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Equilibrium and Kinetic Parameters of the Oxygenation Reaction of
Oxygen Carriers. Conformational Effects in Cobalt(n) Schiff-base
Chelates derived from Salicylaldehyde and Substituted Ethylenediamines

By Anna Puxeddu and Giacomo Costa," Institute of Chemistry, University of Trieste, Italy

Steric and conformational effects on the reversible oxygenation reaction in pyridine solutions of cobalt(ll) chelates
with Schiff bases obtained from saiicylaldehyde and 1,2-disubstituted ethylenediamines have been studied. The
equilibrium and reaction rate constants have been determined by polarographic methods. The results suggest
that the oxygenation reaction is hindered by folding of the chelate induced by the steric requirements of the sub-

stituents of the ethylenediamines.

INVESTIGATIONS of inorganic models of the active sites
of metallo-enzymes and -proteins are of current interest
for the identification of factors influencing the mechan-
isms of enzymatic reactions. As the knowledge of the
three-dimensional molecular structures of naturally
occurring molecules gives more information about the
functional groups involved in such reactions and about
the structure surrounding the reactive site, it becomes
necessary to design and investigate more sophisticated
models in order to test more subtle influences on the
reactivity.

A number of transition-metal chelates which can be
considered as models of biological oxygen carriers has
been studied.! The cobalt(i1) chelates are particularly
suitable as reversible oxygen carriers, while the corres-
ponding iron(t1) chelates generally undergo irreversible
oxidation. The electronic factors influencing the 1:1
adduct formation by cobalt chelates have been deter-
mined from the correlation between the equilibrium
constant for reversible oxygenation and the nature of the
axial ligand #rans to the dioxygen bonding site.?

A substantial step toward understanding of oxygen-
ation in haemoglobin and myoglobin resulted from work
on some peculiar model iron chelates: the behaviour of
these ‘ picket-fence ’ porphyrins * and capped porphy-
rins 4 showed how bulky substituents on the macrocycle
can prevent the formation of a 2:1 adduct and hinder
irreversible oxidation. On the other hand, conforma-
tional changes are likely to be responsible for even more
important effects in allosteric phenomena.?

Ugo and co-workers & have investigated a series of

diastereoisomeric chelates (L) of cobalt(i1) with quadri-
dentate ligands obtained from salicylaldehyde and
1,2-disubstituted ethylenediamine (Figure 1 and Table
1). The crystal and molecular structures of some of
these complexes, [ColL], and of their monopyridine
derivatives, [CoIL (py)] was subsequently determined.??
The equilibrium constant of the reaction (1) in pyridine
solution was also reported. The Ko, values were

[CoML(py)] + O, ==t=== [Col'L(py)(05)] (1)
obtained by spectroscopic and manometric measure-
ments, but in some cases the absorption of dioxygen was
found to be greater than required by the stoicheiometry,!
suggesting irreversible oxidation.l® It was thus neces-
sary to try some other approach to the determination
of the reaction parameters.

In the present paper we report the equilibrinm and
rate constants for reaction (1) as calculated from the
characteristics of polarographic waves due to the
oxidation process Coll —s Col'l in the presence of
dissolved molecular oxygen, where the electron transfer
is preceded by the dioxygenation reaction, and to the
reduction process Co™tl — Co'l, where it is followed by
the oxygenation reaction as in (2). The cobalt chelates

[Co™L(py)]*

—efl +e

ky

[Col'L(py)] + Oy ==r=== [ColL(py)(Oy)] (2)

investigated are specified in Table 1.
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NN’-1-Phenylethylenebis(salicylideneiminate), sal(—)pen H CeH,
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RESULTS

Polarography of [Co'lL] Complexes in Oxygenated Pyridine
Solution at 0 °C.—The polarographic behaviour of [ColiL)]
complexes has been reported previously.’* In oxygenated
pyridine solution (where it is assumed that one molecule of
pyridine is co-ordinated to cobalt) characteristic changes
are observed due to the formation of the 1:1 oxygen
adduct. In addition to the anodic wave in the range —0.1
to —0.4 V us. the saturated colomel electrode (s.c.e.) due to
the process (3), a new cathodic wave appears in the range

