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The stability constants of the ternary Co?*, Ni*+, Cu®*, and Zn?* complexes containing 2,2’-bipyridyl and, as a second lig-
and, ethylenediamine, glycinate, or pyrocatecholate were determined by potentiometric titration. For the equilibrium,
M(2,2’-bipyridyl), + M(ligand); = 2M(2,2'-bipyridyl)(ligand) (M = metal), the corresponding constants are as follows:
with Co?t, log X = 0.68, 1.12, 4.11; with Ni%*, log X = 0.68, 0.75, 3.71; with Cu*+, log X = 1.10, 3.05, 6.15; with Zn?*,
log X = 0.36, 0.72, 2.98 (I = 0.1; 25°). Most of the mixed-ligand complexes are more stable than one would expect from
purely statistical reasons (log X = 0.6). Furthermore, the stability constants show that the M2+-2,2'-bipyridyl 1:1 com-
plexes have discriminating qualities toward the second ligand to be coordinated; they preferentially form ternary complexes
with those ligands that contain O as donor atoms. In addition, the formation constants for the reactions between the Co?*-,
Ni2+-, and Cu?t-2,2"-bipyridyl 1:1 complexes and pyrocatecholate are greater than those for the corresponding reactions
with the free (hydrated) metalion, To get a broader basis for the conclusions, results taken from the literature are included
in the Discussion. It is shown that mixed-ligand complexes containing Cu2* are more stable than those with Co?*, Ni?t,
or Znt, at least as long as a pyridyl or an imidazole group is involved with the complex formation. Additionally, if these

ligand groups are present, the ternary complexes formed with Co?+ are more stable than those with Ni**,

The investigation of mixed-ligand complexes con-
taining Cu?+ showed that those ligands having a pyridyl
or an imidazole group favor the stability of the ternary
complex.? This can even lead to such surprising sta-
bilities as observed, for example, with the 2,2'-bi-
pyridyl-Cu?*t-pyrocatecholate system: pyrocatecho-
late forms a more stable complex with Cu(bipyridyl)?+
than with Cu(aq)**.** Another interesting result of
these studies is the discriminating abilities of the Cu?*+-
2,2'-bipyridyl 1:1 complex.®® This means, if an aque-
ous solution contains a ligand with N and another one
with O as donor atoms, both ligands having the same
coordination tendency toward Cu®*, the latter ligand is
preferably bound to added Cu?+-2,2’-bipyridyl.

These few mentioned facts show that mixed-ligand-
Cu?* complexes are relatively well investigated in con-
trast to ternary complexes containing other metal ions.
Therefore, in the present work mixed-ligand complexes
with Co?*, Ni?t, and Zn?t were studied. To allow
comparisons with the results of the earlier investiga-
tions? with Cu?+, 2,2’-bipyridyl was used as one ligand
and ethylenediamine, glycinate, or pyrocatecholate as
the other. All constants were determined by potentio-
metric titrations (I = 0.1; 25°).

Experimental Section

Materials and Measurements.—The metal ion perchlorates
were obtained from Fluka AG, Buchs, Switzerland. The other
reagents were the same as used earlier.? All constants were
measured by potentiometric titrations (25°; I = 0.1, NaClO,),
carried out under N; with 0.1 M NaOH, as described.?

Determination of the Stability Constants of the Complexes.—
In principle, the constants were determined as described re-
cently?® but with the following exceptions. In the case of Ni?t
and glycinate, equilibrium was reached only after some time;
therefore, the titrations were carried out over 2 hr rather than the
usual 20 min. The stability constants of the 1:1 complexes be-
tween glycinate and Co®* or Zn’* agreed very well with those
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given by Anderegg;® therefore, we used his stability constants
for the corresponding 1:2 complexes without a redetermination.
To avoid precipitation, the constants for the pyrocatecholate 1:2
complexes were determined in solutions that were 2.9 X 107* to
7.2 X 10~% M in pyrocatecholate and 1.4 X 10~¢ M in metal ion.
The titrations were done for this case with 2 X 10~? M NaOH.
The stability constants determined are in the order of those
reported by Tyson and Martell.’

