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The stability constants of the ternary Co?*, Ni%*, Cu®¥, and Zn?* complexes containing pyrocatecholate (pyr) and, as a
second ligand, a heteroaromatic N base, namely, bis(2-pyridyl)amine (2,2’-dipyridylamine, dpa), bis(2-pyridyl)methane
(2,2’-dipyridylmethane, dpm), or bis(2-pyridyl) ketone (2,2’-dipyridyl ketone, dpk), were determined in aqueous solution
by potentiometric titration (I = 0.1 M, NaClOy; 25 °C). For the equilibrium M{pyr), + M(dpx), = 2M(dpx){(pyr), where
dpx = dpa, dpm, or dpk, the following constants, log X, were determined: Co(dpa)(pyr) 3.79 (0.69), Co(dpm)(pyr) 4.79
(1.13); Ni(dpa)(pyr) 3.95 (0.37), Ni(dpm)(pyr) 4.47 (0.43); Cu(dpa)(pyr) 6.17 (0.37), Cu(dpm)(pyr) 5.8 (0.66), Cu-
(dpk-H,0)(pyr) 6.6 (0.82) [dpk-H,O = geminal diol of dpk]; Zn(dpa)(pyr) 3.92 (0.57), Zn(dpm)(pyr) 4.31 (0.83). The
constants given in parentheses are due to A log Ky = log ngg,’f}(pyr) - log K{(}(py,) and refer to the equilibrium M(dpx)?*
+ M(pyr) = M(dpx)(pyr) + M**. All of these mixed-ligand complexes are considerably more stable than one would expect
from purely statistical reasons. In addition, all metal ions form the more stable ternary complex, as is especially evident
from the A log Ky values, with this heteroaromatic N base which is the better & acceptor; i.e., the tendency for the formation
of the M(dpx){(pyr) complexes decreases within the series dpk > dpm > dpa. This demonstrates that for the enhanced
stability of ternary complexes (with Co?*, Ni**, Cu®*, or Zn?") containing an O donor and a heteroaromatic N base the
w-acceptor properties of the latter are crucial, but it should be noted that the stability enhancement with Ni?* is less pronounced

than with its neighboring elements.

Among the ternary complexes containing 3d ions, those with
Cu?* are by far the best studied;?? it is evident that certain
ligand combinations lead to a discriminating behavior and to
an increased stability.* The latter is especially pronounced
if the mixed-ligand complex is formed by a heteroaromatic
N base like 2,2’-bipyridyl and an O donor like malonate or
pyrocatecholate.’ This enhanced stability is lost if the het-
eroaromatic N base is replaced by an aliphatic amine like
ethylenediamine® or an amine with an aromatic moiety like
1,2-diaminobenzene.” It was concluded that the stability of
the ternary complex depends crucially on the w-accepting
qualities of the heteroaromatic N base.5%°

Mixed-ligand systems containing Mn?*, Co?*, Ni?*, or Zn?*
have been studied to a much lesser extent,>*°-'2 and while for
Mn?* complexes similar evidence has been given'? as described
in the preceding paragraph for Cu?* systems, there is no
systematic study available which deals with the influence of
the w-accepting qualities of the heteroaromatic N base on the
stability of ternary complexes formed with Co?*, Ni**, or Zn?*,
To overcome this gap we investigated complexes of these metal
ions with a series of ligands which are closely related in their
ligating groups but which differ in their w-acceptor ability.

An amino group attached to an aromatic ring as in ami-
nobenzene has a +M effect; i.e., it enhances the electron
density on the ring due to the interaction of the nitrogen lone
pair with the 7 system of the aromatic moiety. Contrary, a
carbonyl function as in benzaldehyde has a -M effect; i.e., it
reduces the electron density on the ring through its elec-
tron-withdrawing effect.'* As a pyridyl moiety with a low
electron density can act as a better acceptor of = back-bonding
electrons from a d-metal ion than a moiety with a higher
electron density, one may expect that the w-acceptor ability
increases within the ligand series bis(2-pyridyl)amine (2,2’-
dipyridylamine, dpa) < bis(2-pyridyl)methane (2,2’-di-
pyridylmethane, dpm) < bis(2-pyridyl) ketone (2,2’-dipyridyl
ketone, dpk) (see Chart I). In fact, bis(2-pyridyl)amine
behaves in CD!’ and in structural'® studies of mixed-ligand
Cu?* complexes in a way similar to that of 2,2’-bipyridyl or
1,10-phenanthroline, and bis(2-pyridyl) ketone is generally
expected to exhibit, due to the keto group, enhanced =
back-bonding qualities compared with those of 2,2'-bipyridyl."?
As the second ligand for the formation of the ternary com-
plexes, pyrocatecholate (pyr) was chosen.

