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The stability constants of ternary Cu’* and Zn**
complexes, each of which contained 2,2"-bipyridyl and
a second ligand of carboxymethyl alkyl or aryl sulfide
or the sulfoxide or sulfone derivative, were determined
by potentiometric titration in 50% aqueous dioxane
(I = 0.1, NaClOy; 25°). A comparison of the stability
of these ternary complexes with those formed with
simple carboxylates indicates that the thioether (or
sulfoxide or sulfone) groups participate in complex
formation in all the mixed-ligand cases. This is
different from the results obtained recently for the
binary complexes of Cu** and Zn** with thioether
carboxylates: chelate formation is definite only for
the binary complexes with carboxymethyl alkyl sulfi-
des, while with carboxymethyl aryl sulfides, the sta-
bility constants are of an order that can be explained
b;l the formation of simple carboxylate complexes
alone.

Introduction

The ternary complexes investigated so far in so-
lution have had mainly ligands with O and/or N
atoms as binding sites.!”” The most striking qualities
were observed in systems containing Cu’*, an aromatic
amine, and a further ligand coordinating through O
atoms: the resulting mixed-ligand complexes are very
stable.” For example, the ternary complex, 2.,2’-bi-
pyridyl-Cu?*-pyrocatecholate (eq 1) is more stable
than the corresponding binary one, Cu?*-pyrocatecho-
late (eq 2)* In other words, positive values are
obtained for the stability difference, AlogK, as defined
by equation 3. For the mentioned example, AlogKcy
= 40.43° This result may seem surprising, since

usually KM >KMeL,’ due to the fact that more co-
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ordination positions are available for bonding of the
first ligand to a given metal ion than for the second
ligand. Clearly, the difference, Alog K, which results
from subtraction of the logarithms. of two constants,
is also a constant; this is due equilibrium 4.

Me(bipy)+ L—=Me(bipy)L
meinyy _ [ Me(bipy)L]

Kewipy)L = ——r——e———— 1

= TMetbipy) JTL] o
MeL]

Me+L==MeL Kis =[—_—— 2

" TMeIL] ‘

AlogKu.=logKienrhi—logKus. (3)

Me(bipy) + MeL=Me(bipy)L + Me “4)

The recent systematic studies of ligands containing
O and/or N as donors have shown that the stability
of the mixed-ligand complexes is strongly dependent
on the kind of donor atoms available and the possi-
bility of ® bond formation.!*%" Since S is one of the
more important donor atoms in vitro as well as in
vivo," being able to form both, ¢ and = bonds, it is
of considerable importance to learn something about
the binding behavior of this atom in ternary com-
plexes. The strongest and most common binding
site in this respect is proffered by the thiol group (R-
SH) so frequently encountered in cysteinyl residues,
but redox reactions between the sulfide anion (R-57)
and certain metal ions such as Cu’* preclude the
determination of stabiiity constants.! To overcome
this problem and because of the importance of such
natural thiothers as methionine, thioether carboxylates
were used in the present work. The presence of a
carboxylate group as a second binding site in these
ligands. allows the determination of the stability
constants by potentiometric titrations and guarantees
a certain minimal stability of the complexes. Alkyl
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an aryl substituted carboxymethyl sulfides were used
as ligands to examine the influence of different elec-
tron densities on the sulfur. The systems studied
contained Cu®* or Zn**, 2,2"-bipyridyl, and as a
second ligand, carboxymethyl alkyl sulfide, carboxy-
methyl ary! sulfide, or sulfoxide or sulfone derivative
thereof.

Experimental Section

Materials and Synthesis. 2,2"-Bipyridyl, the metal
perchlorates, and D,O (99.75%) were purchased from
Fluka AG, Buchs, Switzerland; dioxane was {rom
Merck AG, Darmstadt, Germany. A solution of Na-
OD war prepared by dissolving NaOH in D,O. This
solution was used to adjust the pD of the solutions
used for the NMR experiments. p-Nitrophenyl mer-
captan was obtained from Aldrich Chemical Co.,
Milwaukee, Wisconsin. lodoacetic acid was from
Eastman Organic Chemicals, Rochester, New York.

