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In this paper, the place and role of biodegradable complexants in light of modern plant cultivation
criteria is discussed. From this point of view, micro- and macroelement (metal) chelators play a re-
markable role. They are widely used in a variety of consumer products and processes, especially in
agriculture. The great majority of the traditional chelators (e.g., EDTA) are, however, essentially non-
biodegradable. We have systematically investigated some new biodegradable ligands with polyamino-
polycarboxylic structure. We conclude that these compounds may be considered as a special group of
the soft (safer) chemicals proposed first by Bodor based on retrometabolic concepts. We studied the
structural conditions of biodegradability, especially regarding the new ligands, by the physicochemical
characterization of their complexes formed with micro- and macroelements. The study of the compli-
cated equilibrium conditions required the prior determination of the stability constants of the metal
aqua’/hydroxo complexes and the protonation constants of the ligands as well. Knowledge of the pH-
dependence of the proper competitive equilibriums allowed the optimization of the investigated com-
plexation reactions. The protonation and stability constants obtained were compared with the ade-
quate values of the traditional, but weakly biodegradable EDTA. Excellent or very good linear correla-
tions have been found between the logarithms of the different ligands’ protonation constants, but the
slopes of the straight lines were different and generally smaller than EDTA’s corresponding values.
Presumably, the log stability constants (logKg;) of complexes formed by different ligands (Xm, Xn) hav-
ing analogue structures with a given metal-ion series (M;, i=1, 2, ...) are linearly correlated [i.e., log
K(XmMj) = a log K(XnM;) + b], just as the stability constants of complexes formed by different ions (M,
M) with a given ligand series (X;, j=1, 2, ...). Based on the rich data basis of EDTA, these regres-
sion equations allow the calculation of some still unmeasured stability constants of the new biodegrad-
able complexes. In the analysis of structural effects we would like to especially highlight the role of
stereochemical relations in addition to the usual structural elements. From this point of view, the even-
tual presence of chiral nitrogen atoms is of particular importance. The stability of these compounds
increases in their complexed form. As a special research field, we have examined the possibility of
obtaining metal ion buffers. These systems may get an important role both from theoretical and prac-
tical points of view.

1. Introduction

In our age, the environment and its inhabitants, including
humans, are constantly affected by ever increasing
amounts of manmade chemicals, which are used for a
variety of purposes. Their design and use are most fre-
quently goal-guided, but the necessity to decrease their
toxicity and secondary effects to the possible minimum is
stressed rarely, if ever. These effects appear frequently in
complex relations and indirectly. From this point of view,
it is important to discuss the place and role of numerous
complexants in the light of modern plant cultivation as
micro- and macroelement (metal) chelators. They are
widely used in a variety of consumer products and pro-
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cesses, especially in agriculture. The great majority of tra-
ditional chelators (e.g., EDTA) are, however, essentially
nonbiodegradable. The systematic study of some new bio-
degradable ligands with polyaminopolycarboxylic struc-
tures, which were projected, synthesized, and patented by
J. Szava (INGENIEURBURO, Miinchen, Germany) (Szédva
1999; Szdava 2001), convinced us that these compounds
may be considered as a special group of the soft (safer)
chemicals proposed first by Bodor based on retrometa-
bolic concepts (Bodor 1996).

This approach emphasizes that the basic ideas on drug
toxicity and development can be extended to commercial
chemical substances as well; the main difference being that
the intrinsic toxicity or selectivity term of the substance
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itself (Tc) is usually less important as many of the commer-
cial chemical substances have no strong receptor binding
capacity. Thus, the main issue becomes the intrinsic toxi-
city of the metabolic products of commercial substances.
As the most important characteristic of a drug is its thera-
peutic index (TI), the safety index (SI) should be most im-
portant property of any commercial chemical substance:
1. Drug (D) toxicity:
TD) = TPG) + T(A;, A, ..
+ T, T, L )
TP(i): intrinsic toxicity — selectivity

* An) + T(Mla M2$ st Mn)

A1, A, ..., Ay analog metabolites with activities of
the type of D

M, M,, ..., M,: other metabolites

| I*z, ..., I*,: reactive intermediates

TI = TD/ED: therapeutic index

T = Toxicity

TD = Toxic Dose

ED = Effective dose (dose needed to elicit desired

therapeutic response)
2. Chemicals (C) toxicity:

T(C) = TC@H) + T(Cy, Cp, ..., Cp) + TM|, My, ..

