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The effect of penicillamine on nickel diffusion current demonstrates thﬁ"l‘{ELa kinetically inert
complex whereas NiL is labile L = (CH,),C(S)CH(NH,)COQ)). The difference in kinetic sta-
bility between the analogous bis-ligand complexes of Ni(ll) with either penicillamine or cysteil
tentatively explained taking into account their structures. It is suggested that nickel detoxicati
chelate ligands depends on the inert character rather than on the thermodynamic stability of tl
vant nickel complex.
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D-Penicillamine (Pen), (CHLC(SH)CH(NH,)COOH), is the main product of penicillir
decompositioh It forms very stable complexes with various transition metaFiand
this property is employed for the drug treatment of the Wilson disease, heavy
intoxication, rheumatoid arthritis and cystinuria, where, however, serious side e
could occur owing to complexing capadity

The interest in the complexes of°Nivith Pen has several reasons. Apparently st
complexes are involved in the mechanism of nickel(ll) detoxication by. Rm the
other hand, the electrochemistry of nickel complexes wHiminothiols could offer
useful insights on the function of nickel center in hydrogeridsés this regard, cys-
teine (Cys) and its derivatives in particular were employed in previous investigat
owing to the occurrence of this amino acid in natural proteins. As the number of
based complexes is limited by the steric effect of additional methyl groups, a |
more reliable description of the complex equilibria in thé*NPen system is avail-
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ablg’~1® It allows a more accurate interpretation of electrochemical data. Finally, n
reduction catalyzed by Pen was recently investigated by cathodic stripping vo
metry leading to a sensitive method for the determination of Pen at concentr:
down to 10° mol I* (ref.1%). Further electrochemical investigations in thé*NPen
system bring theoretical ground to this method.

This paper decribes the influence of Pen complexation on the nickel diffusion ct
in connection with the kinetic stability of relevant complexes. Investigation of o
electrochemical processes occurring in this system is under progress and will b
lished in forthcoming papers.

EXPERIMENTAL

The DC and AC polarographic measurements were performed in a thermostated ced0 4t °Z5 by
means of a Radelkis OH-105 polarograph. The dropping mercury electrode was characterized
drop-time of 4.94 s; flow-rate of 1.509 mgtsn 1 m KCI at 0.00 Vvs SCE and by the mercury
column height of 66.2 cm. The reported potential values refer to the SCE. Solution was deoxyg
by bubbling of pure hydrogen.

The reagents used Nig(Riedel de Haen)p-penicillamine (Fluka) and other chemicals were
analytical grade and were used without further purification. The stock solution of1NOBI, was
standardized by amperometric titration with EDTA. Fresh Pen solutions were prepared daily.

In most of the experiments the supporting electrolyte was a buffer system prepared
Na,HPQ,[12 H,0 and CHCOON&3 H,0 (0.024 mol 1! of each in the test solution) with proper a
ditions of 1wm perchloric acid according to réf. A borax buffer pH > 8 was prepared by mixin
appropriate volumes of 0.06 borax and 0. hydrochloric acid.

RESULTS

Electrode Processes in the Ni(ll)-Pen System

According to curvel in Fig. 1, the reduction of nickel ion in the phosphate—ace
buffer is irreversible in the region of the wakewith a half-wave potential of —1.03 \
and the apparent transfer coefficient of 0.35. Pen in the absencé’giws only the
anodic waveB (Fig. 1, curve?) attributed to the formation of sparingly soluble me
cury thiolaté® In the presence of Rfi(curve 3) the wave shifts by about 0.05 V tc
wards more positive potentials and at the same time its limiting current decre
These effects are in an agreement with the observation of anodic oxidation of m¢
to insoluble compound®and are ascribed to the decrease in the concentration of
Pen due to the formation of -Pen complexes. Additionally, the catalytic nick
prewave C) and the catalytic hydrogen prewa\®) @re also formed. The assignme
of wavesC andD is made by the analogy with Cys under similar conditibffs?3 In
contrast to the Cys system however, the limiting current of nickel diffusion wgve
on curve3 becomes lower compared to the value recorded in the absence of the
(curve 1).
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It is obvious that the effects illustrated by cur®ere the consequences of nick
complexation by Pen. Straightforward correlation between the electrochemical da
the complexes occurrence can be made by means of theAvave