Carboxymethyl p-nitrophenyl sulfide was synthe-
sized as described.”*”® The elemental composition was
calculated for C;H;NO,S: C. 45.06; H, 3.32; N, 6.57;
O, 30.01; S, 15.04. Found: C, 45.20; H, 3.32; N,
6.57; O, 30.05; S, 14.91. All other thioether deri-
vatives were the same as used recently.'>"

Apparatus and Determination of Constants. All
experimental conditions were exactly the same as
described recently.® The evaluation of the experi-
mental data was done as before.>? In the calculations
of the stability constants due to the mixed-ligand
complexes (eq 1), it was assumed that complex for-
mation between Cu** or Zn?* and 2,2"-bipyridyl is
complete. The correctness of this assumption has
been repeatedly proven,*’ but additionally it was
checked potentiometrically for the present cases.
These titrations revealed that the release of protons
due to the complexing between Me?* and bipy is com-
pletely finished before the reaction between Me(bipy)**
and L. occurs. Hence, the curves that resulted from
the titration of a solution containing only HCIO, and
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Cu?+ by the high excess of carboxymethyl phenyl sulfide, but most of

Cu?+ exists under these conditions (cf. Table I1) as the mixed-ligand

complex, as the following estimations show. The constants for the

carboxymethyl sulfide (L) system in water were estimated from the
change observed for the constants with the acetate system!® by replac-

ing 50% aqueous dioxane as solvent by water: p}(ﬂL == 3.6;

log K&y = 1.3; log K& == 0.7; log KEGir, =« 1.9. Constants due

N . . . H _ .
to the 2,2’-bipyridyl system in water: 1° pKH(bim = 4.49; log Kgﬁ(bim

= 8.00; log KGi{iry = 5.60. Using these constants, [L],, = 0.2 M,

and [bipy],, = [Cu* = 6.25x10-5 M (c/. Table II), one obtains

tat
a

the following distribution of the species ([Cu“ we = 100%): Cu-

(bipy)L, ~ 86%; Cu(bipy), ~ 11%; Cu, Cu(bipy),, Cuk, and CuL,,
~3%.
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those containing also Me?* and bipy are superimposa-
ble. Of course this is true only at lower pH values
(and in the pH region used for the calculation of the
stability constants); at higher pH values, the curves
are different due to hydrolysis of the Me?**-2,2"-bipy-
ridyl 1:1 complexes.

As earlier,””®®2 the potentiograph was calibrated
with comercial aqueous buffers (pH 4 and 7, from
Metrohm AG) and the direct readings for pH were
used in the calculations. No ’corrections” were
applied for the change in solvent (50% aqueous
dioxane; I = 0.1, NaClOs; 25%).

Results

The acidity constants of the ligands according to
eq 5 and the stability constants of the binary com-
plexes. MeL (eq 2), and the ternary complexes, Me-
(bipy)L (eq 1), were determined by potentiometric
titrations in 50% aqueous dioxane (I = 0.1, t = 25°).
This mixed solvent was used for solubility reasons.
For stability constants, measurements were made in
the presence of an excess of metal ions, or an excess
of metal ions and 2,2%-bipyridyl in a 1:1 ratio, with
respect to the concentration of the thioether deriva-
tives.

N . _ [HI[L]
HL—=H+L KHL——-——[HL] - (5)
For the systems with carboxymethyl isopropyl sul-
fide or carboxymethyl phenyl sulfide, the results of
such titrations are shown in Figure 1, where the pH
of the solution is plotted against the neutralisation
degree. The formation of complexes shifts the buffer
region of the ligands to lower pH values. Thus, it
may be concluded from Figure 1 that the stability of

pH
71 - (CHg}CH-S-CHyCO0"
—— CgH5-S-CHCO0™
64
5 -
44
L
- Cut/Bipy
3 Wby

0 05 T
Neutralization Degree

Figure 1. Variation of neutralization degree with pH during
potentiometric titration with 0.1 M NaOH of thioether car-
boxylic acids (1.2x10"* M) with and without metal ion
(2.4X107* M), or metal jon and 2,2-bipyridyl (each 2.4 x10-?
M) in 50 ml of 50% aqueous dioxane (I = 0,1, NaClO,; 25°).
Portions of lines (---) extended toward higher degrees of
neutralization indicate uncertainty due to hydrolysis. For the
carboxymethyl isopropyl sulfide, the titration curves due to
the binary and ternary systems are practically identical.
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Negative Log Acidity Constants of Thioether Carboxylic Acids and Some of Their Sulfoxide and Sulfone Deri-

vatives, and Log Stability Constants of the Corresponding Binary, MeL, and Ternary, Me(bipy)L, Cu’* and Zn’* Complexes,