+ TA*, 1%, ..., T5)

TC(@) < TP()

reactive intermediates

I*y, I, ..., T*,: most important

SI = TD/EmD: safety index

EmD: maximum environmental dose
The mentioned biodegradable ligands group (EDTA analo-
gues) is important for introduction in plant cultivation of
complexant agents which are unable to return in soil nutri-
tion elements. Although complexants used for similar pur-
poses at present are, in general, not toxic, because of their
weak degradability, they will get together with microele-
ments in the soil or water, where they will accumulate, pol-
Iute the environment, and cause effects that are yet incalcul-
able (Labadi and Szava 2001; Nowack 2003; Pettit and
Powell 1997a, 1997b; Pitter et al. 1999; Sykora et al. 2001;
Szdva 1999, 2001). Another aspect that underlines the ne-
cessity of employing adequate complexants is the need to
avoid the precipitation of the interaction products of the
components, since the insoluble substances are not useful
for plants. The resulting complexes are soluble in water.
The biodegradability, that is the reactions that a compound
may undergo, is determined by its molecular structure
(Boethling 1996). Hundreds of transformations have been
described, but almost all can be classified broadly as oxi-
dative, reductive, hydrolytic, or conjugative. In the last
decades, it has been shown that relatively small changes
in molecular structure can appreciable alter the susceptibil-
ity of chemicals to biodegradation. These studies have re-
sulted in several “rules of thumb” concerning the effects
of chemical structure on biodegradability. The following
molecular features generally increase resistance to aerobic
biodegradation:
e halogens, especially chlorine and fluorine;
e chain branching, especially quaternary carbon and ter-
tiary nitrogen;
e nitro, nitroso, azo, arylamino groups;
e polycyclic and heterocyclic residues;
e aliphatic ether bonds.
In most cases the mechanism by which increased resis-
tance to biodegradation is conferred is not known in de-
tail. In contrast, biodegradability is usually enhanced by
the presence of potential sites of enzymatic hydrolysis
(e.g., esters, amides), by the introduction of oxygen in the
form of hydroxyl, aldehydic, or carboxylic acid groups,

. Mn)
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and by the presence of unsubstituted linear alkyl chains
and phenyl rings, which represent possible sites for attack
by oxygenase. It is easy to observe the analogy between
the soft chemicals and the biodegradable ones.

The effect of solubility involves one or more of the fol-
lowing:

(1) microbial bioavailability

(2) rate of solubilization, which may control the rate of
biodegradation

(3) low aqueous concentration (for chemicals soluble to
the extent of only a few micrograms per liter or less, this
concentration may be too low for optimal function of cel-
lular enzymes or transport systems).

At present, it can be stated that:

(a) highly substituted structures are likely to be less ra-
pidly biodegraded than much simpler compounds

(b) for very insoluble chemicals, replacement of a given
functional group with one that increases solubility may
also result in enhanced biodegradability.

The ability to predict relative rates of biodegradation from
a chemical structure alone would greatly facilitate the de-
sign of safer chemicals. One of the approaches used devel-
ops some mathematical models capable of such predic-
tions. Fragment contribution methods have been used for
many years in chemical engineering, but only more re-
cently in environmental chemistry. The basic premise is
that the activity of interest is a function of the contribution
of one or more molecular substructures or fragments of
which the molecule is composed, and there is no interac-
tion between fragments. In the ideal situation, each frag-
ment of the model would have a clear mechanistic rela-
tionship to the activity of interest, which is understood at
the molecular level. This situation, however, rarely, if ever
is realized. Fortunately, it is of no major consequence as
long as:

(1) a set of measured values (“training set”) of adequate
size exists for model development, and

(2) a reasonably comprehensive set of structural fragments
associated in some way with activity can be identified.
There are a few models developed for predicting biode-
gradability. Two of the models (based on linear or non-
linear algorithms) classify chemicals as easily or not ea-
sily biodegradable, and another two (for primary and
ultimate biodegradation) make semi-quantitative estimates
of aquatic biodegradation rates. Data are retrieved from
BIODEG, a component of the Environmental Fate Data
Base that contains extracted biodegradation data on more
than 800 organic chemicals. Each chemical is assigned a
qualitative descriptor, such as BR (biodegrades rapidly) or
BSA (biodegrades slowly even with acclimation), and a
reliability code (screening studies, grab sample studies,
and so on). Biodegradability and reliability codes are also
assigned for an overall assessment, and this biodegradabil-
ity endpoint was used in modeling.

