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Ternary mixed-ligand complexes of divalent copper, where one ligand is an
a-aminoalkylphosphonic acid (APA) and the second ligand is L-phenylalanine,
L-tyrosine, or L-dihydroxyphenylalanine, are studied by potentiometric titra-
tion in aqueous medium at 25°C and p = 0.1. A maximum in the formation of the
ternary complexes is exhibited at pH 7-8. The log Kq¢ for the complexes formed
and the statistical parameters characterizing the ternary complexes AlogK and
logX are determined. The effect of substituents on the o-carbon atom of the
a-APA and of hydroxy groups on the phenyl substituent of the a-amino acids on
the nature of the distribution of the complexes formed is studied.

Recently, the conditions for forming ternary mixed-ligand complexes in systems contain-
ing a metal ion and two different ligands, one of which is an amino acid, have received much
attention [1-3]. These studies are especially interesting from the viewpoint of modeling
processes occurring on a chromatographic column in liquid ligand-exchange chromatography
f4, 5]. Besides this, mixed-ligand copper(II) complexes with optically active and racemic
a-amino acids are physiologically active [6].

Phosphorus analogs of amino acids, aminoalkylphosphonic acids, containing a phosphonate
group instead of the carboxylate have been found in plants and animals [7]. The ability of the
phosphonate group to compete with the carboxylate in formation of ternary mixed-ligand com-
pounds was demonstrated for the example of oxyethylenediphosphonic acid [8].

The present work studies the features of forming ternary complexes of a-aminoalkylphos-
phonic acids (APA) in solutions where the complex-forming ion is Cu?% and the second ligands
are various naturally occurring amino acids. Optically active APA of the general formula
below were studied
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Bl —=Me, R2=Et, R*=H (H,Ll); Rt =H, R2="Ph, 3= H(H,L™); R = Me, R? = Ph,
R® = H (H,L11); R! = Me, R? = Et, R?®= Et(HLI").

EXPERIMENTAL

The L-isomers of amino acids (analytically pure) were used. The APA were prepared by
the method of [9] in optically active form. The acid concentration in all experiments was
(2-3)-10"% M. The initial Cu(NO,), solution was standardized by complexometric titration.
A carbonate-free KOH solution was titrated with a 0.1 M standard HC1 solution.

Potentiometric titration was carried out on a Radiometer PHM-82 autotitrator at 25°C
and constant ionic strength of p = 0.1 (KC1) in an Ar atmosphere. The region studied was .
pH 3-10.

The acid constants of ligands and stability constants of binary complexes with Cu?",
which are necessary for calculation of the stability constant of the ternary complexes, were
measured by us for APA and taken from the literature for glycine (Gly)}, phenylalanine (Phe),
tyrosine (Tyr), and dihydroxyphenylalanine (Dopa). These are given in Table 1. The formation
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TABLE 1. Dissociation Constants of Amino Acids and Optically
Active APA and Stability Constants of Their Copper Complexes
[25°C, u = 0.1 M (KC1)]

Ligand PKHG, | PKHL | logBGurm | logftur | logAGur, ﬁiiir
L- Glycine 9,84 8,25 15,63 [11]
L. Phenylalanine 8,94 - 7,93 14,83 (4]
L. Tyrosine 9,03 10,14 17,99 10,64 15,36 [12]
L- Dopa 8,84 9.77 17.25 - 18,67 [13]
HpL! 5.90 10,43 Z 83 14,77 *
HLU 5,62 9,25 - 8,1 14,89 *
H,LIT 6,04 9,59 - 85 15,30 *
HLIV 8,61 - 5.0 9.60 *

*This work.

TABLE 2. Stability Constants for Ternary Mixed-ligand CuAB
Complexes (u = 0.1 M, 25°C)

Ligand
Ig Bouar Alog K log X
A B
Gly - Phe 15,48 ~0.67 0,53
Gly H,LI! 15,76 -1,01 0,59
H,L! H,L! 15,67 -0,93 1,15
HL™Y H,L 14,13 +0,63 3,36

constants of ternary complexes were calculated on a Nord-10 computer using a program pub-
lished earlier [10].

Ternary systems were studied at a ratio of Cgy:Cp:Cp = 1:1:1. The stability constants

were expressed as
€ [Cu,ABH

nsgp i So g P
qp CCuCA CB CH

where A and B are ligands. Hydrolysis of compounds was minimal and was not considered in
the calculations.

RESULTS AND DISCUSSION

The following systems were studied by pH titration to compare the ability of APA and
amino acids to form ternary mixed-ligand complexes

~ Cu—Phe—Gly (I) Cu—H,LII—Gly (II)
Cu—H,LY—H,LII (I1I) Cu—H,LII—HLV (IV) .