Determined in 50% Aqueous Dioxane (I = 0.1, Na(ClO.; 25°)

b b
No. Ligand pKi logKes

b

logK&hits,  AlogKe. logK®,  logKntime  AlogKzs
I CH,CH~S~CH,COO- 524 3.92 391 —0.01 222 2.18 —0.04
11 CH,CH.CH;~S—CH,;COO- 5.34 3.87 3.92 0.05 2.26 2.19 —0.07
I (CH,),CH—-S—CH,COO- 5.37 393 3.94 0.01 2.22 2.22 0.00
Iv CH—CH~S—CH,COO- 5.32 340 3.82 0.42 2.19 2.16 —0.03
A\ CsH~—S—CH,COO~ 5.05 2.89 3.53 0.64 2.04 2.20 0.16
VI p~CH,—CH,—S—CH,COO- 5.17 3.01 3.61 0.60 2.04 222 0.18
VII p-NO,~CH~S—CH,COO- 454 259 2.95 0.36 1.78 1.91 0.13
VIII CsHs;—CH,—SO—CH,COO~ 3.88 2.65 2.83 0.18 1.84 1.80 —0.04
IX CHs—SO—-CH;COO- 3.90 253 272 0.19 1.96 1.89 —0.07
X  CHs—CH~SO~CH,COO- 3.66 2.49 2.63 0.14 1.73 1.75 —0.02
XI CHs;—SO~CH,COO- 3.85 261 2.87 0.26 1.87 1.83 —0.04

aThe reproducibility of the stability constants was at least =0.05; that for the acidity constants was smaller, cf. ref. 13.
b These data are the same as those given in ref. 13, with the exception of VII; the constants due to the latter system were

determined only now (pKii=4.54=+0.02).

Table Il. Line Widths¢ from PMR Spectra of Carboxy-
methyl Phenyl Sulfide (V) with Increasing Amounts of [Cu-
(CIO.)Z]?.;7[2,2'-bipyridyl].o. (V was 02 M in D;O; pD
~5.5; 371°) "7,

[Cui*]=[bipy] CH,— —CH,~

— 1.40 0.64
6.25X 10 1.96 2.78
1.25x 10~ 2.41 5.0
25 x10-* 327 9

5 x10~* (precipitation)

4 Given in cps; measured at the half height of the peaks on
an expanded scale (100 cps); errors in line width determi-
nations are within 10%.

the binary and ternary complexes formed with carbo-
xymethyl isopropyl sulfide is about the same for
both metal ions, ie., AlogKcu=0 and AlogKz,=0;
and with carboxymethyl phenyl sulfide as ligand the
stability of the ternary complexes is significantly
greater than that of the binary ones, i.e., AlogKc,>>0
and Alog Kz,>0. This different behavior with re-
gard to the stability of the ternary complexes as
exemplified by these two ligands is generally observed
with carboxymethyl alky! sulfides and carboxymethyl
aryl sulfides, as can be seen from the results presented
in Table I.

The high stability of the ternary complexes (compa-
red with the binary ones) formed with carboxymethyl
aryl sulfides prompted us to investigate the proton
magnetic resonance spectra of carboxymethyl phenyl
sulfide, V, in the presence of increasing amounts of
Cu?* {(cf.") and 2.2"-bipyridyl in a 1:1 ratio,"” and to
compare these data (cf. Table II) with the ones ob-
tained earlier’ in the presence of metal ion alone,
viz. Mn?* or Cu**. From such a comparison, we
hoped to solve the question" about whether or not
chelates are formed between Cu** (or Mn?*) and
carboxymethyl aryl sulfides. Such chelate formation is
deﬁ?site for the binary Cu**-carboxymethyl alkyl sulfi-
des.

An attempt to observe also a chemical shift" in the
PMR spectrum of carboxymethyl phenyl sulfide, V, in
the presence of Zn’* and 2,2"-bipyridyl failed, due to
solubility problems in 1:1:1 mixtures.