0020-1669/79/1318-0425801.00/0

ChartI

H Ho
oo O
s N Nz N Nz
bis(2~-pyridyl)amine bis(2-pyridyl)methane
(2,2'~dipyridylamine) (2,2'-dipyridylmethane)
dpa dpm

9
o

bis(2-pyridyl) ketone
(2,2'-dipyridyl) ketone
dpk

Schemel

O OH
\/ _HO\@ .

& S N # H
o -

When we started this work from the three heteroaromatic
N bases (Chart I), the binary metal ion systems in aqueous
solutions of bis(2-pyridyl)amine!® and bis(2-pyridyl)methane!”
had already been studied and had shown essentially 4 behavior
similar to that of 2,2’-bipyridyl. With bis(2-pyridyl) ketone
the matter turned out to be more complicated:?® in neutral
aqueous solution the ligand exists as the ketone,!”20 while in
alkaline solution a deprotonated geminal diol is formed (pK,
= 13.61; I = 0.1 M, 25 °C).?® Furthermore, there is con-
vincing evidence that in aqueous solution bis(2-pyridyl) ketone
is N,N coordinated to metal ions but that the ligand exists in
these complexes as the geminal diol.2’ Of course, with an sp?
carbon, the configuration of this ligand corresponds more to
the one of bis(2-pyridyl)methane and bis(2-pyridyl)amine, but
the w-accepting properties of the geminal diol are expected
to be somewhat smaller than those of the ketone, as the
geminal diol has only a -1 effect, while the —-M effect of the
carbonyl group is lost.!4

The matter is further complicated by the fact that the metal
ion coordinated geminal diol form of bis(2-pyridyl) ketone
rearranges under deprotonation of the diol moiety to an N,O
coordinated complex (Scheme I; for details see ref 20).
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Unfortunately, the loss of this proton occurs in the same or
even in a lower pH range as the ionization of pyrocatechol in
the ternary systems with Co?*, Ni?*, and Zn?*. Only in the
mixed-ligand Cu?* system does the ionization of pyrocatechol
occur in a pH range low enough to allow the determination
of the stability of the neutral Cu(dpk-H,O)(pyr) complex, in
which the geminal diol form of bis(2-pyridyl) ketone is N,N
coordinated.??> With the two other heteroaromatic N bases
(see Chart I) the stability of all of the ternary M(dpx)(pyr)
complexes?! with M2+ = Co?*, Ni?*, Cu?*, or Zn** could be
determined, and it became thus evident that the w-accepting
property of the heteroaromatic N base is crucial indeed for
the stability of the ternary complexes with all of these metal
ions. On the basis of these results and on the earlier obser-
vations with Mn?* (ref 13) and Cu?* (ref 3) it may thus be
anticipated as a general rule that ternary complexes with the
divalent metal ions of the second half of the 3d series are
especially stable if they are formed with a heteroaromatic N
base and an O donor,

Experimental Section

Materials. The metal ion perchlorates, pyrocatechol (puriss) and
bis(2-pyridyl)amine were from Fluka AG, Buchs, Switzerland.
Materials used for synthesis were 1-bromobutane, pyridine-2-car-
baldehyde, and thionyl chloride from Merck AG, Darmstadt,
Germany, and 2-bromopyridine from Merck-Schuchardt, Hohenbrunn
near Miinchen, Germany. The bis(2-pyridyl) ketone was the same
as used earlier.?

Synthesis. The bis(2-pyridyl)methane was prepared by the method
of Beyerman and Bontekoe? and always freshly distilled over sodium
before use. Anal. Caled for C;H(N,: C, 77.62; H, 5.92; N, 16.46.
Found: C, 77.32; H, 5.98; N, 16.41.

