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The substitution reactions of tetrakis(4-N-methylpyridyl)porphinecobalt(III) (CoTMpyP) with pyridine have been studied 
as a function of pH at  25’ and an ionic strength of 0.5 M .  The mechanistic pathway proposed for the thiocyanate substitution 
reactions8a is applicable to pyridine as well. A pyridine axial substituent has a smaller influence than does coordinated 
thiocyanate on the rate of further ligand substitution and on the basicity of the metalloporphyrin. ‘The reductions by dithionite 
of the diaquo, aquohydroxo, and the bis(pyridine) complexes of CoTMpyP have been investigated. The more active form 
of the reducing agent is S O r  in all cases and the mechanism for the reduction reactions is outer sphere. The rates of rduction 
correlate with the AGO for the reactions. 

Introduction 
Proteins containing metal complexes of highly unsaturated 

ligand ring systems are involved in a variety of essential bi- 
ological functions. Interest in these substances has led to 
considerable research activity with model compounds in an 
effort to understand the role of these metal chelate systems. 
Compared to most other cobalt(II1) complexes, highly un- 
saturated macrocyclic (N4) ligands have been shown to en- 
hance the rate of ligand substitution at the metal center by 
many orders of magnitude.2-* Available evidence suggests that 
these cobalt(II1) substitution reactions proceed predominantly 
via either a dissociative or an interchange mechanism. Rate 
constants for the reaction of a given complex with a series of 
ligands are relatively insensitive to the nature of the incoming 
ligand, under similar conditions of pH, temperature, and ionic 
strength. Thus, it has been found that for a series of seven 
monoanions, the rate constants for substitution on aquo- 
cobalamin vary by about 1 order of magnitude although the 
stability constants for the formation of the complexes vary by 
about 12 orders of magnitude.Vj The enormous rate en- 
hancement by the unsaturated ligand system can be correlated 
with the lifetime of the leaving ligand in the inner coordination 
sphere of the metal complex. However, some dependence of 
rate on the charge type of the incoming ligand is expected and 
there is always the possibility of a specific steric effect or 
“outer-sphere” interaction between the incoming molecule and 
the metal-containing complex, especially for large unsaturated 
macrocycles like the corrinoids and porphyrins. 

In our previous work on the reactions of thiocyanate with 
tetrakis(4-N-methylpyridyl)porphinecobalt(III) (represented 
by CoTMpyP), we considered, in the case of the diaquo 
complex (represented by CoP(H20)2, shown as I), a +5,-1 
interaction.8 We found a complicated (but reasonable) reaction 
pathway in these studies in which the substitution of a water 
molecule in the inner coordination sphere of CoTMpyP by a 
thiocyanate leads to a marked trans effect and a large influence 
on the pKa of the aquocobalc porphyrin complex. We now 
report an extension of this study using pyridine as the incoming 
ligand. Specifically, we consider whether the mechanistic 
pathway proposed for thiocyanate is also applicable to pyridine, 
we compare the influences of bound pyridine and bound 
thiocyanate on the substitution kinetics and basicity of the 
metalloporphyrin, and we attempt to assess the sensitivity of 
the substitution rates of the metalloporphyrin to the charge 
type of the incoming ligand. In addition, we report the kinetics 
of the reduction of CoTMpyP and its pyridine complex by the 
potent reducing agent dithionite. These kinetics afford some 
interesting comparisons with our earlier work9 on the reduction 
of CoTMpyP by chromium(II), a study in which we proposed 
electron transfer through the axial ligands of the cobalt 
porphyrin. 
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Experimental Section 
(CoTMpyP)ls was prepared, purified. and converted to the chloride 

form by methods described elsewhere.*Jo The Evans methodll had 
been previously employed to demonstrate that the complex is dia- 
magnetic and, therefore, that. the cobalt ion is in its 1 3  oxidation 
state.10 This metalloporphyrin shows no tendency to aggregate in 
aqueous solution over a wide pH range at  the concentration levels 
used here.* Aqueous metalloporphyrin solutions are photosensitive 
and were protected from visible and fluorescent light. 

Kinetic and equilibrium measurements were carried out a t  p1-I <4 
(no buffer), pH 8 (0.002 M borate buffer), and pH 9 11 (no buffer). 
The free pyridine concentration was calculated using a value of 5.412 
for the pKe of the pyridinium ion. Solutions for equilibrium mea- 
surements were allowed to stand (tightly sealed and in the dark) for 
up to 2 days to allow for equilibration. 

