regression of the stability
constants (pK2, log b110, log b110 – pK2, log b120 – 2pK2, log b110 – log b120 –
pK2) on topological indices are shown in Table III for both sets of ligands,
our (set a) and the one from the literature (set b).18

Regression analysis gives for both sets (a and b) with all topological in-
dices the same slope direction (Figure 2 and Figure 3).
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Figure 2. Linear regression of our log b120 on 2�v (log b120 = –1.186 2�v + 15.668, see
Table III).



Generally, the first and the second stability constants are equally well
correlated on topological indices. r2 values in Table III clearly show that our
set of constants is generally better correlated than the set of constants
measured previously. In Table III, we also give the values of the root-mean-
square residual, RMS, or standard error of estimate with N–i–1 in denomi-
nator, where i is the number of descriptors involved in the model. The dis-
agreement is mainly due to the fact that stability constants do not drasti-
cally change with the length of aliphatic chain (log b110 is 7.34, 7.25 and
7.32 for ethyl, n-propyl and n-butyl derivative, respectively, Table I).18 Con-
trary to pK2, the first protonation constant (pK1) is uncorrelated with topo-
logical indices (r2 < 0.3). (pK1 is ascribed to deprotonation of carboxylic
group, and therefore it is least influenced by the substituents on nitrogen
atom.)

Better correlations for both sets of data were obtained if the pK2 value
was subtracted from stability constants. This is to be expected because the
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Figure 3. Linear regression of previously measured18 log b120 on 2�v (log b120 =
–1.582 2�v + 15.898, see Table III).



subtraction of pK2 should be viewed as some kind of correction for electronic
effects. The results obtained for the linear regression with the best r2 fit are
presented in Table IV.

Stability constants were reproduced with an error less than 0.4 on the
log scale (0 – 0.1 for pK2, 0 – 0.3 for log b110, and 0.1 – 0.3 for log b120). The
decreasing order of stability constants was also correctly reproduced. The
data in Table III show that the valence-connectivity indices (cv) gave the
best fit and also the smallest difference between the r2 for a and b set. Nev-
ertheless, the differences are not critical to exclude the use of other indices.

In conclusion, it can be stated that stability constants are reasonably
well correlated with topological indices. Therefore, the use of QSPR with to-
pological indices should be recommended as an initial step in studies of the
stability of complex compounds.
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Procjena konstanti stabilnosti kelata bakra(II) s N-alkiliranim
aminokiselinama uporabom topologijskih indeksa

Branka Grgas, Sonja Nikoli}, Nevenka Pauli} i Nenad Raos

Protonacijske konstante (pK1, pK2) i konstante stabilnosti (log b110 i log b120) za
komplekse bakra(II) s N-alkiliranim glicinima (metil, dimetil, dietil, tert-butil i tert-
butilmetil) odre|ene su potenciometrijskom titracijom. Te konstante i konstante za
osam N-alkiliranih glicina, koje su prije odre|ene, korelirane su sa ~etiri topologij-
ska indeksa (Wienerov indeks, W, te indeksi valencijske povezanosti prvog, drugog i
tre}eg reda, 1cv, 2cv i 3cv). Ti su indeksi izra~unani iz strukturne formule liganda.

Prva konstanta protonacije (pripisana disocijaciji karboksilne skupine) nije ko-
relirana ni s jednim od navedenih topologijskih indeksa (r2 < 0,3), no zna~ajna je ko-
relacija dobivena za pK2 (disocijacija amino-skupine) s maksimalnom vrijedno{}u r2

= 0,920. "Korigirane" konstante stabilnosti (dobivene oduzimanjem vrijednosti pK2)
op}enito daju bolje slaganje od nekorigiranih konstanti. Na{e konstante stabilnosti
bolje su korelirane s topologijskim indeksima (max. r2 = 0,993) od prije izmjerenih
konstanti stabilnosti (max. r2 = 0,836). Iz regresijske analize mogu}e je predvidjeti
vrijednosti konstanata s pogre{kom manjom od 0,1 (pK2) i 0,3 (log b110, log b120).
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