Discussion

The acidity constants of the ligands and the stabili-
ties of the binary complexes, including those with
Mn?*, have already been compared and discussed re-
cently.® Therefore, we can concentrate now on the
stability of the mixed-ligand complexes.

Thioether Carboxylates. The most surprising point
of the results given in Table I is that thioether carb-
oxylates, I-VII, can be divided into at least two or
even three classes according to the order of the A
log K¢y values. The carboxymethyl aryl sulfide systems,
V and VI, have A log Kcu=0.6; these results are of
an order only very rarely observed.® In contrast, A
log Kcu=20.0 for the carboxvmethyl alkyl sulfide sys-
tems, I-11I. Of course, even the latter value is still
considerably greater than expected statistically. i.e.
the ternary complexes are more stable than expected.
A third, less clear-cut class may be formed with carb-
oxymethyl benzyl sulfide, 1V, and carboxymethyl p-ni-
trophenyl sulfide, VII, with intermediate values for
A log Kc..  As usually observed,'®® the stabilities of
the Zn®* complexes show the same general trend
which is less pronounced than that of the Cu?* com-
plexes (c¢f. Table I).

Before discussing possible reasons that lead to these
classes, it seems reasonable to consider the structure
of these complexes, i.e does the thioether group ac-
tually participate in complex formation. An unequi-
vocal answer is obtained when the stability of the
thioether carboxylate complexes is greater than ex-
pected on the basis of the basicity of the carboxylate
groups. Therefore, it is convenient to plot the stabi-
lity constants against the acidity constants. For series
of structurally related ligands, straight lines result.
The “reference” lines given in Figures 2 and 3 are
due to simple carboxylate systems.®? In Figure 2,
the data due to the mixed-ligand Cu’* systems are
plotted; those due to the binary complexes are given
for comparison. -In Figure 3, only the data of the
ternary Zn** complexes are shown.

0) R. Griesser, B, Prijs, and H. Sigel, Inorg. Nucl. Chem. Let-
ters, 4, 443 (1968).
(21) A.E. Martell and M. Calvin, Chemistry of the Metal Chelate
Compounds, Englewood Cliffs, N.J., Prentice-Hall, 1952.
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It can be concluded from Figure 2 that all the
ternary complexes, Cu(bipy)L, formed with the thio-
ether carboxylates, I-VII, are significantly more stable
than expected on the basis of the basicity of the cor-
responding carboxylate groups alone. This result
shows clearly that Cu(bipy)** reacts with these ligands
by forming a 5-membered chelate which involves the
thioether and the carboxylate groups. In contrast,
in the case of the binary complexes, chelate formation
is definite only with the carboxymethyl alky! sulfides,
I-IV, but not with the carboxymethyl aryl sulfides,
V-VII.®  This means the stabilities of the binary
complexes formed with the latter ligands, V-VII, cor-
respond with the reference line.

‘ “© K,
1) M— —_—

5 6
Figure 2. Relation between Jog K (£1ogKS4 or log K

and pKi. for the binary complexes, Cul (®, O, ©, @), and
the ternary complexes, Cu(bipy)L (®, @, @, ©), with simple
carboxylates (@, ®), the carboxymethyl alky!l sulfides, I-111
(O, @), carboxymethyl benzyl sulfide, IV (©, @), and the
carboxymethyl aryl sulfides, V-VII (®, @) (cf. Table I).
The data on the monodentate carboxylates, which furnish
the reference lines due to the binary (B) and ternary (T)
Cu’* complexes, are taken from earlier reports on formate,
acetate, and propionate* and on valerate? (cf. also the dates
due to a-or B-substituted halogeno carboxylates®).

25 toq KZNOPY

J o9 Znibipyl

201

PKIL
LA, T

T ‘é T E

Figure 3. Relation between log Kiawi) and pKi for the

ternary complexes, Zn(bipy)L, with simple carboxylates (®),
the carboxymethyl alkyl sulfides, [-1II (@), carboxymethyl
benzyl sulfide, IV (@), and hte carboxymethyl aryl sulfides,
V-VII (®) (c¢f. Table 1). The data on monodentate carbo-
xylates, which furnish the reference line due to the ternary
(T) Zn’* complexes, are taken from earlier reports on for-
mate, and propionate® and on valerate? (cf. also the data
due to a- or B-substituted halogeno carboxylates").