Solutions of sodium dithioniie (Na2S204) were prepared by adding 
the solid to 0.5 M sodium perchlorate previously deaerated by 
scrubbing with argon and were used within a few minutes of prep- 
aration. The per ccnt composition of dithionite in the solid stock was 
determined spectrophotometrically by the reduction of Fe(CN)63- 
( c  1026 ,IF* cm-l a t  420 nm) to Fe(CN)& ( e  2 hf-1 cni-l a t  420 
nm). Repeated determinations showed that the solid dithionite stock 
was 93 f 2% pure and the concentrations quoted in this work have 
been adjusted accordingly. 

Sodium perchlorate stock solutions were prepared by the neu- 
tralization of sodium bicarbonate with perchloric acid. All other 
chemicals were reagent grade and used without further purification. 

Visible spectra were determined on a Cary 14 spectrophotometer 
(25 f 0.1’) and under anaerobic conditions for the redox systems. 
Kinetic measurements were made by observing absorbance changes 
using the Cary 14, the stopped-flow portion of a combined SF-TJ 
apparatus,13J4 or, for the redox reactions, a Durrum Modei DilO 
stopped-flow apparatus. Al l  measurements were conducted at  25’ 
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a t  an ionic strength of 0.5 M (in either NaNO3 or NaC104) and under 
pseudo-first-order conditions (pyridine or dithionite concentration >> 
total porphyrin concentration). Blank experiments were conducted 
for all systems including a determination of whether dithionite reduces 
pyridine within the time range of these experiments. For the latter 
determination a solution of pyridine (1.2 X 10-3 M) containing borate 
buffer (2.5 X 10-3 M )  was mixed with a freshly prepared solution 
of dithionite on the Durrum stopped-flow apparatus. The reaction 
mixture was monitored at 350 nm but no change in absorbance was 
observed. However, if water which had not been previously degassed 
was added to the pyridine solution, a change of absorbance occurred 
consistent with the consumption of dithionite. 

Results 
I. Substitution Reactions with Pyridine. As for the reactions 

of CoTMpyP with thiocyanate,s the stability and rate constants 
for the reactions with pyridine are pH dependent. Scheme 
I best fits the spectral and kinetic data, where Ki = ki/k-1, 
6 1  = k'i/k'-i,  and K2 = k2/k-2. The acid dissociation 
constants Kal and Ka2 have been determined previously,g PKal 
= 6.0 and pKa2 = 10.0. Scheme I is the minimum one 
consistent with the knowledge that the cobalt(II1) porphyrin 
coordinates two ligands at its axial sites. It has been implicitly 
assumed that only free pyridine and not the pyridinium ion 
is the attacking form of the ligand. Experimental evidence 
for this assumption will be offered later. 

The absorption spectra in the Soret region for solutions of 
pyridine and CoTMpyP at  pH <4 show a red shift from 434 
nm (CoP(H20)2, ca. 4 X 10-6 M )  to 442 nm as pyridine is 
added (1.2 X 10-5 I [py] I 2.5 X 10-3 M) and an isosbestic 
point at 440 nm. The porphyrin solution containing no pyridine 
does not pass through the isosbestic point suggesting that a t  
the pyridine concentrations employed the observed equilibrium 
is 

CoP(H,O)(py) + PY -1, COP(PY), 

and that Ki = [CoP(HzO)(py)]/[CoP(H20)2] [py] > 105 M-1. 
A value for the molar absorptivity ( t i )  of CoP(H2O)(py) 

is needed in order to obtain K2 from these data. A direct 
determination of €1 would require a series of spectral ex- 
periments at [py] < 106 M and, as kinetic work to be described 
later shows, several weeks would be required for the solutions 
to equilibrate. Decomposition of the porphyrin during this 
period would render the measurements meaningless. Therefore, 
to obtain a value of K2 = [CoP(py)2]/([CoP(H2O)(py)] [py]), 
we used the equation 

K 

log (- ) = n  log [py] + log KZ 

where t is the apparent molar absorptivity and €2 is the molar 
absorptivity of CoP(py)2. Successive approximations of t i  were 
used until the data resulted in a straight line of slope n (number 
of ligands adding to the chromophore) equal to unity. This 
procedure gave K2 = (4.8 f 0.4) X 104 M-1, € 1  = 2.2 X IO5 
M-1 cm-1, and e2 = 1.5 X IO5 M-1 cm-1 at 435 nm. 

The determination of k2 was accomplished by preparing a 
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Figure 1. Plot of k,Obsd v s .  [py]  at pH 4 for the reaction 
CoP(H,O)(py) + py -+ CoP(py), from which k ,  was obtained. 

solution containing CoTMpyP and pyridine ([free pyridine] 
2 X 10-5 M) and allowing it to equilibrate to a constant 

absorbance (ca. 2 days). Since Ki > IO5 M-1, the only 
porphyrin species present are CoP(HzO)(py) and CoP(py)z, 
and addition of further pyridine leads unambiguously to the 
rate constant for bis-complex formation (k2) since the reaction 
with CoP(OH)(py) is certain to be much slower (vide infra). 
The reaction of CoP(HzO)(py) with pyridine was found to be 
first order in free pyridine and in porphyrin. A plot of k20bsd 
vs. [py] where [py] is the concentration of free, unprotonated 
pyridine is shown in Figure 1 and yields a value of k2 = 2.8 
f 0.2 M-1 sec-1; k-2 is too small to measure directly from the 
intercept but can be calculated from K2 = (4.8 f 0.4) X 104 
M-1 to obtain k-2 = (5.8 f 0.8) X 10-5 sec-1. 