The stability constants of the binary and of the ternary com-
plexes were computed as described recently.? The uncertain-
ties given in the tables are 8 times the standard deviation.?

Results

There are two convenient ways to characterize the
stability of mixed-ligand complexes. The one is based
on the difference of stability constants, Alog K (eq 1-3),
and the other on the ‘‘disproportionation’” constant,
log X (eq 4 and 5).2

M(bipy) + L === M(bipy)L EK¥®irVymipyL =
[M(bipy)L]
[M(bipy)} (L]
[ML]

M+ L==ML KMy, = ™MIL] (2)

Alog K = log KM®is¥) 00y, — log KMy 3)

_[M(bipy)L]®
[M(bipy )] [IML,]

log X = 2log fMupipyyr — (108 ¥y bipyy + 108 B¥ur,)  (5)

Generally, one would expect to observe negative
values for A log K (eq 3), since usually it holds that
KMy > KMLyg,® This is due to the fact that more
coordination positions are available for bonding of the
first ligand to a given metal ion than for the second lig-
and. The method using eq 4 for characterization is
somewhat more ‘‘objective,” as the value expected for
X can be deduced from statistical arguments: X = 4,
i.e., log X = 0.6 (eq 5).101
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Figure 1.-—Dependence of neutralization degree upon pH
during potentiometric titration of pyrocatecholate (Pyr) or

ethylenediamine (En) without and with metal ion (——) or
metal ion and 2,2'-bipyridyl (----) in aqueous solution (I =
0.1; 25°). Portions of lines (....) extended toward higher de-

grees of neutralization indicate uncertainty due to hydrolysis.
Pyrocatecholate was 8 X 1074 M, as were the other reactants
when added. Ethylenediamine was 6 X 10~¢ M, as were the
other reactants when added. The volume of the reaction solu-
tion solution was 50 ml. Titration was done with 0.1 A/ NaOH.

In Figure 1 the dependence of the degree of neutrali-
zation upon pH is given for the binary and ternary com-
plexes of ethylenediamine and pyrocatecholate with
Co?* and Ni?*. Comparing the curves resulting from
the titrations of ethylenediamine and Co?* or Ni**t in a
ratio of 1:1 with those curves where, in addition, 2,2’-
bipyridyl was present (ratio of 1:1:1), one sees that
with both metal ions the deprotonation of ethylenedi-
amine occurs in the presence of 2,2’-bipyridyl at higher
pH values. This means the ternary complex is less
stable than the corresponding binary one; in other
words, the values we shall obtain for A log K are nega-
tive. With the systems containing pyrocatecholate,
things are different. The deprotonation in the ternary
systems occurs at a lower pH, especially remarkable
with Co?*. This means the ternary complexes are more
stable than the corresponding binary ones, and we shall
obtain positive A log K values in these cases.

The acidity constants of the ligands and the stability
constants of the binary Co?*, Ni**, and Zn?* com-
plexes which were used for the calculations of the sta-
bility constants of the ternary complexes are given in
TablesIand II. The results obtained for the formation
of ternary complexes between the M?+-2,2'-bipyridyl

TaBLE I

NEGATIVE LOGARITHMS OF ACIDITY CONSTANTS
oF THE Licanps (I = 0.1; 25°)

Ligand pK¥mrn  pKEpL Ligand  pK%m,y pK¥mHL
2,2’-Bipyridyl —0.22 4,491 Glycine? 2.33 9.68
Ethylenediamines 7.10 9.89 Pyrocatechol?® 9.32 13.00

¢ R. H. Linnel and A. Kaczmarczyk, J. Phys. Chem., 65, 1196
(1961).
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TABLE I1

LOGARITHMS OF STABILITY CONSTANTS OF
THE BINARY M2+ COMPLEXES

(I = 0.1; 25°)
Log Log Log

Ligand M2+ KMy, KMLyr, My,
2,2/-Bipyridylt? Co2+ 6.06 5.36 11.42
Niz+ 7.13 6.88 14,01