The Effect of Pen Concentration

The effect of the gradual increase in Pen concentration is depicted in Fig. 2. Ac
ingly, the rise in Pen concentration induces the depression of the nickel diffusior
rent ;) until its complete decay in the presence of an excess of ligand @urvhis

effect cannot be attributed to the inhibition by Pen adsorption. Neither electrocar
curves or alternating current data indicated significant changes in the double
structure in presence of Pen at potentials negative from —1.00 V. Also, the conv
of nickel ion into a species reducible in the range of the pre@asa&nnot be responsible
for the depression of Ricurrent either. There are no relevant correlations betweer
prewave and main wave currents and, in addition to it, the catalytic prewave alsc
ishes in presence of an excess of Pen (Fig. 2). Finally, there are no reasons for a
the above effect to the shift of nickel reduction in the region of the \Wawéhich

shows all the characteristics of the catalytic hydrogen preMd¥&3 Like the analo-
gous wave produced by Cys (féf, the waveD occurs in a limited pH range around
and has the shape of the irreversible polarographic waveByjtbf about —1.22 V and
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Typical polarograms recorded in the®NiPen Effect of Pen concentration on the nickel wavi
system. Phosphate—acetate buffer pH 6164.mv at pH 6.52 in the phosphate—acetate buffer ¢
Ni%*: 20.7 mu Pen:3 1 mv Ni**and 0.7 nw 0.6 mv Ni?*. Concentration of Pen in mmat

Pen.A nickel diffusion waveB anodic wave of 10;20.12;30.44;4 0.87;5 1.4. Initial poten-
Pen; C catalytic nickel prewaveD catalytic tial —0.400 V
hydrogen prewave
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an = 0.45. On the other hand, the wdyedoes not appear in presence of an exces
Pen (Fig. 2, curveb) proving that it is not due to the simple reduction of a nic
complex.

It is therefore obvious that a non-reducible nickel complex is formed in presen
Pen. The remaining reducible species are reduced either in the region of thk erave
Doubtless, the species reduced in the region of the Waneresence of Pen is still th
hydrated nickel ion, as follows from the value of the half wave potential. Further ir
tigation in this paper aims to identify the non-reducible species and attempts to p!
an explanation for their inert character.

The Nature of the Rate-Determining Step in the Region of Wave

Since several complexes are present in the system under investigation, it is impol
assess whether chemical equilibria are disturbed by the electrochemical reaction
ring in the region of the wavA. To this end, the effect of the temperature and

mercury column pressure on the limiting current of the watave been studied unde
various conditions.

The temperature coefficient, defined in #éasw = 100Ql,/I;AT) was found to be
1.6% Kin the absence of Pen which is in accord with the typical value for diffu:
currents. The temperature coefficient determined at various Pen concentrations (2-!
mol 1) in the temperature region of 15-20 varies between 1.4 and 1.5%Kindi-
cating the diffusion control of the waveeven in the presence of the ligand. The sa
conclusion results from the study of effects of the mercury pressure (column hig
at various nickel and Pen concentrations. Under all the investigated conditidRg t
vs H2plot is represented by straight lines crossing the origin of both axes. The
values (inpA cnm?9) at pH 6.52 for various nickel and Pen concentrations (in mmpl
respectively, are as follows: 0.073 (0.12; 0); 0.046 (0.12; 0.10); 0.310 (0.65; C
0.057 (0.56; 1.00). Taking into account the above results, the vaeeorded in the
presence of Pen is further approached as a typical diffusion wave and the experi
data are analysed in terms of theovi equation.

The above results demonstrate that the non-reducible nickel complex is also c
cally inert. Indeed, although the reduction of free nickel ion in the region of the Ava
does disturb the complexation equilibria, this wave does not show any charact
that could be assigned to the conversion of the non-reducible form into the red
one.

Composition of the Non-Reducible Complex

In order to find the metal/ligand ratio in the non-reducible complex, the effect of
concentration on the limiting current of waskewvas studied in both the phosphate—acet
(Fig. 3) and borax (Fig. 4) buffers at several pH values and various nickel conc
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tions ;). Under all the investigated conditions, the limiting current decreases lint
with growing Pen concentration as a consequence of gradual conversion of nick
the non-reducible form. Intercepts of lines in Figs 3 and 4 with the abscissa axi:
the Pen concentration required for the completion of the reaatjQp The ratio
CpendCni 9ives the ligand/metal ratio in the non-reducible complex. The values o
Cpen,dCni ratio determined from the plots in Fig. 3 are as follows: 2.01 (ctyve.08
(curve 2) and 2.10 (curved). Analogously, the following values results from Fig.
2.12 (curvel), 2.02 (curve?) and 2.05 (curve).