When the initial pyridine concentration in the porphyrin 
solution was zero, monophasic kinetic curves were obtained 
for the reaction of CoP(H20)2 with pyridine at pH 3. The 
observed rate constant was independent of the wavelength 
chosen and the observed absorbance change corresponded to 
the full absorbance change predicted from the spectra. The 
spectrum of the product had hmax 442 nm; Le., it corresponds 
to CoP(py)z. These results imply that k2 > ki and that the 
observed rate constant is for the formation of the monopyridine 
complex. If ki 2 k2, a two-stage reaction corresponding to 
the formation of both CoP(HaO)(py) and CoP(py)z would be 
observed. Therefore, the rate constant obtained from a 
first-order plot of the observed absorbance change is kiobsd, 
the rate constant for formation of CoP(HaO)(py). In terms 
of Scheme I the complex may be produced by two parallel 
pathways8 and as a consequence kiobsd is given by eq 2. 

From work at  pH 8.1 (vide infra) we determined that k'i 
= 220 M-1 sec-1. Therefore, since Kal/[H+] << 1 and if we 
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Figure 3. Plot of k&td lis. [py]  at pH 8 from which k ' ,  was ob- 
tained. 
neglect the terms for the reverse reaction, we obtain kiobsd = 
(ki + k'iKai/[H+])[py], and a plot of kiobsd- kiKai[py]/[H+] 
vs. [py] should be linear, pass through the origin (if the 
approximation of neglecting reverse terms is valid), and have 
a slope equal to ki. This plot is shown in Figure 2 and ki = 
8.7 f 0.4 M-1 sec-1. The large error limits on ki reflect that 
the determination of this rate constant involves two variables, 
([py] and [H+]), and is obtained by substraction of two large 
numbers. Since the observed kinetics are indeed monophasic, 
the value of k i  probably represents an upper limit. 

Intermediate ppb. There are so many species present in 
substantial concentration a t  pH - 8 ( i .e . ,  CoP(OH)(HzO), 
CoP(OH)(py), CoP(HzO)(py), and CoP(py)z) and the spectral 
changes are so small that the spectral method for determining 
equilibrium constants proved unproductive. However, the study 
of the kinetics of the reactions involving these species allows 
for a rather complete analysis of the system. The mixing of 
the porphyrin with pyridine at pH 8.1 leads to biphasic kinetics 
but the observed kinetic processes are sufficiently different in 
rate to permit independent determinations of the observed rate 
constants for each phase, kfastObSd and ksiowobsd. 

The faster process could be studied conveniently using the 
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Figure 4. Plot of k@$ vs. [py]  from stopped-flow data ( 
Cary 14 data ( 0 )  at pH 8 from which k ' - l  was obtained. The points 
represented as closed circles arid the line shown are taken directly 
from Figure 3. 

stopped-flow technique and the results are shown in Figure 
3. The reaction proved to be first order in pyridine and in 
porphyrin. A plot of kfastobsd vs. pyridine concentration is linear 
giving a slope of 220 f 20 M-1 sec-1 and an intercept of about 
1 X 10-2 sec-1. To obtain a more precise value for the intercept, 
the pyridine concentration was extended to lower [py] (but 
in all cases [pyla >> [CoPIo) and the reaction was studied on 
the Cary 14. The results of these experiments are shown in 
Figure 4 and the value of the intercept i s  1.2 X 10-2 sec-1; thus 
kfastobSd = 22O[py] + 1.2 X 10-2 sa- ' .  This faster process was 
interpreted as the formation of the monopyridine complex since 
when the cobalt porphyrin was allowed to quilibratc with low 
concentrations of pyridine and additional pyridine was added 
to this mixture, only the slower process was observed. At this 
pH (8.1) the initial major porphyrin species i s  CoP(H28)(OH) 
and the monopyridine complex may be formed via two 
pathways. An analysis of Scheme 1 leads to the identical 
expression for kfastObSd as is giqen by eq 2 for k i O b s d ~  To be 
consistent with results obtained at low pM, k' i  >> k i  and k--1 
<< k'-1 and, therefore, k'i = 220 M-1 sec-1 and k'-1/(1 4- 
[H+]/K'ai) = 1.2 X 10-2 sec-1 at pH 8.1. 