The bis(2-pyridyl)amine obtained from Fluka AG was converted
to the hydrochloride by dissolving the free base in 1 equiv of HCL
The crude product, obtained by evaporation of this solution, was
recrystallized twice from ethanol/ether and the hygroscopic needles
were isolated (mp 173-175 °C). Anal. Caled for C;yH;(N;Cl: C,
57.84; H, 4.85; N, 20.23; C], 17.07. Found: C, 57.29; H, 4.85; N,
19.80; Cl, 16.91. ,

Measurements and Determination of Equilibrium Constants. The
acidity constants of the ligands and the stability constants of the binary
systems were taken from studies of Anderegg and Bithler'®!? or from
our own earlier work.>!1? The stability constants of the ternary
complexes were measured by automatic potentiometric pH titrations
(25°C; I =0.1 M, NaClO,),’ i.e., by titration of 50 mL of aqueous
solutions of the reactants ([M?*}:[dpx]:[pyr] = 1:1:1 to 1:1:6) under
N, with 1 mL of 0.1 N NaOH. The concentrations used in the Co?*,
Ni?*, Zn?*/dpa, dpm/pyr systems were [M?**] = [dpx] = 3 X 107%-4.5

X 107 M and [pyr] = 3 X 1074-2.7 X 107* M; in the corresponding -

Cu?* systems the concentrations used were [Cu®*] = [dpa] = [pyr]
=5 X 10 M and [Cu?*] = [dpm] or [dpk] = [pyr] =8 X 107 M.

The stability constant 6M(dpx)&pyr) was calculated as described® by
taking into account the species H, Ha(dpx)**, H(dpx)*, dpx, Hz(pyr),
H(pyr)", pyr?, M2*, M(dpx)**, M(dpx)2*, M(pyr), M(pyr),*, and
M(dpx)(pyr). This means the complexes M(dpx),(pyr) and M-
(dpx)(pyr),* were neglected; that this is justified under our ex-
perimental conditions>!! was recently aIso confirmed by Daniele et

al.2 In addition, as we calculated a B} upu oy value every 0.1 pH
unit, a drift in the values, and hence the appearance of an additional
species which was not considered, became immediately obvious and
the collection of data was then stopped. Furthermore, the data were
evaluated only in this pH range where hydrolysis of the metal ion
was negligible; this was checked by titrating the M?*/dpx systems
also in the absence of pyr. With dpk only the ternary system with
Cu?* could be studied for the reasons outlined already in the In-
troduction.??

The stability constants were calculated from at least six independent
titration curves. The errors given are three times the standard error
of the mean value or the sum of the probable systematic errors,
whichever is the larger.

Results

The stability constants of a ternary system are defined by
eq 1-3. The overall stability constant 6M(dpx)(py,), which was
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experlmentally determined, is connected with K\Aédpxg
K; E ) by eq 4 and 5, respectively.

M2t + dpx + pyr?” = M(dpx)(pyr)
BMapneyn = [M(dpx)(pyr)] /(IM][dpx]{pyr]) (1)
M(dpx)** + pyr® = M(dpx)(pyr)
KM pyn = [M(dpx)(pyn)]/(IM(dpx)1[pyr])  (2)
M(pyr) + dpx = M(dpx)(pyr)
KM Bap = IM(dpx)(pyn)] /(IM(pyn)][dpx])  (3)
—log KM@y (4
—log KMy  (5)

Ore way to quantify the stability of ternary complexes is
according to eq 6,2 i.e., by comparing the difference in

A log Ky = log KM{§8s,r) — log KMpyr)
= lOg KMEpyr;(dpx) lOg KM(dpx) (6)

stability, e.g., for the reaction between M(dpx)?* or M(aq)**
and pyr?. The value of A log Ky is the logarithm of the
equilibrium constant due to eq 7. In general, negative values

M(dpx)** + M(pyr) = M(dpx)(pyr) + M>*  (7)

for A log Ky (eq 6) are expected, since usually K¥; > KMLz
This is in accordance with the statistical values obtained for
the coordination of two different bidentate ligands to a regular
and to a distorted octahedral coordination sphere, i.e., A log
Ko, = —0.4 and A log Ky, >~ —0.9, respectively.?

The other approach commonly used to quantify the stability
of a ternary complex is based on the equilibrium constant, X,
as defined by eq 8;%!'%2 log X may be calculated according
to eq 9. The statistical value for log X is for all geometries

M(dpx),** + M(pyr),*” = 2M(dpx)(pyr)
= [M(dpx)(pyr)1*/([M(dpx),]{M(pyr)])  (8)