[CoVL(py)] ~—— [Co'IL(py)}* 3)
—0.6 to —0.7 V us. s.c.e. (Table 2) which is attributed to
the reduction of the oxygen adduct 2 [equation (4)]. The
+e . _
[COL(py)(Oy)] ————= [CoVTL(pY)(Q2)]™  (4)

dependence of the height of the reduction wave on Py, for a
given [Co''L] concentration allows a Hill plot to be drawn
and the equilibrium constant for reaction (1) to be obtained,
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rithmic analysis of the wave still indicates a reversible one-
electron transfer. The limiting current decreases and
acquires a kinetic character (Figure 1). The slope of the log
i against log ¢ plot was found to be 0.22 for Pg, = 0 (dif-
fusion-controlled current) and 0.36-—0.46, depending on
the complex, for Pg, = 760 Torr * (kinetic process). As
the anodic wave in oxygenated solution is due to the process
(3) the [Co''L(py)] species electroactive in this potential
range can only be generated by dissociation of the 1:1
O, adduct, i.e. by a chemical reaction preceding the electron
transfer.
This diffusional problem was solved by Koutecky.!* The
calculation is carried out using the relation (5) where p =
.. os886 /%4 (5)
Ty — ¥ ag

k_y 15 the rate constant for the formation of the electro-
active species, ¢ is the ratio of the concentrations of the
electroinactive and electroactive forms, ¢y is the mean

s — [Co''L(py)(On))/lCo™ L(py)] = KoxPop  (6)

TasrLe 2
Polarographic half-wave potential (E;/V) for [Co'!L] complexes and their oxygen adducts in py-[NEt,][C1O,] (0.1 mol
dm™) at 0 °C 2

ron

—
Coll —_— Collt

[CottL]

Oy —= Oy

[Co(salen)] —0.395
[Cofsal(+)pn}] —0.357
[Co{sal(-+)pen}] —0.361 2%
[Co{sal(+)bn}] —0.364
[Co{sal(m)bn}] —0.285
[Cof{sal({+)dpen}] —0.351%
[Co{sal(m)dpen}] —0.163 ¢
[Co{sal( +-)chxn}] —0.360
[Co{sal(m)chxn}] —0.253

2 Determined for all chelates under the same experimental conditions.
represent a correction of values reported earlier.?

as reported for [Co'l(salen)].! This method was found to
be convenient when the oxygenation equilibrium is rapidly
established and there are no side reactions.

In the oxygenated solution the only anodic wave observed
at the potential of Co'l —a= Co'll oxidation is displaced
toward more positive values by increasing Py, but loga-

T

(a)
(c)
[65)]
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R
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Frcure 1 Dependence of the anodic wave on P, for [Co{sal-

(£)pn}] (1.76 x 107* mol dm™) in py-[NEt,]{ClO,] (0.1 mol

dm™) at 0 °C; each curve starts from 0.0 V versus s.c.e.: {(a)

deoxygenated solution;
Py, = 760 Torr

(b) Poy = 310;

(¢) Poy — 480;

@

Coll —pm Col

[ColiL(Oy)] —= [CoVL(O9)]~

—0.860
—1.382 —0.705
—1.320 —0.650
—1.305 —0.642
—1.324 —0.704
—1.375 —0.710
--1.261 —0.664
—1.290 ~-0.595
—1.420 —0.651
—1.370 —0.604

Values are estimated to be accurate to within 3 mV and

% Quasi-reversible,

diffusion current, 4, is the mean kinetic current controlled
by the rate of the preceding chemical reaction, and ¢, is the
drop time of the dropping mercury electrode (d.m.e.).
Introducing the equilibrium constant Kg,, equation (5) may
be rewritten as (8). As required by this equation, a plot of

Kog = [CoML{py)(Oa))/[ColL(py)I[Oy] = &ifk.y (T)

i 0886 [k, ®)
ig — fg Ko, P,

log [ix/(ia — ix)] against log Po, (at constant f,) was found
to be a straight line, with slope —-0.5 (Figure 2).

The Koy values (Table 4) were obtained from the experi-
mental data for ¢4, 7, and ¢, and from the %, values obtained
from the shift of the half-wave potential of the cathodic
waves in oxygenated solution, as described below.