The slower phase is also first order in pyridine and in 
porphyrin and a plot of ks i0~0bSd vs. [py] leads to a. slope of 
1.4 f 0.2 M-1 sec.1 at a pH of 8.1. A value of X a  I and, hence, 
k'-1 can be obtained from a study of the slow-step rate as a 
function of pH. Consider the section of Scheme I which leads 
to the formation of @oP(py)2 

PY 

We thus obtain 
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Figure 5. Plot of l/f vs. [H+] from which KIa1 and k', were calcu- 
lated. 

At sufficiently high pyridine concentration ([py] 1 2 X 10-3 
M )  the reverse terms in k-2 and k'-2 may be neglected and 
defining f = k2 - ksiowobsd/[py] leads to 

(4) 

The analysis requires the value for k2 obtained at low pH, 2.8 
M-1 sec-1. A plot of l/fvs. [H+], as shown in Figure 5, leads 
to a value of K'al = 8.0 X 10-9 (or pK'ai = 8.1) and k2 = 0.09 
M-1 sec-1, this value being zero within experimental error. 
Thus we have shown that a pathway involving loss of OH- 
directly from the inner coordination sphere is considerably less 
favorable than that involving loss of water. Using pKa1 = 8.1 
we also may now calculate that k'-1 = 2.4 X 10-2 sec-1 and 
that K'i = k'i/k-i = [CoP(OH)(py)]/[CoP(OH)(H20)] [py] 
= (9 f 2) X IO3 M-1. Furthermore, a value of Ki may now 
be calculated 

which is consistent with our estimate from spectral data. 
As a confirmation of our postulated scheme, kobsd for the 

monopyridine complex formation was measured as a function 
of pH in the range pH 4.2-5.4. In this range kiobsd becomes 
greater than k2Obsd and the second complexation is observed 
as a "tail" on the observed first-order curve. This complication 
was minimized by observing at  428 nm where the absorbance 
change due to CoP(HzO)(py) - CoP(py)2 is very small but 
CoP(H20)2 - CoP(H2O)(py) is large. A plot of kobsd/[py] 
vs. pH gives an independent determination of PKal = 6.1 in 
good agreement with the previously measured values of 6.0 
f 0.1. It might be noted that the pH dependence of the 
observed rate constants could be interpreted completely without 
recourse to considering the pyridinium ion as an attacking form 
of the ligand. Consistent with kinetic results obtained for 
binary complex formation,15 the rate constant for attack by 
pyridinium ion is within the experimental error. 

High pH. Attempts to determine the equilibrium constants 
above pH 11.5 where the predominant porphyrin species is 
CoP(OH)2 were frustrated by the lack of a sizable spectral 
shift on addition of py since CoP(OH)2 has Xmax 445 nm, 
CoP(OH)(py) has Xmax -438 nm, and CoP(py)z has Xmax 442 
nm. Kinetic experiments were limited to pyridine concen- 
trations greater than 0.03 M, below this value the amplitudes 
of the kinetic curves were too small to allow measurement of 
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Table I. Kinetic and Thermodynamic Results at 25", ,u I= 0.5 M 

(i) CoTMpyP + SCN- or py 

k,,M-' sec-' k - ' ,  sec-' K,,M-' 
PY 0.7 6 X lo-' 1 X l o6  
SCN' 2.1 3.1 x 10-4 6.4 x 103 

5.8 X 4.8 X lo4 -0.09 PY 2.8 
SCN- 2.8 x 104 L O X  103 13 

k t I ,M- '  sec-' k ' - ' ,  sec-' K' , ,M- '  
2.4 x 10-2 9 x 103 PY 220 

SCN- 110 

PY 6.0 10.0 8.1 
SCN- 6.0 10.0 >9 

(ii) CoP(H,O)(py) + SCN- 

4.5 3.3 x 10-3 1.4 x 103 

kobsd. At these concentrations, the product formed was 
CoP(py)2. Consider the following section of Scheme I 

i. Ka 2 H COP(OH), e COP(OH)(H20) 

k ;  kpy 
J k'-1 

C o P( 0 H ) (py) 

For this reaction the pseudo-first-order rate constant is 

kobsd k'l [PY 1 
1 + Ka2/[H+I 

assuming that reverse reactions may be neglected and that, 
as discussed earlier, CoP(OH)2 does not react directly with 
pyridine. We calculate that kobd/  [py] 5.5 sec-1 at pH 1 1.6. 
This value is several orders of magnitude greater than the 
measured value. Therefore, we may consider the above as a 
rapid preequilibrium in the formation of the bis complex (see 
Scheme 11). Since k2 >> k2 we obtain eq 5 which under the 

kObSd = k2 [PYl 

1 +K'al/[H+] + 
K'1 [PYl ["I 

prevailing experimental conditions reduces to kobsd/ [ py] = 
k2[H+]/K'a1. A plot of kobsd vs. [H+] obtained at constant 
[py] = 0.31 M is a straight line of slope k2[py]/K'al = 9.6 
X 107 M-1 sec-1 and since k2 = 2.8 M-1 sec-1, we obtain an 
independent determination of p K a ~  as 8.0 in excellent 
agreement with the value obtained at  lower pH. 