(log BMapx, + l0g B¥(pyr),)
log K“ggg}) +
(10g KMEdpxg(p\r

of the coordination sphere of a metal ion the same and is
0.6.25’26

In Figure 1 a representative set of experimental data ob-
tained from the potentiometric titrations is shown. The pH
of the reaction solution is plotted against the neutralization
degree for the binary Co?*- and Cu®*/pyr systems, as well as
for the corresponding ternary systems containing in addition
bis(2-pyridyl)amine, bis(2-pyridyl)methane, or bis(2-pyridyl)
ketone. As the formation of complexes shifts the buffer region
of the ligand to lower pH values, it is immediately obvious from
Figure 1 that all the Cu®" complexes are more stable than the
Co?* complexes. But more important, as the binary M?*/dpx
complexes are nearly completely formed, it is evident (despite
the somewhat different concentrations) that the deprotonation
of pyrocatechol in the ternary Co?** and Cu?* systems occurs
at a lower pH compared with that in the corresponding binary
systems. This means the ternary Co(dpx)(pyr) and Cu-
(dpx)(pyr) complexes are more stable than the corresponding
binary Co(pyr) and Cu(pyr) complexes, and hence we shall
obtain positive A log Ky values (see eq 6) in all these cases.

Furthermore, from Figure 1 it is evident that for both metal
ion systems the stability of the ternary complexes depends on
the participating heteroaromatic N base; i.e., the tendency for
the formation of the ternary M(dpx)(pyr) complexes increases

(pyr) and

pyr;(dpx

log K%Eggig(pyr) = log 6M(dp><)(pyr)

log KBS @po = 108 BM(apy(pyn)

log X = 2 1og B dpxyoyr) —
= (log K¥{(Bcpn -
log KM?M;Z) ©®)

pyr



Stability of Mixed-Ligand Complexes

Table I. Negative. Logarithms of the Acidity
Constants of the Ligands

ligand (L) pkH L pkfty,
dpaIE 7.14
dpm?? 2.69 5.18
dpk?® 3.06
pyr® 9.32 13.00

Table II. Logarithms of the Stability Constants of the Binary
M?* Complexes

ligand (L) M2+ log KML log KME2 log ﬁML,
dpa'® Co?* 4,72 4.20 8.92
Ni** 6.25 5.78 12.03
Cu?* 8.05 5.51 13.56
Zn?* 375 3.20 6.95
dpm?? Co?* 346 2.82 6.28
Ni?* 5.02 4.15 9.17
Cu?* 6.7 5.1 11.8
Zn®* 2.81 2.39 5.20
dpk-H,0%@ Cu?* 5.13 3.1 8.2
pyrSit Co?* 8.61 6.72 15.33
Ni?* 8.89 6.15 15.04
Cu?* 13.96 11.07 25.03
Zn** 9.90 7.67 17.57

% See text and left-hand side of Scheme I.

in the series dpa < dpm < dpk. It seems important to note
that, as we have seen, all of these crucial and decisive—though
only qualitative—results can be drawn directly from the
potentiometric titrations without any calculation.

The acidity constants of the ligands*!¥20 and the stability
constants of the binary Co?*, Ni%* Cu?*, and Zn?*
complexes®!113-20 which were used in the evaluation of the
ternary systems are given in Tables I and II, respectively. The
stability constant computed for the ternary complexes from
the experimental data (cf. Figure 1) was log Bﬁ(dpx)(py,) which
is due to the overall equilibrium (1). This constant and related
stability constants of the ternary complexes are listed in Table
ITI, together with the values calculated for A log Ky (eq 6 and
7) and log X (eq 8 and 9) and two related systems.®®?7 Tt
should be added here that in the ternary Cu®*/dpk/pyr system,
bis(2-pyridyl) ketone coordinates, as already outlined for the
binary complexes in the introduction, in its geminal diol form
(Scheme I) over the two pyridyl nitrogens;?® i.e., the ternary
complex should be formulated as Cu(dpk-H,0)(pyr).?

Discussion

From the values listed in Table III for log X and especially
from those due to A log Ky it is evident that for all of the metal
ions studied the ternary complexes formed with pyro-
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Figure 1. Dependence of neutralization degree upon pH during
potentiometric titration of pyrocatechol without (1) and with metal
ions (2, 5) or metal ions and dpx (3, 4, 6-8) in aqueous solution (/
= 0.1 M, NaClOy; 25 °C). The dotted-line portions extended toward
higher degrees of neutralization indicate uncertainty due to hydrolysis
or the pH range where the calculated constants begin to “drift” (see
Experimental Section). Concentrations of the reaction solutions are
(1) [pyr] =8 X 107* M, (2) [Co*'] = [pyr] =8 X 10 M, (3) and
(4) [dpa] or [dpm] = [Co**] = [pyr] = 4.5 X 10™* M, (5) [Cu*']
= [pyr] = 8 X 107* M, (6) [dpa] = [Cu®*] = [pyr] = 5 X 107 M,
and (7) and (8) [dpm] or [dpk] = [Cu®*] = [pyr] = 8 X 10™* M.
The volume of the reaction solutions was 50 mL; the titration was
carried out with 0.1 M NaOH.