Polavography of Cobalt(sit) Complexes in Oxygenated
Pyridine Solution at 0 °C (P, = 760 Torr).—In oxygenated
solution the cathodic wave due to the Colll —m= Coll
reduction is still reversible, diffusion controlled, and practi-
cally unchanged in height relative to the deoxygenated
solution, On the other hand, the half-wave potential is
displaced toward more positive values by an extent depend-
ing on the actual complex examined. This can be in-
terpreted as a consequence of the inactivation of reduced

* Throughout this paper: 1 Torr = (101 325/760) Pa.,
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FIGURE 2 log-log dependence of i/(iq — i) on Po,: (a) [Co-

(salen)] (1.06 x 107%); (b) [Co{sal(+)pn}] (1.13 x 1073); (c)
[Co{sal(m)bn}] {1.03 x 1073%); and (d) [Co{sal(+)bn}] (0.62 x
1073 mol dm™) in py—[NEt,}[C1O,] (0.1 mol dm™3) at 0 °C

species, by the oxygenation reaction following the electron
transfer, as shown in equation (2). From the solution of
the diffusional problem,!s the final expression for the half-
wave potential is (9), where E} is the half-wave potential of

E, = E°® + (RT|nF) log 0.886 V/pot (9)

the Co!'l — Co'! reduction measured in the presence of
the inactivation reaction, E® is the standard potential of
the redox couple Colll-Coll, and p and ¢ have the same
meaning as above. In our case at 0 °C the equation (9)

Ey — E° = (0.054/2)log k,Po, + (0.054/2)log £, +

0.054 log 0.886 (10)

becomes (10) which allows the calculation of %; from I7;.
To achieve pseudo-first-order conditions, the maximum
obtainable oxygen concentrations were maintained (satur-
ation at Py, = 760 Torr). Moreover, the concentration of
Co!'l was kept between 0.2 x 107® and 0.4 x 1073 mol dm™3.
The measured E; — E® value was found to be independent
of the concentration of [ColllL(py)]* species as required by
equation (4). Owing to the difficulty of realizing experi-
mental pseudo-first-order conditions using higher Pg,
values, the dependence of £, on Py, was not controlled. On
the other hand, the slope of E, vs. log ¢ at constant Pg, was
found to be 54/2 mV as required by equation (10) (Table 3).*
The sensitivity of the polarographic half-wave potentials
and currents to the rate of the coupled chemical reaction
and the reproducibility of the experimental measurements
allow the calculation of rate constants to within ca. 100 dm?
mol™? s, The rate of oxygenation of [Co{sal(m)chxn}] is
apparently below this limit. The diastereoisomers [Co-
{sal(+)dpen}) and [Co{sal(m)dpen}] exhibit a slightly irre-
* For [Co(salen)} the slope is smaller than expected and &,
calculated from equation (10) is ca. 10* dm? mol™* s™, which is not
in agreement with the value obtained from this equation using
Ko, as determined from the Hill plot. This is probably due to

the higher rate of oxygenation under which pseudo-first-order
conditions break down.
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TABLE 3

Shifts (in mV) of the half-wave potential of the cathodic
wave of cobalt(irn) complexes in py-[NEt,][CIO,]
(0.1 mol dm™) at Py, = 760 Torr and ¢ = 3 s, and
dependence (in mV) on drop time

Complex Ey — Ee d Ey/d log ¢
[Co(salen)]* 79 12
[Cof{sal(+)pn}]*+ 50 24
[Co{sal(+)bn}]+ 14 27
[Co{sal(m)bn}]* 22 23
[Cofsal(—)chxn}]* 48 27

versible redox process which prevents reliable use of the
method.

DISCUSSION

Both the equilibrium and kinetic data have been
examined with reference to the known or most likely
molecular structure of the chelates in the complexes

TABLE 4
Equilibrium and kinetic data for the reaction of [ColTL(py)]
with O, in py-[NEt][ClO,] (0.1 mol dm™) at 0 °C.
Standard state: [O,] = 1 mol dm™

_Kos ./ S

Complex dm? mol™! dm? mol™1s71
[Co(salen)] (1.6 £ 0.07) x 10%a (5.7 & 0.5) x 1053
[Cofsal(+)pn}] (42 3 0.1) X 10° (7.0 & 0.5) x 10
[Co{sal(3-)bn}] (24 £ 0.2) x 100 (3.2 & 0.6) x 10¢
[Co{sal(m)bn}] (3.2 1 0.2) x 10° (7.6 T 0.8) x 102
[Coisal(—)chxn}) 2.3 x 10%% (6.2 4+ 0.8) x 10°
[Co{sal(m)chxn}] 958 <10?
[Co{sal(—)dpen}] 258
[Coysal(m)dpen}] 103 %

¢ From ref. 13. ¢ From ref. 10.