Cuzt 8.00 5.60 13.60

Zn2+ 5.30 4.53 9.83

Ethylenediamine® Co?t 5.38 £ 0.04 4.86 10.24
Niz+ 6.97 +=0.05 6.18 13.15

Cu2¥ 10. 443 9.169 19.603%

Zn2* 5.590 &= 0.14 5.02 10.61

Glycinate Co2* 4,63 = 0.01 3.876 8.50
Niz+ 5.83 = 0.02 4.91b 10.74

Cu2* 8.27% 6,923 15,193

Zn2* 4.96 = 0,07 4,236 9.19

Pyrocatecholate Cozt 8.61 = 0.04 6.72 15.33
Nijz+ 8.89 + 0.03 6.15 15.04

Cu2* 13.96 11.073 25.03%

Zn2+ 9.90 = 0.08 7.67 17.57

¢ The stability constants log KMLzyy, determined for the 1:3
complexes are 3.55 for Co2*, 4.38 for Ni2*, and 3.78 for Zn?*.
b Log KNilzyg;, ~ 3.3.

1:1 complex and ethylenediamine, glycinate, or pyro-
catecholate are shown in Table III. The constant com-

TaBLE 111

LoGARITHMS OF STABILITY CONSTANTS OF SOME TERNARY
2,2’-BrpyrIDYL-M?*-L1caNnD CoMPLEXES (I = 0.1; 25°)

Log Log Log
Ligand M2+ My bipyyr KMy innr KMIMLbipy)

Ethylenediamine Co2+ 11.17 4 0.06 5.11 5.79
Nizt 13.92 &= 0.08 6.79 6.95

Cu2+ 17.15 9.15 6.71

Zn2+ 10.40 = 0.06 5.10 4.81

Glycinate Co2* 10.52 £ 0.01 4.46 5.89
Ni2+ 12.75 = 0.05 5.62 6.92

Cuzt 15.92 7.92 7.65

Zne+ 9.87 £ 0.11 4,57 4.91

Pyrocatecholate Co2* 15.43 +0.12 9.37 6.82
Nizt 16.38 &= 0.03 9.25 7.49

Cuz* 22.39 14.39 8.43

Zn2+ 15.19 = 0.08 2.89 5.29

@ The constants for the mixed-ligand complexes containing
Cu?* are taken from ref 3.

puted from the experimental data (¢f. Figure 1) was log
By hipyyz. Which is due to the overall equilibrium 6.
The constant log KM®ip¥)yi,01, according to eq 1,
was calculated from eq 7. Of course, instead of con-
sidering the reaction between the M2?7-2,2’-bipyridyl
1:1 complex and another ligand, L, one can also con-
sider the reaction between ML and 2,2’-bipyridyl. The
corresponding equilibrium constant, KMlypipyy, was
calculated according to eq 8 and is also given in Table
III. To obtain a more complete picture necessary for a
profound discussion, the results obtained earlier® with
the mentioned systems and Cu?t are included in the
tables.

M + bipy + L === M(bipy)L B¥upipnL =
_[M(bipy)L]
[M]{bipy][L]

log KM®ipYy 001, = log My esipyL — 108 KMuMbipy) (7)

(6)

log KMlyp mipyy = 108 8MumepipyL — log KMuL (8)

The equilibrium constant log fMa(bipyy. Was calcu-
lated taking into account the species H, H,L, HL, L,
ML, ML,, Hy(bipy), H(bipy), bipy, M(bipy), M(bipy)e,
M(bipy)L, and M.? In other words, no 1:3 complexes
were considered. This is reasonable, as under our ex-
perimental conditions (titration of 1:1:1 mixtures), the
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concentrations of these species are negligible. In addi-
tion, most of the species already taken into account
occur also only in very minor concentrations. This be-
comes obvious from calculations with only the species
H, H.L, HL, L, M(bipy), and M (bipy)L assuming that
in a 1:1 mixture of M2+ and 2,2’-bipyridyl the forma-
tion of the M2+-2,2'-bipyridyl 1: 1 complex is complete.1?
This allows one to calculate the stability constants log
KM®ipn) pipn1, (6q 1) of the ternary complexes in a way
usual for binary complexes. As an example, the results
obtained under these assumptions for the 2,2’-bipy-
ridyl-M?+-glycinate systems are given (the values in
parentheses are those of Table ITI): log KM sy sely
for M = Co’*, 439 = 001 (446); Ni*+,
5.53 = 0.02 (5.62); Cu®*, 7.88 (7.92);® Zn?+, 4.62 =
0.07 (4.57). The agreement between these constants
and those obtained by the more explicit calculation is
surprisingly good for all four metalions. The same was
observed by doing the analogous calculations for the
2,2'-bipyridyl~-M?+-ethylenediamine and the 2,2'-bi-
pyridyl-M?+-pyrocatecholate systems.