A rather similar situation is found in the series of
Zn’* complexes: in the ternary complexes, chelates
are formed with all ligands, I-VII, (cf. Figure 3).
Although the stability increase due to the coordination
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of the thioether group is less remarkable than with
Cu*, it is still significant. Again, in the case of the
binary Zn?* complexes, chelate formation is definite
only with the carboxymethyl alkyl sulfides, I-IV.?

Keeping the above points in mind, one may con-
clude that the large A log Kc. values found with the
carboxymethyl aryl sulfides, V and VI (Table I), are
not due to an exceptionally high stability of the ter-
nary Cu®* complexes, but rather to the low stability
of the corresponding binary complexes. The differen-
ce in stability between the binary complexes of carb-
oxymethyl alkyl sulfides and carboxymethyl aryl sulf-
ides was attributed”® to the smaller electron density
of aromatically-substituted sulfur® Hence, it is as-
sumed that in the uncomplexed carboxymethyl aryl
sulfides and in the corresponding binary complexes
the electron density is delocalized from S toward the
phenyl ring. In the present case, however, one is
lead to postulate an electron delocalization in the
opposite direction in the ternary complexes; taking
into account the known m-acceptor qualities of 2,2'-
bipyridyl®*” (which makes Cu?* more electrophilic),
this seems reasonable. As a matter of fact, it is sug-
gested that the high stability of these mixed-ligand
complexes is connected with a m-electron delocaliz-
ation over the whole complex (such a cooperative
effect was observed in other cases too®’). In agree-
ment with this hypothesis is A log K¢y = 0.36 for the
p-nitro  derivative, VII, of carboxymethyl phenyl
sulfide: due to the electron-withdrawing qualities of
the nitro group. the electron density decreases at the
sulfur atom and the A log Kcu is about 0.25 units
smaller than those with the two other aryl derivatives,
V and VI. The value of A log Keyw = 0.42 for the
carboxymethyl benzyl sulfide system fits in the same
picture: due to the methylene group between the
phenyl ring and sulfur, the w-electron delocalization
is rendered more difficult, i.e. the cooperative effect
between the two ligands is weakened.

Metal Ion-Thioether Interaction and the PMR Re-
sults.  The recent PMR results® from investigation
of the binary Cu** and Mn?* complexes with carb-
oxymethyl ethyl sulfide, I, confirmed the conclusions
from the stability studies: there definitely is chelate
formation with Cu?*, for which no hint could he ob-
served with Mn?* which evidences a simple Mn?*-
carboxylate complex. In other words, the different
complexing abilities of these two metal ions are re-
flected in these PMR studies.

The binary Cu’* complexes of the carboxymethyl
aryl sulfides, V and VI, have a stability expected on
the basis of the basicity of the carboxvlate groups
alone (cf. Figure 2; the same is true for the Mn?**
complexes™). Hence, no definite conclusion about
the structure of these complexes can be drawn, as
the sulfur atom may well coordinate about as strong-
ly as did the dislodged water molecule, and then no
visible gain of free energy (AG) would be observed.
As already stated, chelate formation is definite with
these ligands in the ternaryv complexes. Therefore,
it is of interest to compare the influence of Cu?* (or

(22) H. Sigel, D.B. McCormick, R. Griesser, B. Prijs, and L.D.
Wright, Biochemistry, 8, 2687 (1969).
(23) L.D. Pettit and C. Sherrington, J. Chem. Soc., A, 3078 (1968).