[Co'L{py)] and [CoUL(py)(O,)]. The stereochemistry
relevant to the oxygenation process is that of the five-
co-ordinate complex, as present in pyridine solution.”?®

In the complexes containing salen derivatives the
actual geometry appears to be sensitive to the steric
requirements of the substituents in the NN'-ethylene
bridge. The crystal structure of [Co{sal(+)bn}(py)]
shows that two crystallographically independent mole-
cules are present,” one of which may be described as a
distorted square pyramid while the other is intermediate
between a square pyramid and a trigonal bipyramid.
Two crystallographically independent molecules are
present also in crystals of complexes of Coll and Iell
with NN'-[2-(2'-pyridyl)ethyljethylenebis(salicylidene-
iminate).’® Both of them are distorted towards a
trigonal-bipyramidal geometry.

This indicates that the chelate is fairly flexible and
that it can easily be distorted in the crystal packing.
The distortions of [Co{sal(+)bn}(py)] from square-
pyramidal geometry (Figure 3) are determined mainly by
two kinds of interactions: those between the hydrogens
of the CH(CH,) groups of the NN’-ethylene bridge and
the hydrogens of the azomethine groups, and those
between the pyridine molecule and the NN'-ethylene
bridge. The former are best alleviated by the bis axial
conformation of the CH,; groups and by a suitable
torsion angle around the C(8)-C(10) bond. The latter
lead to a decrease of the N(1)-Co-O(2) and N(2)-Co-O(1)
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angles giving a ‘reversed-umbrella ' shape to the five
co-ordination bonds. The torsion angle around C(8)-
C(10) and the displacements of the set of donor atoms
N(1),N(2),0(1),0(2) of the Schiff base from the equatorial
plane are connected through the trigonal nature of the
nitrogen atoms. Thus the dihedral angle between the
N(I)-C(8)-C(10) and N(2)-C(10)-C(8) planes is related
to the dihedral angle between the planes N(1)-Co-O(1)
and N(2)-Co—O(2), which determines the distortion of
the molecule from square-pyramidal towards trigonal-
bipyramidal geometry with the five-membered NN'-
ethylene chelate ring in an envelope conformation.

The structure of [Co{sal(-+)pn}(py)] is not known but
the CHj substituent in the NN'-ethylene ring is likely to
be situated in an axial position, on the side opposite to
the pyridine ligand. The situation is again such as to
result in a reversed-umbrella shape for the molecule. In
this structure the CH, group partially shields the sixth

F1GUrRE 3 Perspective of [Co/sal{4-)bn}(py)] molecule

co-ordination position, thus hindering approach of a
dioxygen molecule.

The formation of the 1:1 adduct of a trigonal bi-
pyramidal complex with molecular oxygen requires
flattening of the quadridentate chelate ring in the
equatorial plane of an octahedral geometry. This was
demonstrated in the case of {NN’-[2-(2'-pyridyl)ethyl]-
ethylenebis(salicylideneiminato)}cobalt(i1) and its 1:1
oxygen adduct.’® The ease of this structural rearrange-
ment clearly depends on the presence of substituents in
the ethylene bridge. It is determined by the possibility
of opening the N(1)-Co~O(2) and N(2)-Co~O(1) angles
and of rotation about the C(8)~C(10) bond in the presence
of interactions of CH; and CH-N hydrogens.

With these considerations in mind we can explain the
strong decrease which was found both in the rate of
oxygenation and in the equilibrium constant of the
substituted derivatives relative to the parent chelate.
The presence of one CH; group in the NN’-ethylene
bridge is apparently sufficient to increase the energy
involved in the rearrangement from the folded towards a
square-pyramidal geometry. A second CHj group as in
[Co{sal(+)bn}(py)] and [Co{sal(m)bn}(py)] leads to a

J.C.S. Dalton

further increase of this energy, the extent being ap-
parently higher in the former, where the second CH,
group is axial, than in the latter where it is equatorial in
the NN'-ethylene bridge.

The complex [Co{sal(+)chxn}(py)], where both the
CH, groups of the cyclohexylene ring are in pseudo-
equatorial conformation, undergoes more ready oxygen-
ation than [Co{sal(m)chxn}(py)] where one CH, group of
the cyclohexylene ring is pseudo-axial, the other pseudo-
equatorial, because of the greater folding in the latter.

Finally, the greater difference in the oxygenation rate
between the two [Cof{salchxn}(py)] as compared with the
two [Co{salbn}(py)] diastereoisomers may be due to the
higher rigidity of the former.

EXPERIMENTAL

Materials.—The cobalt chelates were a gift from Professor
Ugo and his co-workers. Pyridine (py) (Fluka 82702) was
dried with 4-A molecular sieves. The compound [NEt,]-
[ClO,] (Carlo Erba) was crystallized twice and dried in
vacuo at 40 °C. Extra pure, dry nitrogen was used as the
purge gas, and as diluent for oxygen in the oxygenation
experiments.