It is of interest to note that the order of the overall
stability constants, My ipy1, according to eq 6 follows
the Irving-Williams series!® for all three mixed-ligand
systems given in Table ITI. The same is generally also
true for the constants KMy, ipy) and KM®Ipoy 01,
the latter having one exception in the 2,2’-bipyridyl-
M?+-pyrocatecholate system, where the constant due
to Co?+ is slightly greater than that due to Ni?*. The
same behavior is observed for the corresponding M?+-
pyrocatecholate 1:2 complexes (¢f. Table IT) and is also
known from other examples.!* Quite generally the
differences in stabilities within the Irving—Williams se-
ries are always less pronounced with ligands containing
O as donor atoms than with those containing N or S.

By using the results of Tables IT and III, the values
for A log K (eq 3) and log X (eq 5) were calculated and
are summarized for the three mixed-ligand systems in
Table IV. These data cannot be ordered correspond-

TABLE IV

COMPARISON OF THE STABILITY OF THE TERNARY
2,2/-BIPYRIDYL~M2+~LIGAND COMPLEXES

—Ethylenediamine— ,——Glycinate—— ,—Pyrocatecholate—
A A A
M2t log K Log X Log K Log X Log K Log X
Coz* ~0.27 0.68 —-0.17 1.12 +0.78 4.11
Niz+ —-0.18 0.68 —-0.21 0.75 +0.36 3.71
Cuz+ —1.29 1.10 —0.35 3.05 +0.43 6.15
Zn2t —0.49 0.36 —0.39 0.72 —0.01 2.98

ing to the Irving-Williams series'® despite the fact that
the latter was followed by the overall stability constants
(eq 6) of the ternary complexes. However, as expected
according to Figure 1, the A log K values are negative
for the 2,2'-bipyridyl-M?+-ethylenediamine systems.
The corresponding log X values (eq 4 and 5) are about
in the statistical order; that is, they are close to 0.6
with the only exception being the Cu?* complex. In
the 2,2’-bipyridyl-M?+—glycinate systems also all the
A log K values are negative, but only the log X values of
the Ni?* and Zn?* complexes are about in the statistical

(12) G. Anderegg, Helv. Chim. Acta, 46, 2397 (1963).

(13) H. Irving and R. J. P. Williams, Nature (London), 163, 746 (1948);
J. Chem. Soc., 3182 (1953).

(14) H. Sigel and D. B, McCormick, Accounts Chem. Res., 8, 201 (1970).

Imorganic Chemistry, Vol. 10, No. 10, 1971 2231

order; the log X value of the Co?* complex is some-
what larger and that of the Cu®* complex significantly
larger. As expected on the basis of the neutralization
curves (Figure 1) obtained for the 2,2’-bipyridyl-M?+-
pyrocatecholate systems with Co?* and Ni?*, the A log
K values are positive as are those with Cu?*. Indeed,
all four mixed-ligand complexes are considerably more
stable than expected statistically.

Discussion

The results summarized in Table IV show that the
stability of the mixed-ligand 2,2’-bipyridyl-M?+-ligand
complexes increases within the following series of lig-
ands: ethylenediamine < glycinate < pyrocatecho-
late. This is partly (¢f. later) due to an increasingly
better neutralization of charge in the ternary complexes
compared with the binary omes, e.g., M(2,2'-bipy-
ridyl)s?* 4 M(pyrocatecholate)s?~ = 2M(2,2’-bipy-
ridyl) (pyrocatecholate). Similarly to Cu(2,2'-bipy-
ridyl)?+*, but less pronounced, the corresponding com-
plexes with Co?*, Ni?+, and Zn%+ show a discriminating
behavior; ligands with O atoms as donors are prefer-
ably bound.