What the two classification-type models predict is the
probability that the chemical is in the BR category. The
models predict biodegradation category correctly for ap-
proximately 90%. This level of accuracy is similar to that
of other published models for predicting biodegradability
that use different training sets and statistical methods.
Both the sign and relative magnitudes of the coefficients
are generally consistent with expectation.

There is no need to use the particular models, or any mod-
els for that matter, to make an educated guess about the
biodegradability of an untested compound. But the frag-
ment contribution models do provide a rapid, convenient,
and systematic way to accomplish this in a way that is
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Table 1: Structural fragments and coefficients

Structural fragment BIODEG models Survey models

Linear Nonlinear Primary Ultimate

coeff. coeff. coeff. coeff.
Aliphatic OH 0.159 1.118 0.129 0.160
Aliphatic NH,, NH 0.154 1.110 0.043 0.024
Aliphatic O=COH 0.073 0.643 0.386 0.365
Tertiary amine —-0.205 —2.223 —0.288 —0.225
carbon with 4 single —0.184 —1.723 —0.153 -0.212

bonds and no H

consistent with knowledge in the field. Molecular structure
is the only input needed and is entered from the PC key-
board via the chemical’s SMILES (Simplified Molecular
Information and Line Entry System) notation. Some, fre-
quently used data are shown in Table 1.

Lacking specific knowledge about the environmental beha-
vior of a chemical, the way to design more biodegradable
chemicals is to incorporate molecular features such as es-
ter linkage, carboxylic and hydroxyl groups, and exclude
halogens, quaternary carbons, nitro groups and other simi-
lar groups. The positive and negative features presented in
Table 1 are good starting points.

Studies of EDTA-homologues highlighted the fact that the
biological stability of these compounds depends on the
substituents linked to the nitrogen atoms and a decreasing
order of biodegradability could be established:

—H, —COCH3;, —CH3, —C,Hs, —CH,CH,0OH, —CH,COOH,
or: —NH —CO —CHj3;, —N(COCH3),;, and similarly:
—NH-CH,—COOH, —N(CH,—COOH),. It was also
shown that the biodegradability of heavy metal complexes
is better than that of the complexants themselves. For ex-
ample, the biodegradability of the EDTA—Fe3* complex is
about 80% while of EDTA itself is 20—-25%. Some com-
plexes from polyaminopolycarboxylic acids are optically
active, and their isomers biodegrade in different extent
(Schowanek et al. 1997).

2. Investigations, results and discussion

The complexity of the investigated competitive equili-
briums:

M + nR = MR,
} L 1 M'
ML, M'R,

was described by usual relationships and parameters (ab-
solute and effective stability constants, partial molar frac-
tions, consecutive and overall stability constants, the same
parameters for the principal and auxiliary complexing pro-
cesses, etc.) (Beck 1965; Dudutz 1976; Kékedy 1979).

Some of results will be examined. Since the most impor-
tant secondary processes in the complexing reactions be-
tween metal ions and weak acids as ligands are the forma-
tion of aqua- and then hydroxocomplexes, and the proton
change at the ligand, respectively, it is obvious that the
principal equilibrium is substantially affected by pH-modi-
fications even as the complex-stability must have a maxi-
mum at a certain pH value. That is, with the increase of
pH, the hydroxo-complex stability increases, which hin-
ders the formation of the main complex, but at the same
time, the ratio of the active (deprotonated) ligand form
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also increases, wich facilitates the principal complexation.
The function describing the two opposing effects must
have a pH-optimum:

Bile" = Bug, - M - OR

Pur,

(S ) (S mer)

that can be obtained from the first derivative of this func-
tion at its zero value:

B, L 2B IO 49
S T O

x (14 BYH) + BEIHP + BT + BT

. B(I)HKW BOHKz BOHK3 BOHK4
(H T TR )

x (BY -+ 2BYH] + 3BYIH T + 4Bu[H'T) = 0

To test this statement, we compared the calculated values
with the data known from the literature and measured in our
laboratory, respectively, for EDTA and some metal ions; e.g.:

[Cu (OH)4)*": ngOHl =17.9; 1gK0H2 =17.3; ngOH3 =3.8;

1gK%", = 3.0

[Zn (OH)4]*: ngOH =6.5; 1gK%H, = 6.0; 1gK°H; =5.7;
1gKOH, = 4.0

EDTA: 1gK!; = 10.27; 1gK*, = 6.17;

1gKH; = 2.68; 1gKH, = 2.00

In this case: n=q = 1.

The agreement between the calculated and the more labor-
iously obtained experimental results is very good (pHop
between 8-9). It is interesting, although not surprising,
that if only the first step of the aux111ary complex-forma-
tion (BY" =K and B} = K is considered, approxi-
mately correct values are obtamed

O
B K

OH
o () - (1 B ‘j)s

oH\ /2
HY] = | Kv 2
[ ]opt ( Bl )

The dissociation and the protonation constants of the new,
biodegradable polyaminopolycarboxylic acids investigated
agree satisfactorily with the corresponding EDTA’s values
(Table 2).

An excellent linearity between the logarithms of protona-
tion constants was observed; nevertheless the pK, values
of polyaminopolycarboxylic acids studied vary less
abruptly than the similar EDTA’s parameters.

Table 2: Acidity constants of polyaminopolycarboxylic acids

Acid pKi pK2 PK3 pK4 PKs
EDTA 2.00 2.68 6.17 10.27
DMTETA 2.6 3.0 3.5 7.6
DMTPA 34 4.0 9.8 10.4 10.5
METTA 3.2 3.6 6.6 9.6

.7 3.5 6.0 9.6)*
MDTA 3.0 3.2 5.2 9.3
HEMDTA 3.2 3.6 6.6

* Independent experimental values obtained by another research team.
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pKaomrera) = (0.45 £0.05) pK,epra) + (3.02 £0.26)
n=4; r=0988; s9=044
PKaomrea) = (0.90 £ 0.26) pKyEpra) + (2.12 £ 1.64)
n=4; r=0925 sy=1.73
pKamera) = (0.785 £ 0.021) pKyepra) + (1.60 £ 1.34)
n=4; r=0992; s9=0.14
pKavpra) = (0.760 £ 0.86) pKygpra) + (1.15 +0.53)
n=4; r=0988; s9=0.12
According to a generally known rule, the stability constants
(1gKg) of complexes formed between different ligands and

the same metal ions are correlated linearly with one an-
other (Table 3 and the corresponding correlative equations).

Table 3: Stability of some new complexes (IgKs)

Me" +

Acid Ca*>*  Mn**  Cut  Fe?t Fe* Mgt Zn?t
EDTA 106 13.6 18.6 25.1 143 8.7 16.5
METTA 7.5 9.0 16.0 20.0 (10.6) (5.5 (12.6)
MDTA 6.94 10.22 731 (16.57) (9.76) 4.19 10.80

n=4; r=0987; s, =1.18
n=>5; r=0.966; sy=0.80

Since EDTA complexes were thoroughly investigated, and
there is a rich corresponding database in the literature (An-
deregg 1997; Arena et al. 1983; Danielle et al. 1994; Del-
gado et al. 1997; De Robertis et al. 1987; De Stefano et al.
1987, 1993; Dietz 1987; Frimmel et al. 1989; Kari and Gi-
ger 1996), the above equations allow the prediction of the
stability of analog complexes for the present experimentally
unknown cases (e.g., the constants shown in the brackets).