Apparatus and Methods.——Polarograms and controlled-
potential electrolyses were carried out with an Amel 471
multipolarograph equipped with a model 460 stand. A
model 694 universal cell was used in the polarographic
experiments. The characteristics of the dropping mercury
electrode (d.m.e.), made from a 45° bent glass capillary, in
py-[NEt,][CIO,] (0.1 mol dm™) at 0°C were: flow rate,
0.72 mg s7!; height of mercury level, 85.5 cm. A Metrohm
saturated calomel electrode (s.c.e.) filled with a saturated
aqueous solution of NaCl was used as the reference electrode,
separated by a salt bridge containing the same electrolyte
in pyridine as the examined solution. A platinum wire was
used as counter electrode. Controlled-potential electrolyses
were carried out with the same reference electrode. All
experiments were carried out in solutions of complexes in
anhydrous pyridine and 0.1 mol dm™ [NEt,]{ClO,] at 0 °C.

The kinetic currents (i) were measured from the polaro-
graphic anodic waves (Figure 1) of a pyridine solution of
[CoML] (giving the monopyridine complex) equilibrated by
bubbling with N,~O, mixtures at Py, = 310, 480, 620, or
760 Torr for ca. 30 min. The instantaneous current plot
(log 7 — log ¢) was drawn using a d.m.e. with drop time ¢ =
7s.

The solubility of dioxygen in the electrolyte solution
required for calculations using equations (8) and (10) was
taken as 4.15 X 10® mol dm™ (in pyridine at 18 °C) 17
assuming that the temperature effect on the Bunsen coeffi-
cient is negligible.

The support of the National Research Council (C.N.R.) is
gratefully acknowledged.
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REFERENCES

1 R. W. Ersking and B. O. Field, Struct. Bonding (Berlin),
1976, 28, 3.

2 M. J. Carter, D. P. Rillema, and F. Basolo, J. Am. Chem.
Soc., 1974, 96, 392.

3 J. P. Collman, R. R. Gagné, T. R. Halbert, J. C. Marchon,
and C. A. Reed, J. Am. Chem. Soc., 1973, 95, 7868; J.P.Collman,
R. R. Gagné, and C. A. Reed, tbid., 1974, 98, 2629.


http://dx.doi.org/10.1039/DT9810001115

1981

4 J. Almog, J. E. Baldwin, R. L. Dyer, and M. Peters, J. Am.
Chem. Soc., 1975, 97, 226, J. Almog, J. E. Baldwin, and J. Huff,
ibid., p. 227.

8 H. Huestis and M. A. Raftery, Biochemistry, 1975, 14, 1886.

¢ C. Busetto, F. Cariati, A. Fusi, M. Gullotti, F. Morazzoni,
A. Pasini, R. Ugo, and V. Valenti, J. Chem. Soc., Dalton Trans.,
1973, 754.

7 M. Calligaris, G. Nardin, and L. Randaccio, J. Chem. Soc.,
Dalton Tvans., 1973, 419.

8 N. Bresciani, M. Calligaris, G. Nardin, and L. Randaccio,
J. Chem. Soc., Dalton Trans., 1974, 498.

® N. Bresciani, M. Calligaris, G. Nardin, and L. Randaccio,
J. Chem. Soc., Dalton Trans., 1974, 1606.

10 E. Cesarotti, M. Gullotti, A. Pasini, and R. Ugo, J. Chem.
Soc., Dalton Trans., 1977, 757.

1119

11 J. Hanzlik, A. Puxeddu, and G. Costa, J. Chem. Soc.,
Dalton Trans., 1977, 542.

12 G. Costa, A. Puxeddu, and L. Nardin Stefani, Inorg. Nucl.
Chem. Lett., 1970, 6, 191.

13 A, Puxeddu, G. Tauzher, and G. Costa, Gazz. Chim. Ital.,
1980, 110, 69.

14 7, Koutecky, Collect. Czech. Chem. Commun., 1953, 18, 597.

18 J. Koutecky, Collect. Czech. Chem. Commun., 1955, 20, 116.

18 G. B. Jameson, F. C. March, W. T. Robinson, and S. S. Koon,
J. Chem. Soc., Dalton Trans., 1978, 185.

17 Landolt-Bornstein, Zahhlenwerte und Funktionen, Auflage
6, band II, teil 2, benteil b, Springer Verlag, Berlin, 1962.


http://dx.doi.org/10.1039/DT9810001115