A second, more surprising point following from the
values of log X in Table IV is that the mixed-ligand com-
plexes containing Ni%?* are less stable than those with
Co?+* or Cu?t. It seems that this is a general feature
as long as an aromatic amine is involved. This view is
supported by the values calculated for log X from re-
sults given by Perrin, Sayce, and Sharma (Table V).15

TABLE V
VALUES OF Log X (CORRESPONDING TO EQ 4) FOR THE TERNARY
SysTEMS HISTAMINE-M?*—-ETHYLENEDIAMINE, HISTAMINE—
M2-SERINATE, AND ETHYLENEDIAMINE—M?+*-SERINATE

M2+ ha~M-en ha-M-ser en—M-ser
Co2+ 0.62 1.23 0.95
Niz2+ 0.53 0.95 1.18
Cu?t 1.54 2.95 0.79
Zn?* 0.84 1.22 1.13

2 These log X values were calculated according to eq 5 using
the results published by Perrin, Sayce, and Sharma.!®

Again in the systems histamine-M?*-ethylenediamine
and histamine-M?+-serinate, the mixed-ligand com-
plexes with Ni?+ are less stable than those with Co?+ or
Cu?*. In the case of ethylenediamine-M2+-serinate,
thisis no longer true. The reason for this result is prob-
ably that in the latter system only a ligand with ali-
phatic amino groups is present. In other words, for the
observation of an increased stability in a mixed-ligand-
Co'T complex (compared with the stability of the corre-
sponding Ni?*+ complex) it seems to be a condition
that an aromatic N donor like a pyridyl or an imidazole
group is involved.

The generality of the relatively great stability of
mixed-ligand—Co?* complexes, compared with those
containing Ni%**, can be further supported by some
results obtained for the 2,2’-bipyridyl-M?+-2-acetyl-3-
hydroxythiophene’® and the 2,2’-bipyridyl-M?+-adeno-
sine 5'-triphosphate complexes.'®* The values of A log
K given in Table VI are greater for the Co?* complexes
than they are for the corresponding Ni?+ complexes.

(15) D. D. Perrin, I. G. Sayce, and V. 8. Sharma, J. Chem. Soc. 4, 1755
(1967); 446 (1968); 2060 (1969).

(18) H. Sigel, K. Becker, and D. B. McCormick, Biochim, Biophys. Acta,
148, 655 (1967).
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TaABLE VI
A Loc K VaLues® (Eg 3) FOR THE TERNARY SYSTEMS
2,2’-BIPYRIDYL-M?+=2-ACETYL-3-HYDROXYTHIOPHENE
AND 2,2'-B1PYRIDYL~M?2+*—ADENOSINE 5'- TRIPHOSPHATE

M2+ bipy-M-AHT bipy-M-ATP
Coz+ +0.07 —-0.07
Niz+ —0.05 —0.40
Cuz+ +0.46 +0.53
Zn2+ 0.00 +0.05

@ These results were obtained under the assumption of com-
plete formation of the 1:1 complex in a 1:1 mixture of M2+ and
2,2’-bipyridyl (see text) and are taken from earlier work: AHT 5
ATP.1

To see how important the ‘neutralization of charge
in the ternary complexes” is as a driving force leading
to the formation of mixed-ligand complexes, some addi-
tional examples of such systems are given in Table VII,

TABLE VII
VALUES oF Loc X (CoRRESPONDING TO EQ 4) FOR SEVERAL
MixeED-L1cAND SysTEMS CoNTAINING No DoNoOr
GROUP WITH “AROMATICALLY" BouND NITROGEN"

System Log X
Ethylenediamine-Cu?*~oxalate 1.001.11.341.4¢
Ethylenediamine-Zn? *-oxalate 1.09/
Ethylenediamine—-Cd?*-oxalate 0.71,71.14
Glycinate-Cu?*—5-sulfosalicylate 1.02¢
Glycinate-Ni2t—a-alaninate 1.29%
Ethylenediamine—Cu?*~1,3-propylenediamine 0.96°