Further kinetic experiments at  high pH with increased 
concentration of pyridine lead to a saturation phenomenon not 
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readily explicable on the basis of experiments at lower pH. 
Perhaps at these very high pyridine concentrations we are 
viewing a solvation effect not directly related to the processes 
we have thus far described.10 A summary of the stability and 
rate constants obtained in this study is shown in Table I. The 
results we have obtained for thiocyanate are included for 
comparison. 

~ ~ - ~ ~ ~ ~ ~ e ~  E x ~ ~ ~ ~ ~ e n ~ ~ .  Pyridine (concentration 
was allowed to equilibrate with the cobalt porphyrin 

over a period of 2 days at pW 4. The only prphyrin complexes 
present in solution after equilibration were CoP(HzO)(py) and 
CoP(py)2. This solution was then mixed with a solution of 
thiocyanate (pH 4, p = 0.5 M )  and the kinetics were observed 
on the Cary 14. Blank experiments in which the porphyrin 
solution was mixed with an aqueous solution containing no 
thiocyanate gave no effect in the same time range. The re- 
action being observed is therefore 

CoP(H,O)(py) + SCN- + CoP(py)(SCN) 

A plot of kobsd vs. [SCN-] is linear, k12 = 4.5 f 0.4 M-1 sec-1, 
k2i = (3.3 f 0.3) X 10-3 sec-1, and thus K12 = [CoP(py). 
(SCrU)]/([CoP(HzO>(py)] [SCN]) = k12/k21 = (1.4 f 0.3) 
X 103 M-1~ The mixed complex has its Soret maximum a t  
439 nm (6 1.9 X 105 M-1 cm-1) which is different from that 

k l 2  

k 2 ,  

with ~ ~ ~ ~ ~ Q ~ i ~ ~ ~  
ity of dithionite in 

lution,l6 most experiments were conducted at pH 8.0 (2.5 X 
10-3 M borate buffer) where the predominant porphyrin species 
is C o W ( O H ) ( H 2 0 )  having a Soret band maximum a t  437 
mi ( e  1.7 X 105 M-1 cm-1). Addition of excess dithionite ion 
(- 10-3 M )  under anaerobic conditions leads to a blue shift, 
a, band of Soret intensity appearing at 4.20 nm when the 
spectrum is determined within 2 min of mixing. Bubbling 
oxygen through this solution returns the peak to 437 nm 
although only 70% of the full intensity is restored after 5 min 
under anaerobic conditions. If the solution containing dithionite 
is allowed to remain under anaerobic conditions, the Soret band 
decays completely over a period of 2 hr and this step is ir- 
reversible. In contrast, when dithionite ion is added to a 
deaerated solution of TMpyP at a pH of 8, the Soret band 
disappears irreversibly within a matter of minutes. 

Experiments involving the reduction of CoP(py)2 ([py] = 
1.2 X 10-3 M such that CoP(py)2 is the only porphyrin species 
present in significant concentrations) were conducted at pH 
8.0. Addition of excess dithionite ion to such a solution shifts 
the Soret peak reversibly from 442 to 423 nm followed by an 
irreversible decay of the Soret band in a manner similar to 
that described for CoIIIP(OH)(H20). That the Soret peak 
obtained for the reduced product in the presence of pyridine 
is shifted to the red relative to that obtained in the presence 
of pyridine suggests that at least some of the reduced porphyrin 
product contains one or two molecules of the base. 

These spectral results imply that the first reduction step 
occurs at the metal site and that the metalloporphyrin remains 
intact but that, in a subsequent step, the porphyrin ring system 
itself is reduced. Kinetic results, to be described below, suggest 
that the major reducing species is the S82- radical, a one- 
electron reducing agent. Therefore, although cobalt(1) 
porphyrins have been reporeed,l7 it appears that the initial 
product of the reduction by dithionite ion is a cobalt(I1) 
porphyrin. 