These results indicated that the ligand/metal ratio in the non-reducible species
in accord with the stoichiometry of the NiLcomplex previously detected by othe
method$810-1YL2- = (CH,),C(S)CH(NH,)COO"). However, there is not a convincin
proof about whether or not NiL, which is a minority species, also takes part ir
electrode process of the wave A. The next section present some additional tests
to elucidate this question.

Fic. 3
Effect of Pen concentration on nickel
diffusion current in the phosphate—ace-
tate buffer at pH 6.52. Concentration of0
Ni#*in mmol I 1 0.59;2 0.57;3 0.20

0.00 0.25 0.50 0.75 1.00 1.25
Cpen» Mmol 1

Fic. 4
Effect of Pen concentration on nickel
diffusion current in the borax buffer; pH
and Nf* concentration in mmolt 1 00 02
8.00, 0.54;2 8.10, 0.4;3 8.50, 0.54

-1
Cpen, Mmol |
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Nickel Species Distribution; Effects on Nickel Diffusion Current

In the pH range covered in this work, the carboxyl group of Pen is ionikgdk(B.5,
ref8) and the subsequent protonation equilibria involve four different species. Alth:
the values of the microconstants are avaifRpbleomplex equilibria are usually dea
with by assuming that one single intermediate species)(éticurs. This symbol stand
for both forms with the labile proton bound to either sulfur or nitrégénThe values
of the ionization macroconstants measured by potentiometric titratiorkKgre 8.032
and K,,= 10.679 (ref).

It is generally accepted that Pen forms only mononuclear species in contrary t
which gives polynuclear complexes with nick& It is in a consequence of the ster
hindrance by the additional methyl groups. With one single excépiitois assumed
that the complex species occuring in thé*NPen system are NiL and NjiL The
formation constants for the above mentioned species reported by various ‘attfrars
agree fairly well. The data reported by Perrin and Sayrebe assumed as typical (Rigy=
10.749; logP,0= 22.886) and were used in the present work to calculate the sp
distribution under various conditions. A different model advanced ihas$umes the
occurence of ME and MLH™ species (log;,0= 22.92, logB,,, = 27.06). It appears
that thef3;,oconstant has almost the same value in both models.

As shown in Fig. 5a, the rise in pH at constant Pen aftichihcentrations leads tc
the decrease of the nickel diffusion current. This behaviour is obviously due to the
of the complex equilibria towards the formation of the non-reduciblgNipecies. In
order to confirm this assumption the difference between the diffusion current i
sence of the complexationy(,) and the current measured at various pH values
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-.O"'O-o“&.oo,.@o..o..a“.o
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Influence of pH on the NI diffusion current Ky;) in phosphate—acetate buffer at following?Nand
Pen concentrations in mmdlY 1 0.50, 0.50:2 0.31, 0.50:3 0.22, 0.20a pH dependence di;
b dependence ofl ;o —Iy;) on NiL%" concentration calculated from data plotted in Fig. & curve
1, 0 curve 2, O curve 3
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presence of Perl\() was plotted in Fig. 5b as a function of the Hilconcentration
calculated from available equilibrium dat@®Dwing to the interference of the catalyt
hydrogen evolution, the data at pH > 6 are less reliable and were omitted. Small syst
errors can also occur at higher pH due to the formation of complex species Ni(H
with log K = 2.08 (re£’). This is not a major drawback as the most important pH ef
occurs at lower pH values.

Figure 5b shows that data obtained under different conditions (cf+8ds Fig. 5a)
fit to the same straight line crossing the coordinate axis close to the origin. The
uals of the correlation in Fig. 5b are normally distributed (according to the Ryan—J
test) with the average value —4 ~10A and the standard deviation 0.06. The slope
this line (4.92uA per mmol 1Y) does not differ too much from tHiékovi constant
found in the absence of Pen (54 per mmol t1). No attempts was made to perfor
the same test in borax buffer due to uncertainties regarding the composition ar
bility of nickel—-polyborate complexé%