@ The log X values (if not already given in the papers) were
calculated according to eq 5 using the results of the cited litera-
ture. * Reference 10. ¢ Reference 11, ¢W. B. Schaap and
D. L. McMasters, J. Amer. Chem. Soc., 83, 4699 (1961). ¢]J. 1.
Watters, zbid., 81, 1560 (1959). /Y. Kanemura and J. I. Wat-
ters, J. Inorg. Nucl. Chem., 29, 1701 (1967). ¢ R.-P. Martin
and R. A. Péris, Bull. Soc. Chim. Fr., 80 (1964). *» R.-P. Martin
and R. A. Paris, ¢bid., 3170 (1964). ¢ R. Nisinen and M.
Koskinen, Suom. Kemistilehti B, 40, 23 (1967).

None of these mixed-ligand systems contains a donor
group with an ‘“‘aromatic”’ nitrogen and no steric hin-
drance occurs; 4.e., none of the ligands has a real bulky
group that might strongly favor.the formation of a ter-
nary complex. Therefore, from systems 1 through 3
(and 4), we learn that the neutralization of charge ac-
cording to MA,*T 4+ MB,2~ — 2MAB leads to an in-
crease of log X by only about 0.6 log unit, compared
with the statistical value,’®!! log X = 0.6. The very
little steric hindrance as may occur in systems 5 (due to
the methyl group of a-alaninate) and 6 (due to the
change in ring size of the chelate, ¢f. also ref 1) favors
the mixed-ligand complexes also very insignificantly (by
about 0.4 log unit). ,

Taking into account the conclusions from the last par-
agraph and considering now the 2,2’-bipyridyl-M2+-
pyrocatecholate systems (Table IV) in which the neu-
tralization of charge is in the order as discussed above
and steric hindrance is surely of minor importance, if at
all, we have left unexplained an additional increase of
the stability of the ternary complexes (based on log X =
0.6 (statistics) + 0.6 (charge) + 0.4 (steric hindrance)
= 1.6) of about 1.4-4.6 log units. This difference has
to be due to the 7 systems of 2,2’-bipyridyl and pyro-
catecholate, as this is the only significant difference be-
tween these two ligands and those occurring in Table
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VII. In fact, 2,2’-bipyridyl is known to be a good =
acceptor and Cu®* a good = donor; here the formation
of = bonds is obvious.2? In addition, comparative
studies® gave evidence that the = system of a ligand
containing O as donor atotus is also of importance but
less so than the r system of the ligand with N atoms.?
Using this concept which proved to be valid for the ex-
planation of the stability of mixed-ligand—-Cu?+ com-
plexes, one can understand why the 2,2'-bipyridyl-
Zn?t-pyrocatecholate complex is less stable by a factor
of about 10% than the corresponding Cu?t complex.
Due to its d¥ electron configuration, Zn?* is a much
poorer m-electron donor, but still it is one.”

Why Co?* is somewhat more effective in the forma-
tion of mixed-ligand complexes than Ni?t, at least as
long as = bonding is important, is hard to say. In this
connection, it is of interest to note the observations of
Burger and Pintér,*® who showed that halide or pseudo-
halide ions are bound more strongly by the Co®(di-
methylglyoxime), complex than by the Cozy2t ion.
This was attributed to a greater coordination tendency
of the 3d, orbital in the low-spin Co(dimethyl-
glyoxime), complex toward the electron pair of the
monofunctional ligand than of the orbitals in a high-
spin aquo complex. 1t may well be that a final ex-
planation for the present results will be found along
these lines.

In conclusion, the results presented show that in all
the systems mixed-ligand complexes are formed and
that those containing Cu?* are significantly more stable
than those with Co?f, Ni?*, or Zn2*. In addition,
there is good evidence that the ternary Co?* complexes
are more stable than the corresponding Ni%?* ones, at
least as long as ligand groups containing ‘‘aromatic”
N donors (like the pyridyl or imidazole groups) are in-
volved.

In general, further studies of the formation and sta-
bility of mixed-ligand complexes will be followed by an
increasing understanding of the driving forces leading to
such complexes. As a result, we may hope that our
understanding of catalytic processes,!®? including the
special cases of enzyme-metal jon-substrate com-
plexes, also increases.
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