The reduction of CoIIITMpyP by chromium(I1) has been 
studied at low pH.9 As in the present study, the Soret band 
of the product was blue-shifted from that of the reactant. 
However, the peak of the chromium(I1)-reduced product 
appeared at 428 rather than at 420 nm as found here. The 
addition of chromium(I1) to a CoTMpyP solution already 
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treated with dithionite leads to no change in the Soret 
maximum from 420 nm. When a solution of CoW3IpylEP at 
low pH is treated with u(]gTH~)6~+, a rather mild one-electron 
reducing agent, the Soret maximum appears at 428 nm 
consistent with the chromium(I1) result. 
(NH3)62+ is incapable of completely reduc 
CoIIITMpyP at higher pH and the Soret region is characterized 
by a broad band which appears to be comprised of two bands 
at about 437 and 428 nm. The Soret maximum of C o I W  
(OH)(W20) i s  at 437 nm and the latter band is of the r 
product. Therefore, it appears that the reduction of 
CoIIITMpyP by dithionite leads to a final product which is 
not CoIITMpyP. 

Although the Soret maximum of TMpyP itself is also at 420 
nm, the position of the Soret maximum of the dithionite- 
reduced product cannot be accounted for in terms of the 
removal of the metal ion from the ring system by the excess 
dithionite. As was discussed above, bubbling oxygen into the 
reaction mixture restores the Soret band to its original position 
and we observe a large kinetic influence on the reduction of 
the ring system presumably as a consequence of its coordination 
to a metal ion. Moreover, although the pH range of the 
chromium(I1) study is different from the dithionite study, the 
difference in the position of the Soret band is not likely to arise 
from this cause. MIITMpyP are generally much weaker acids 
than MIIITMpyP, and it is therefore unlikely that the product 
of the dithionite reduction a t  pH 8 is CoIIP(OH)(H20). 
Consistent with this argument i s  the inability of IPu(NH3)62-+. 
to reduce CoIIIP(OH)(H20) completely and the fact that the 
(unresolved) peak of the reduction product is at 428 nm as 
is the peak of the product at  OW pH. We can, at present, only 
speculate about the nature of the dithionite-metalloporphyrin 
interaction. It is possible that subsequent to the reduction of 
the metalloporphyrin by S02-  (vide infra) there is a further 
very rapid reduction of the metalloporphyrin. A second 
possibility is that dithionite attacks the N-methylpyridyl 
substituents of the porphyrin in a manner which can be reversed 
by the addition of oxygen. It is known that dithionite rapidly 
reduces certain pyridine derivatives and that in the process 
charge-transfer complexes are formed.’* Interactions of this 
type might account for the blue-shifted Soret maximum. 

Minetic ~ e 5 ~ ~ ~ 5 ~  In all of the kinetic experiments, the 
exponential nature of absorbance vs. time curves for the more 
rapid (reversible) process is consistent with a first-order 
dependence on metalloporphyrin. Observations were made 
a t  440 and 420 nm; the curves showed the expected changes 
in absorbance indicated by the spectra, and the rate constants 
were independent of the wavelength. Rots of kobsd vs. [&f&--] 
for experiments at pH 4 (phthalate buffer) and at pH 8 (borate 
buffer, no pyridine added, and borate buffer, [py] = 1.2 X 10-3 
M) all showed nonzero intercepts. Plots of kobsd vs. [S2042-] 112 
for the results at pH 4 and at pH 8 (the latter in the presence 
of added pyridine) were linear and passed through the origin 

kObsd = 7.7 x io3 [s2042-]1/2 p w  4 

kObSd = 7 2  [S2042-]1’2 

Experiments conducted a t  pH 8 as a function of pyridine 
concentration showed that, at a fixed dithionite concentration 
CS2042-1 = 8.4 X 10-4 M ,  kobsd is independent of pyridine for 
2.5 X 10-4 5 [py] 5 2.5 X 10-2 M.  Throughout this range, 
the only porphyrin species in significant concentration is 

The results for the dithionite reduction of CoIIlTMpyP at 
pH 8 (no pyridine added) proved more complicated than the 
two systems discussed above. A plot of kobsd vs. [SzO42-]1/2 
is linear at low dithionite concentration and passes through 
the origin but, a t  higher dithionite concentrations, there is a 
marked deviation from linearity (Figure 6). The data could 

pH 8, py added 

COP(PY)2. 
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Figure 6. Plot of kobsd vs. [S,0,2-]1’2 for the reduction of CoP- 
(OH)(H,O) at pH 8. 

be fit quite well (via a nonlinear regression method) to a 
function of the form 
kobsd = 137[S2042-]”2 + 5.2 X 103[Sz042-] 
The curve shown in Figure 6 conforms to these values of the 
parameters. 
Discussion 

Substitution Reactions. The present results obtained for 
pyridine substitution reactions as a function of pH conform 
to a kinetic picture which very closely parallels the one 
postulated for the thiocyanate substitution reactions.8 The 
substitution reactions of CoTMpyP with thiocyanate and 
pyridine are very much more rapid than the analogous pro- 
cesses for most cobalt(II1) complexes. For example2Q 