catecholate and bis(2-pyridyl)methane are more stable than
those formed with bis(2-pyridyl)amine.’! For Cu?*, the values
obtained with bis(2-pyridyl) ketone also exceed those with
dpm, thus showing that the stability of the ternary complex
with dpk-H,O is larger than with dpm or dpa. As the co-
ordinating sites in all of these ligands are identical and only
the bridging groups between the two pyridyl moieties are
different, the observed differences in stability of the ternary
complexes for a given metal ion can solely be attributed to the
different w-accepting properties of these three heteroaromatic
N bases (see introduction and Chart I). Hence, these results
show unambiguously that what was already found earlier for
ternary heteroaromatic N base/O donor complexes containing
Cu?* (cf. ref 3) or Mn?* (cf. ref 13) is also true for these with

Table III. Logarithms of the Equilibrium Constants of the Ternary dpx/M?**/pyr Systems and Some Related Data

(I=0.1 M, NaClO,; 25 °C) .

log log lo
B apx) oy KBS oy ng;ﬁ(dpx) log X Alog Ky
dpx M3+ (eq 1) (eq 2 and 4) (eq3and 5) (eq8and9) (eq 6 and 7)
dpa Co?* 14.02 £ 0.04 9.30 541 3.79 0.69
Ni?* 15.51 2 0.04 9.26 6.62 3.95 0.37
Cu?* 22.38 £ 0.03 14.33 8.42 6.17 0.37
Zn?* 14.22 + 0.06 10.47 4.32 3.92 0.57
dpm Co?* 13.20 = 0.08 9.74 4.59 4.79 1.13
Nij?* 14.34 £ 0.06 9.32 545 4.47 043
Cu®* 21.32 £ 0.04 14.6 7.36 5.8 0.66
Zn?* 13.54 £ 0.07 10.73 3.64 4.31 0.83
dpk-H,0% Cu®* 19.91 £ 0.04 14.78 5.95 6.6 0.82
prop?? Cu?* 4.11 -0.69
en 527 Cu?t 2.65 ~-0.76

% See text.
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Co?, Ni?*, and Zn?*; this means that a ternary complex
becomes more stable with better w-accepting properties of the
participating heteroaromatic N base.

That the w-accepting properties of the heteroaromatic N
base are decisive for the stability of the ternary complexes is
confirmed from a comparison of the data due to the Cu-
(prop)(pyr) complex with the other data of the ternary Cu?*
complexes in Table III. However, the size of the chelate ring
is also among the factors»?”32 influencing the stability of
mixed-ligand complexes as is obvious from the data due to
Cu(en)(pyr).

There is one further interesting point: the stability of
mixed-ligand Ni?** complexes is less influenced by the -
accepting qualities of a participating heteroaromatic' N base,
as was also observed before.!! Thus, Ni(dmp)(pyr) is a ternary
complex formed with a good 7 acceptor and still the values
for log X and A log Ky are smaller than those of the cor-
responding complexes with Co?* and Cu?*. It is therefore not
surprising that the difference in the A log Ky values for
M(dpa)(pyr) and M(dpm)(pyr) is the smallest for Ni** among
all investigated metal ions (Table III). In other words, the
participation of a heteroaromatic N base with good #-acceptor
properties does enhance the stability of ternary complexes with
Ni?* considerably less than it favors the one of the complexes
with its neighboring elements, i.e., Co>* and Cu?*. Maybe
the relative instability of the mixed-ligand complexes formed
with Ni?* and its restricted availability are reasons'? that this
metal ion does not occur widely in biological systems.
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preparation of the compounds!” is enough to transform the ketone into
a geminal diol.
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36, 751.

The apparent discrepancy with the log X value for Cu(dpm)(pyr) is due
to extraneous factors which enter into this value, as was discussed in detail
inref 15.2 In the present case the difference log K& upmy — log KE4Em),
is significantly smaller than the same difference for the two corresponcﬁng
Cu®*/dpx systems; i.e., the Cu®*/dpm 1:2 complex which is not on the
way of formation of the ternary complex is “too stable”, and this leads
(cf. eq 8 and 9) to the apparently too small value for log X. Consideration
of Figure 1 and of the values due to A log K¢, shows clearly, however,
that pyr forms the more stable complex with Cu(dpm)?* compared to
that of Cu(dpa)?*.
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