The calculated complexation constants are given in Table 2. The quantities AlogK and
logX were used as a quantitative stability characteristic of the ternary complex in compari-
son to the binary (containing ligands of one type) [11]. The parameter AlogK characterizes

the equilibrium.
CuA -+ CuB = CuAB + Cu

and is expressed by the equation
Alog K = log 583AB — log BgﬁA — log [5833 .
The parameter logX characterizes the disproportionation

CuA, + CuB, =2 2 CuAB

and is expressed by the equation

log X = 2 log Pt — (log [581‘1“;2 + log Bous.) .
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The logarithms of the ternary complex stability constants are of the same order, difer-
ing only for the ternary complex in system (IV), which has the lowest stability constant and
the highest log X. This is consistent with a mixed-ligand ternary complex in system (IV) be-
ing formed preferentially over binary complexes. A maximum in formation of ternary complexes
for the APA and the amino acids is reached at the physiological range of pH 7-8 (Fig. la).
This suggests possible existence of similar systems in living organisms.

The APA and their acidic esters can act as one or two ligands in ternary copper(II)
complexes. The higher logX parameter in comparison to the ternary complexes of amino acids
indicates more favorable conditions for forming ternary complexes with APA.

Three amino acids in L-form, Phe, Tyr, and Dopa, which are found in copper-containing
hydroxylase [14], were selected for establishing the effect of ligand structure on the for-
mation of the ternary complexes. Table 3 gives stability constants for the CunASBqHp com-
plexes, as well as AlogK;;10¢ and logX,,,, parameters calculated from [10].

Two types of mixed-ligand complexes of compositions 1110 and 1111 form for the systems
APA—Cu~Tyr (Fig. 1b). The protonated ternary complex formed in the range pH 7-8 almost sup-
presses formation of all remaining types of complexes. Protons are titrated as the pH in-
creases and the 1110 complex reaches maximum concentration near pH 10. Formation of other
complexes in this pH range is suppressed.

From [13], Phe and Tyr are known to coordinate through the amino and carboxylate groups.
Coordination through the hydroxyl group of Tyr is less probable, although the increased sta-
bility constant of the ternary Tyr complexes in comparison to Phe suggests that a fully ion-
ized Tyr can act as a tridentate ligand in complexes with APA and copper(II).

The stability of mixed APA complexes decreases in the order H,LI > HzLIII > HZLII, hav-
ing a minimum for the acidic ester of APA HLIV. At pH 8, the ternary complex with HLIV pre-
cipitates.

The fact that deprotonation of the second phenol group (pK ~ 13) of catechol ligands is
not observed in the absence of Cu?t was considered in studying the APA—Cu—Dopa systems. Po-
tentiometric measurements at such a high pH value do not give accurate results. The second
phenol group was not considered to dissociate under the experimental conditions.

L [eu®] tors %

Fig. 1. Concentration distribution of species
formed (as percent of total copper present) as
a function of pH in the systems Cu(II)—phen-
ylalanine (HA)~APA (H,B) (a); Cu(II)-tyrosine
(H,A)-APA (H,B) (b); Cu(II)-Dopa (H,A)-APA
(H,B) (c). For a: 1) Cu; 2) CuA; 3) CuB;

4) CuA,; 5) CuB,; and 6) CuAB. For b, c:

1) Cu; 2) CuAH; 3) CuB; 4) CuABH; and 5) CuAB.
CuABH, CuA,, and CuB, are less than 57Z.
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TABLE 3. Stability Constants for Ternary Mixed-ligand CupAgBqHp
Complexes of APA and Amino Acids (25°C, m = 0.1 M, KC1)

Ligand Constant L-Phe L-Tyr L-Dopa
H,L! log Bi11o 15,78 18,35 18,98
? log B:ux — 25,28 24,98
Alog K —0,59 -0,59 .
log X 1,96 6,07 4,52
H,LU log Bi110 15,18 16,50 18,74
log P11 19,5 (4) 25,67 24,88
Alog K -0.85 —-2,24 —
log X 0,64 2,75 3,92
H,LH! log P10 15,76 18,64 19,73
log Bis1 20,2(2) 26.00 25,67
Alog K -0,67 -2,50 -
log X 1,39 2,62 5,49
HLV log Bus10 12,92 13,92 18,01
log Bisgs - 22,20 23,22
Alog K —0,01 -1,69 -
log X 1,51 2,94 9.89

Dopa is known to act as either an amino acid or a catechol ligand in binary complexes
[15]. Two formation constants for ternary complexes of 1110 and 1111 composition were ob-
tained from the calculations. The stability constant of the protonated Dopa complex is sev-
eral times lower than the corresponding constant for Tyr. This indicates destabilization of
the ternary APA and Dopa complex by a second undissociated phenol group.

On the other hand, the stability of deprotonated complexes of Dopa, APA, and copper(II)
of 1110 composition significantly surpasses the values for Phe and Tyr. Figure lc shows that
the complex of 1110 composition is predominantly formed near pH 7. Dopa can be assumed to
coordinate to copper through the amine and carboxylate groups near pH 5. At high pH values,
Tyr can coordinate through hydroxyl groups. The maximum stability of ternary complexes with
Depa occurs for APA with an ethyl substituent on the carbon atom (HZLI).

The behavior of the monobasic acidic ester APA HLIV is interesting. Ternary complexes
of it with Dopa have lower stability than for the remaining APA. The high value of logX in-
dicates that formation of ternary complexes of the HLIV acid with the amino acids studied is
more preferred.

The authors thank V. P. Solov'ev for helpful discussions.
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