2.1 PI-’ sec-’ 
CoP(H,O),*+ + SCN- * COP(H,O)(SCN)~+ 

1.3 X M - ’  sec-’ 
CO(NH,),(H,O)~+ + SCN- Co(NH,),NCS2+ 

Available evidence suggests that both of the preceding reactions 
proceed via an SNI type mechanism in which the rate- 
determining step involves the breaking of a cobalt(II1)-water 
bond. The rate constant for this step has been estimated as 
2.5 sec-1 for the porphyrin complex8 and 7 X 10-6 sec-1 for 
the ammine complex.19 Thus, we see that there is a dramatic 
influence of the porphyrin ligand on the lifetime of a water 
molecule in the inner-coordination sphere of the complexed 
cobalt ion. This effect may be interpreted as resulting from 
the stabilization of the five-coordinate complex, presumed to 
form enroute to products, relative to the ground-state of the 
complex. The square-pyramid geometry, often used as a model 
for the transition state for SNI mechanisms, is frequently 
encountered in porphyrin chemistry as, for example, for zinc 
and high-spin iron complexes.20 

In the terminology of Langford and Gray,21 we may consider 
this bond-breaking mechanism as being either of the disso- 
ciative or interchange type. The interpretation of the fact that 
ki  for the pyridine reaction is a factor of 3-7 smaller than the 
analogous rate constant for thiocyanate depends on which 
mechanism is operating. In terms of the dissociative mech- 
anism, the pyridine molecule competes with water for the 
vacant site on CoP(H20) less well (by the preceding factor) 
than does thiocyanate. The interchange mechanism interprets 
this difference in observed rate constant as a difference in the 
equilibrium constant for outer-sphere complex formation 
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between CoP(H20)2 and the ligand L. Either interpretation 
leads to the conclusion that the rate constants ki(pyridine) 
and ki(SCN-) are very similar considering the formal charge 
type of the porphyrin. From a calculation of outer-sphere 
equilibrium constants,22 which may well not be valid for large 
molecular ions,23 this kinetic result implies that the “effective” 
charge type of the cobalt porphyrin is probably between 1+ 
and 2+. Thus, for substitution reactions at  the metal center, 
the charge type of the periphery of the porphyrin molecular 
ion plays little role in coulombic interactions with the incoming 
ligand. On the other hand, the charge type at the periphery 
has a quite profound influence on the rate constants for 
substitution reactions for a given ligand with different por- 
phyrins. The charge type at the periphery of porphyrins 
influences the distribution of the a-electron density. Positively 
charged substituents at the meso positions (as, for example, 
the tetrapyridylporphines (MTpyP) and the tetrakis(4-N- 
methylpyridy1)porphines (MTMpyP)) withdraw electron 
density from the metal center relative to the negatively charged 
substituents (e.g., tetraphenylporphinecarboxylates (MTCPP) 
and tetraphenylporphinesulfonates (MTPPS3 and MTPPS4)). 
This difference in a-electron delocalization is reflected in the 
basicity of the metal-free porphyrins,24>25 the position of the 
Soret bands,25 the tendency of the porphyrins to aggregate,25926 
their tendency to add axial ligands for metals which show. 
variable coordination nurnber,lOJ6 and their rates of axial 
substitution.*.27 The thiocyanate substitution reactions on 
tetracarboxyphenylporphinecobalt(II1) (CoTCPP) are over 
1 order of magnitude faster than the corresponding processes 
on CoTMpyP although the former porphyrin has a formal 
negative charge. For CoIIITCPP, the rate constant for the 
reaction of the diaquo form with thiocyanate is 500 M-1 sec-1.27 