Mn?*) with the influence of Cu?*-2,2"-bipyridyl” on
the proton magnetic resonance spectra of carboxy-
methyl phenyl sulfide, V.1

In Figure 4, the line widths in the presence of in-
creasing amounts of Mn?* (6.25% 1075 to 1073 M; ref.
13), Cu** (6.25%1075 to 25X 10~*M; ref. 13), or
Cu?*-2,2"-bipyridyl (see Tablell)" for the proton si-
gnals due to the phenyl group are plotted versus those
of the methylene group of —S—CH—COQO~. There
is no apparent difference between the influence of
Mn?* or Cu?*, nor Cu?*-2,2"-bipyridyl; the data due
to the ternary complex fit within the experimental
error on the line given by the two binary complexes.
This result is rather surprising (one might have ex-
pected a stronger broadening of the proton signals
due to the phenyl group in the presence of Cu**-2,2"-
bipyridyl), but the uniform behavior (Figure 4) may
be explained by assuming chelate formation also for
the binary Cu?* and Mn?** complexes and not only
for the ternary complex, Cu(bipy)L, for which it fol-
lows unequivocally from the thermodynamic results
(Table I; Figure 2). Indeed, examples are known
where chelate formation is not manifested in the
stability of complexes® However, it should be no-
ticed that this kind of interpretation may be satisfac-
tory for the Cu’* complexes, but not for the Mn?*
complexes. In the latter cases, it leads to the sug-
gestion of chelate formation between Mn?* and carb-
oxymethyl aryl sulfide, while such a chelate form-
ation seems improbable, as mentioned,® with carb-
oxymethyl alkyl sulfides.

=~

".\

Line Widths of CgHg-
— N
%

Cg H5-S~CHy~C 00"
2 4 5 8 10

Line Widths of ~-CHy~

Figure 4. Correlation between the line widths of the pro-
tons due to C,Hs;— and —CH,— of carboxymethyl phenyl sul-
fide (V) without (©) and in the presence of increasing

amounts of Cu?*/bipy (@, cf. Table II), Cu** (O, cf. ref. 13),
or Mn** (®, cf. ref. 13).

o

o

The Sulfoxide and Sulfone Derivatives. For the
binary Cu** and Zn** complexes, MeL, with the
sulfoxides (VIII, IX) and sulfones (X, XI) of the carb-
oxymethy! benzyl and carboxymethyl phenyl sulfides,

(24) P.W. Schneider, H. Brintzinger, and H. Erlenmeyer, Hely. Chim.
Acta, 47, 992 (1964); H. Sigel, K. Becker, and D.B. McCormick
Biochim. Biophs. Acta, 148, 655 (1967); H. Sigel, European J. Biochem.,
3, 530 (1968).
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it was concluded from thermodynamic. data (using
the stability of simple carboxylate complexes as a
basis) that chelates are formed.” The same may be
surmised for the ternary complexes, Me(bipy)L, which
may be additionally evidenced by plots analogous to
those of Figures 2 and 3.

In fact, the A log K¢, Values (eq. 3) are positive
for all four mixed-ligand systems, VIII-XI (Table I),
which is in accord with the general behavior of ter-
nary Cu?* complexes containing 2,2-bipyridyl and a
second ligand with 0 as donors. Though usually A
log Kc. ==0.4 for bidentate ligands with O donors,*
the values in the present cases are only about +0.2
(cf. Table I). These smaller values are probabhly due
to the decreased electron density on the oxygen (from
the sulfoxides and sulfones) resulting from the p—d
w back-donation from oxygen to sulfur.®® The A
log Kz, values (Table I) are somewhat smaller than
those of the corresponding Cu?* systems, which is
in agreement with rarlier results.?%?

In Conclusion one may say that the thioether group
is able to participate as a binding site in mixed-ligand
complexes and exhibits interesting qualities therein.
From the different behavior of alkyl- and aryl-substi-
tuted derivatives. it can be concluded that = bond
formation is important for the stability of the com-
plexes. Although the aryl substituted thioether carb-
oxylates are not known to be naturally occuring li-
gands, these complexes can be considered as interest-
ing mecdels for one aspect of enzyme action: A dis-
soziation of the aromatic amine, 2,2"-bipyridyl, favors
the simultaneous release of the thioether group from
the ccordination sphere of the metal ion. This is
an interesting feature with regard to the recycling
qualities of enzyme systems. This quality, especially
evident with Cu?*, arises from the significantly higher
stability of the ternary 2,2"-bipyridyl-Me?*-carboxy-
methyl aryl sulfide complex as compared with the
binary Me?*-carboxymethyl aryl sulfide complex. In
this connection, it should be mentioned that the na-
turally occurring imidazole group has qualities in
mixed-ligand complexes analogous to those of the
pyridyl group.!?
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