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TABLE 3 

Shifts (in mV) of the half-wave potential of the cathodic 
wave of cobalt(m) complexes in py-[NEt,] [Clod 
(0.1 mol dm-3) at Poz = 760 Torr and t = 3 s, and 
dependence (in mV) on drop time 

Complex Et  - Ee d Eild log t 
[Co(salen)] + 79 12 
[Co{sal( f )pn}I+ 50 24 
[Co{sal( + ) brill i. 14 27 
[Co{sal(m) bn)]+ 22 23 
[Co{sal( - ) chxn)]+ 48 27 

* 
log Poz 

2.5 2.7 2.9 

V t G U R E  2 log-log dependence of &/(id - ik) on Poa: (a)  [Co- 
(salen)] (1.06 x ( b )  [Co{sal(+)pn}] (1.13 x 10-3); (c) 
[Co{sal(ztz)bn)] (1.03 x and ( d )  [Co{sal(+)bn}] (0.62 x 

mol dm-3) in py-[NEt4][C1O4] (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,15 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 (9) 

the CoIII - CoTI reduction measured in the presence of 
the inactivation reaction, Ee is the standard potential of 
the redox couple CoIII-CoII, and p and 0 have the same 
meaning as above. In  our case at 0 "C the equation (9) 

I?* - Ee = (0.054/2)10g /%,Po2 + (O.O54/2)10g t 1  $- 
0.054 log 0.886 (10) 

becomes (10 )  which allows the calculation of lz, from E i .  
To achieve pseudo-first-order conditions, the maximum 

obtainable oxygen concentrations were maintained (satur- 
ation at  Po, = 760 Torr). Moreover, the concentration of 
CoI'L was kept between 0.2 x lop3 and 0.4 x rnol ~ I rn -~ .  
The nieasuretl E ,  - Ee  value was found. to be independent 
of the concentration of [CoIIIL(py)]+ species as required by 
equation (4). Owing to the difficulty of realizing experi- 
mental pscudo-first-order conditions using higher Po2 
values, the depciidence of E4 on Poz was not controlled. On 
the other hand, the slope of Eg 'us. log t a t  constant Poz was 
found to be 54/2 mV as required by equation (10) (Table 3).* 

'l*he 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 dm3 
mol-1 s-1. The rate of oxygenation of [Co{sal(nz)chxn)] is 
apparently below this limit. The diastereoisomers [Co- 
(sal( +)dpen}] and [Co{sal(m)dpen)] exhibit a slightly irre- 

* For [Co(salen)J the s l o p  is smaller than expected and k ,  
calculated from equation (10) is ca. lo4 dm3 mol-ls-l, 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. 

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 [CoIIL(py) J 

with 0, in py-[NEt,][ClOJ (0.1 mol dm-3) a t  0 "C. 
Standard state: LO,] = 1 mol dm-3 

Complex 
[ Co( salen)] 

[Co{sal(m) bn)] 
[Co{sal( - )chxn)] 
[Colsal (m) chxn)] 
[Co{sal( - )dpen)] 
[Copal (m) dpen}] 

[COW( f )pn>l 
[Co{sal( + bn)l 

From ref. 13. 

(1.6 & 0.07) x lo4" (5.7 f 0.5) x lo6 
(4.2 f 0.1) x 103 (7.0 0 .5 )  x 103 
(2.4 0.2) x lo3 (3.2 f 0.6) x lo2 
(3.2 0.2) x 103 (7.6 f 0.8) x 102 

(0.2 f 0.8) x lo3 
95 I3 < 102 
25 Q 

2.3 x lo2 

103 b 

6 From ref. 10. 

[ColIL(py)] and [CoIIL(py) (O,)]. The stereocheniistry 
relevant to the oxygenation process is that  of the five- 
co-ordinate complex, as present in pyridine s o l ~ t i o n . ~ - ~  

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 Co'I and FeTI 
with NN'- [2- (2'-pyridy1)et hylle thylenebis (salicylidene- 
iminate).16 Both of them are distorted towards a 
t rigonal- 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 "'-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(l0) bond. The latter 
lead to  a decrease of the N(l)-Co-O(Z) 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(l),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(l)-C(S)-C(lO) and N(2)-C(lO)-C(S) planes is related 
to  the dihedral angle between the planes N(1)-Co-0(1) 
and N(2)-Co-0(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 CH, substituent in the "'-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 

FIGURE 3 Perspective of [Co{sal( +)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'-pyridy1)ethylJ- 
ethylenebis(salicylideneiminato)}cobalt(II) and its 1 : 1 
oxygen adduct.16 The ease of this structural rearrange- 
ment clearly depends on the presence of substituents in 
the ethylene bridge. I t  is determined by the possibility 
of opening the N(l)-Co-O(Z) and N(2)-Co-O( 1) angles 
and of rotation about the C(S)-C(lO) 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 NW-ethylene 
bridge is apparently sufficient to increase the energy 
involved in the rearrangement from the folded towards a 
square-pyramidal geometry. A second CH, group as in 
[Co{sal( +)bn)(py)] and [Co(sal(m)bn}(py)] leads to a 

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 "'-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 [Co{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,]- 
[ClOJ (Carlo Erba) was crystallized twice and dried in 
vacuo a t  40 "C. Extra pure, dry nitrogen was used as the 
purge gas, and as diluent for oxygen in the oxygenation 
experiments. 

Apparatus and ~et~~octs.-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-[NEtJ[C104] (0.1 mol dm-3) a t  0 "C were: flow rate, 
0.72 mg s-l; 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-3 [NEt,][CIOJ a t  0 "C. 

The kinetic currents (ik) were measured from the polaro- 
graphic anodic waves (Figure 1)  of a pyridine solution of 
[ColIL] (giving the monopyridine complex) equilibrated by 
bubbling with N,-0, mixtures a t  Poz = 310, 480, 620, or 
760 Torr for ca. 30 min. The instantaneous current plot 
(log i - log t )  was drawn using a d.m.e. with drop time t = 
7 s. 

The solubilitv of clioxygen in the electrolyte solution 
required for calculations using equations (8) and (10) was 
taken as 4.15 x mol dm-3 (in pyridine a t  18 "C) 
assuming that the temperature effect on the Bunsen coeffi- 
cient is negligible. 
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