An analogous treatment was used for the data collected at varigleoNcentra-
tions (Fig. 6). This shows that the current is negligibly small as long as tH@ i
ratio does not exceed 2/1. The data in Fig. 6 were analysed by plotting the diff
current (y;) as a function of computed concentration of reducible species. It was f
that the data on both curves in Fig. 6 fit the same straight line with the regre
equation:l; = 0.038 + 5.33 ([Ni*] + [NiL]) where I is in A and the concentratior
in mmol L. The residuals for this correlation are normally distributed (Ryan—Jo
test) with the average 4.2 . 2QA and the standard deviation 0.Q8 (i.e. approxi-
mately 2.5% of the maximum current value in Fig. 6). The intercept of the abov
gression line is negligible, indicating thiovi -type dependence df; on the
concentration of reducible species and its slope, 88 mot | of concentration, is
very close to the value of thikovi constant for free Nf ion as measured in the

2 - .
Ini: A
1 b il
Fic. 6
Effect of N£* concentration on the diffu- 0 @=o=e™""
sion currently; at pH 6.52 and Pen con- 0.0

centration in mmolT: 1 0.2; 2 0.5
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absence of Pen (5.318A mmol1l). Alternatively, the ploty; vs[Ni?*] is also linear but
the slope value of 6.20 is anomalously high compared withikbei constant of Ni*.

The results of various tests presented in this section are summarized in Table |
kind of correlation included in this table is linear, with a negligible intercept. Co
quently, the direct proportionality betwegpand concentrations of considered spec
is not sufficient to decide the proper model. However, a comparison of slopes wif
llkovi constant for Ni* clearly demonstrates that the non-reducible species i§ N
whereas both Nf and NiL species take part in the diffusion-driven process prece:
the electron transfer in the region of the wéve

DISCUSSION

As follows from the experimental results in this paper, the main chemical and el
chemical processes involving nickel ion in the presence of Pen can be represer
Scheme 1.

2-

_ +L . 2-
Ni?* + 12 =—= NiL —— > NiL2
1)
+ 2el Wave A + 2el Wave C
Ni(0)Hg Ni(O)Hg + L%

ScHEME 1

Accordingly, the species Rfiand NiL are in equilibrium whereas the back convi
sion of the species NiL is extremely slow and the corresponding complexation ¢
(2) can be considered as irreversible. Consequently, Pen displays a masking ef
the nickel ion. Conversely, the species NiL is electrochemically active as its
reduction occurs in the region of the waeéby a catalytic mechanism. This involve
the regeneration of the reactant by the reaction of the nickel ion with ligand mole
released after the electron uptake. The occurrence of the regeneration is proved
fact that the waveC current is much higher than the diffusion current of the spe
NiL computed by means of the llkovic constant fofNilthough this gives a sligh
overestimation of the result.

The irreversible wavé correspond to the reduction of freeNbn even in presence
of Pen, as it follows from values of characteristic potentials. Data in Table | de
strate that the transport of nickel towards the electrode surface occurs by the dif
of both free nickel ion and the labile NiL complex. The last one dissociates insid
diffusion layer where the concentration of free nickel ion is brought below the ec
brium value due to the reduction process.

A comparison with the behaviour of the analogous complexes of Cys reveals a
ing difference as far as the reactivity of the Nikpecies is concerned. The maskil
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effect of Pen on the nickel ion is similar to that produced by EDTA despite the
whelming difference in chemical structure. As the effect of Pen is not dependent «
buffer composition, it cannot be assigned to the occurrence of some mixed comg
Conversely, under similar conditions Cys does not influence the limiting currel
nickel ion although both the catalytic prewaves of nickel and hydrogen '6éeu?
Similar behaviour was observed in the case of various cysteine analogues, for e>
selenocysteirt@ Y various cysteinyl-dipeptidgs3?and cysteine ethyl estér An im-
portant effect of Cys on the nickel diffusion current was still noticed in the amm
buffer’®. There are, nevertheless, some peculiar features in this case. First, the
diffusion current is not completely suppressed even in the presence of a high*Cy
concentration ratio (up to 10). Conversely, the amount of reducible nickel sp
corresponds to, at least, one half of the total amount of nickel in the solution. Se
it is not possible to find a well defined relationship between the Cys effect an
stoichiometry of complex species, although the data id*maiggest that the metal/li
gand ratio in non-reducible species is 1/2. It is interesting that the decrease in the
diffusion current parallels the increase in the Brdicka wave current. Hence it c:
suggested that this process is related to the occurrence of a nickel-Cys complex
above mentioned ratio. However, the masking effect of Cys does not occur at p
and in absence of a secondary ligand originating from the buffer composition, st
ammonia.