It is interesting that the same correlations between the para-
meters of the new ligands are better compared to EDTA:

1eKsipra) = (0.929 £ 0.092) 1K siempra)
+(0.061 % 1.43)

r=0981; o= 088
1gKsmpra) = (2.00 £ 0.16) 1gKsypmreTa) — (8.06 = 1.84)
F=0994; sy =058
1gKsmpra) = (1.19 £ 0.13) 1gKsymerpa) — (3.45 £ 2.00)
r=0.976; sy =0.99
1gKsipmreTA) = (0.468 £ 0.045) 1gKs((HEMDTA)

+ (428 £0.73)

n=>5;

n=>5;

n=>5;

n=235; 1=0.986; s9=0.36
ngSt(HEMDTA) = (127 + 013) ngSt(METPA) - (340 + 196)
n=35; r=0974; s9=0.97

1gKsipmreTA) = (0.550 £ 0.105) 1gKsi(METPA)
+ (331 £ 1.63)
r=0.950; sy=0.68

One hypothesis is that the differences may be explained
with the different experimental conditions. According to
general expectations, approximately linear correlations ex-
ist between stability constants measured for some metal
ions with different ligands; e.g.:

n=>5;

n=35; r=0981; sy=0.88
1gKg(cu) = (0.552 % 0.158) 1gKgy(pern) + (6.80 £2.99)
n=5 r=0.86; sy=1.35

In the analysis of structural effects, we would like to espe-
cially highlight the role of stereochemical relations in addi-
tion to the usual structural elements discussed in the intro-
ductive part. From this point of view, the eventual presence

The abbreviations denote the following new compounds:

HOOC —H ,C CH,— COOH
>N—CH2— N<
HOOC —H ,C CH, — COOH
MDTA
HO —HE—HgC. . /CHZ* COoH
N—CH— N—CH.—N
o ? RN
HOOC —Hf | CH, — COOH
CH,— COOH
DMTETA
HO—H,c —H,C__ =« CH, COOH
TSN —cH,— N<
c/ CH, ——COOH
HoOC H2 HEMDTA 2
CH,— COOH
HOOC —H, v
G\N—CHZfNH—CHZ—CHZfN
HoOC — HZC/ e , — COOH
METTA
HOOC —H ,C _ CH,—— COOH
\N—CHZ—N—CHZ—N
AN

HOOC —H ,C CH,—COOH

METPA

CH,—— COOH
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of chiral nitrogen atoms is of particular importance, such
as in DMTETA and HEMDTETA. The separation of the
chiral isomers increases in their complexed form. Never-
theless, these questions require further research.

The following conclusions could be drawn:

1. From the pH-dependence of the stability of some new
biodegradable complexes, the optimal experimental condi-
tions can be predicted and the corresponding pH values
can be calculated.

2. The established regression equations for the structural
effects allow the calculation of some still unmeasured sta-
bility constants of the new biodegradable complexes.

3. Biodegradability in the case of chiral complexes raises
special possibilities. From the compounds studied, two
(HEMDTA and DMTETA) can have N-centered asymme-
try; presumable their chiral structure is stabilized, but the
biodegradability of the isomers will be different (Siemion
et al. 1984).

4. Biodegradability may be considered as one of the char-
acteristic properties of the soft compounds.

3. Experimental
3.1. Chemicals

The complex-genator metal ions (Ca®t, Mg?*, Cu®t, Mn?*, Zn>*, Fe**,
Fe’™) were introduced in the system in water soluble salts. The biode-
gradable ligands (polyaminopolycarboxylic acids) were synthesized by
Dr.E.J. Sziva INGENIEUBURO (Miinchen). Their biodegradability
(measured by OECD 301B method, in closed system) was 80% or above.
Their general formula is:

R

1 R'l
\ ( /
N CH X)n N
R ——(X) <z,

Where Rj, R}, R, R, are mutually independent hydroxyalkylic (C,_s) or
carboxyalkenylic (C,_4) group;

R3

X:— N — CH, —

is one of earlier groups or H; n =0 or 1.

The investigated compounds were presented previously. For comparison,
the measurements were carried out with EDTA also. The titrant solutions
were prepared with KOH, of analytical purity. The constant ionic strength
was assured with KCI a.p.

3.2. Apparatus, instruments

Multimeter, model Consort 835, glass-electrodes P10NB, Potentiometer
(pH-meter) Jenway, Spectrophotometer Jenway 6405 UV-VIS.

3.3. Measurements

The experiments were made under optimized conditions as described pre-
viously (Botone 2004; Dudutz 1976; Gherasim 2004; Kosztelnik 2004;
Timaru 2004).

This research paper was presented during the 5" Conference on Retrometa-
bolism Based Drug Design and Targeting, May 8—11, 2005, Hakone, Japan.
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