The difference in reactivity between the analogous Pen and Cys-tyjie com-
plexes cannot be explained in terms of the thermodynamic stability because tr
ference between the formation constants is only about 2 logarithmic unit3. (fef.
kinetic interpretation based on the differences in the structure of complexes is the
attempted.

TaBLE |
Testing of various hypothesis about the nature of the reducible and non-reducible complex spe
the NE*—Pen system. Slope is jpA per mmol T2

Source of

Hypothesis Correlation Slope data

Inio Vs [Ni?"] (in absence of Pen)  5.15 independent

measurements
1. Both N#* and NiL are reduced Ini vs ([Ni%*] + [NiL]) 530 Fig. 7
2. Only N#* ion is reduced Ini vS [Ni?'] (in presence of Pen)  6.20 Fig. 7
3. NiL%" is the single non-reducible (Inip —1Ini) vs [NiL%j 492 Fig. 5

species
4. Both Nil5™ and NiL are non-reduciblel\i, —Iy) vs([NiL%“j + [NiL]) 3.56 Fig.5
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The structures of Cys and Pen bis-ligand complexes with nickel(ll) have been
mined by X-ray diffractio®®3". Both of them have a square planar structure but, ¢
pite of the similarity of coordinating sites, there are still some important difference
shown in Fig. 7. First, the two ligands are in th&configuration in the Pen comple:
whereas thé&rans arrangement occurs in the Cys analogue. Second, the carboxyl g
in the Cys complex have an axial orientation relative to the coordination plane. Cc
sely, in the Pen complex carboxyl groups are assumed to be in an equatorial con
tion. This is evidently due to the steric effect of the additional methyl groups in
These substituents bring about a hydrophobic character to the complex molecule
addition, shift the hydrophilic carboxyl groups far from the coordination center. T
structural characteristics allow the interpretation of the complexes reactivity in tert
the general rules for the substitution reaction at nickel square planar corléwes
the decomposition of the complex starts with axial binding of a water molecule, tl
promoted by a high local water activity in the case of Cys complex caused by car
groups (Fig. 7a). This interpretation is supported by X-ray diffraction data evider
the simultaneous presence of several water molecules and counter-cao#is)(in
contact with the carboxyl groups. On the contrary, the position of the carboxyl gt
in the Pen complex (Fig. 7b) does not stimulate the approach of the water molec
the nickel ion and the hydrophobic character of the methyl groups even makes th
more difficult.

During the next step the breaking of a nickel-nitrogen bond occurs rather the
cleavage of the stronger sulfur—nickel one. The subsequent breaking of the sect
trogen—nickel bond is thereafter facilitated by trens effect in the case of Cys com
plex. Trans effect should be much less effective in the case of Pen because the
ccordinand in therans position forms a much stronger chemical bond as compare
nitrogen. Consequently, the splitting of the second coordinate bond may proceed
more slowly in the case of Pen complex.

It can be concluded that a combined effect of polar group orientation, coordin
group position and absence of steric hindrance makes [N¥f¥sless kinetically
stable than its Pen analogue despite the small difference in thermodynamic stz

‘0——0 o (e} o
‘o4 oL _NHy HN__=o
NHy o o S s
T .2+4////87 H3C, 2+ CHs
N Ni
4 ! S ol ~. -
S HoN HsC S S CH3
a b
Fe. 7

Structure of bis-ligand Ni(ll) complexes of Cya)(and Penlf). Adapted from ref§=%’
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This conclusion suggests that the kinetic factors could play a decisive role i
mechanism of nickel(ll) detoxication by chelating agents explaining thus the I
detoxifying effect of Cys compared with Pemespite of small difference in the st:
bility constants. On the other hand, this also could explain strong detoxifying effe
polyamino carboxylic acidsvhich yield much weaker nickel complexes compared
both Cys and Pen. Kinetically inert nickel complex appears therefore as more eff
excretion form compared to the species that are thermodynamically stable but |
cally labile. This could be an attractive explanation for the paradoxical conclusior
recent papéP stating that no definite relationship exists between the structure o
chelating agents and their ability to counteract the toxic effects of nickel.

The above interpretation could also have some relevance for the reactivity of |
hydrogenase. It is assumed that dihydrogen splitting by this enzyme etosming
hydride ion intermediate bonded to the nickePidms previously demonstrated, som
subtle differences in vicinal group polarity and orientation could bring about impo
effects in nickel center reactivity.

Finally, it is worth noting the potential analytical applications of the inerNil
complex for masking either Pen or?Ni
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