The substitution of a hydroxide ion (for a water molecule) 
trans to the leaving group has a large labilizing effect. For 
CoTMpyP, the ratio k‘ilki is 50 for thiocyanate and over 300 
for pyridine. Furthermore, we have found that k’i for so32- 
is <k’i for SCN- by a factor of about 2.28 Thus, there appears 
to be a small but measurable inverse charge effect on k i  which 
may reflect repulsions between the bound hydroxide ion and 
the incoming anionic ligands. The trans influence of thio- 
cyanate is even more pronounced than that for hydroxide, being 
about 104. The presence of a pyridine molecule in the inner 
coordination sphere has a much smaller labilizing influence 
on the water molecule trans to it as indicated by the ratio k2/ki 
= 4-9. Therefore, the following order of labilizing influence 
has been established with water as the leaving group: SCN- 
> OH- > py > H2O. An identical order is found for SCN- 
as the leaving group. The rates of aquation of cobalt(II1) 
cyclam, ammine, and ethylenediamine complexes have been 
extensively studied and an order of trans labilization has been 
determined as OH- > NO2- > C1- - CN- > H20 > NH3 
> NCS- with the thiocyanate nitrogen bound.3 That thio- 
cyanate is so different in its labilizing properties for CoTMpyP 
suggests that, in this species, it may well be sulfur bound. 
Certain sulfur-containing ligands and especially sulfite29 and 
thiourea30 have been shown to have a strong labilizing effect 
on ligands trans to them in cobalt(II1) complexes. A recent 
structural determination31 of the sulfitopentaamminecobalt(II1) 
complex, in which sulfite shows a large trans-labilizing effect,29 
has established that the sulfite ion is sulfur bound and that 
there is a significant lengthening of the Co-N bond trans to 
the Co-S bond. A smaller but similar structural trans effect 
was determined for the mercaptoacetatobis(ethy1enedi- 
amine)cobalt(III) complex.32 A structural determination of 
the thiocyanate complex of tetraphenylporphineiron(II1) has 
established that in this case the thiocyanate is nitrogen bound.33 
However, the iron is five-coordinate, high spin, and sub- 
stantially out of plane in this species, and an extrapolation from 
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this complex to the low-spin cobalt(II1) derivative of TMpyP 
is unjustified. Furthermore, sulfur-bound thiocyanate to 
CoTMpyP would be consistent with the evidence which has 
been offered that highly unsaturated ligands increase the “soft” 
character34 of the cobalt(II1) center.3 

The kinetics of the formation of the mixed complex of 
CoTMpyP with pyridine and thiocyanate fit quite well with 
the picture established for binary complex formation of the 
metalloporphyrin. The rate constant k12 is about twice as large 
as ki for SCN- and about twice as large as k2 for pyridine. 
These factors reflect the slight labilizing influence of a bound 
pyridine and the ligand and metalloporphyrin charge types. 
It is interesting to note that the stability constant for the 
addition of SCN- to CoP(py)(HzO) is within a factor of 5 of 
that for the bonding of SCN- to CoP(H20)2. Half of this 
factor can be interpreted as statistical and, therefore, it seems 
clear from thermodynamic as well as kinetic grounds that the 
substitution of pyridine for a water molecule in the inner 
coordination sphere of the cobalt ion has only a small effect 
on the electronic distribution and geometry of the cobalt 
porphyrin complex. This may be contrasted with the influence 
of thiocyanate in the inner coordination sphere. Equilibrium 
constants for introduction of SCN- into the inner coordination 
sphere follow the pattern K I  = Kiz >> K2 and rate constants 
kiSCN- i= ki2 = kzpy << k2SCN-. Clearly, the presence of SCN- 
in the inner coordination sphere has a marked effect on the 
electronic distribution and/or the geometry of the metallo- 
porphyrin complex. Even a small displacement of the co- 
balt(I1I) ion out of the porphyrin plane, for example, would 
be expected to result in decreased tendency to add an axial 
ligand on the distal side and a stabilization of the five- 
coordinate complex presumed to form as an intermediate in 
substitution reactions. 

A comparison of the stability constants for pyridinexobalt 
porphyrin complexes with those for pyridine-aquocobalt(II1) 
complexes is difficult because data are sparse for the latter 
systems. However, for ammonia-aquocobalt(II1) complexes 
the stepwise logarithms of the stability constants have been 
determined (at 1.1 = 2 M )  as 7.8, 6.7, 6.1, 5.6, 5.1, and 4.4.12 
In comparing stability constants of a given metal ion with 
pyridine and ammonia, the latter values are usually larger by 
from 1 to 3 log units. Therefore, the values of log Ki = 6 and 
log K2 = 4.7 obtained here (especially when the relative number 
of available sites is considered) lead us to conclude that pyridine 
has a greater tendency to complex CoP(H20)P than Co- 
(H28)63+. This bonding preference of pyridine for the cobalt 
porphyrin implies the importance of n-back-bonding inter- 
actions in this system. The effect of P back-bonding is to lower 
the electron density on the metal site from that arising from 
CJ donation by the ligand. The “soft” character of the cobalt 
porphyrin complex may make T back-bonding a more im- 
portant interaction than might otherwise be the case for a 
M3+-py bond. This bonding model could well account for the 
small kinetic and thermodynamic influence of a bound pyridine. 

eduction by Dithionite. The kinetic results are consistent 
with a mechanism involving the dissociation of dithionite into 
SO2- radicals 
S,042’ 2S0, - 

Kdiss= [S~Q4”I/ [SO~-12 

CoT*’T.\4p> P t SO, 2 products 

Co“”TMpyP + S,O,’- -5 products 

The dissociation reaction is known to be sufficiently rapid35 
for equilibrium between s 2 0 4 2 -  and S02- to be maintained 
under the conditions used. As a consequence 

k 

k 

p b s d  - -Kdlssi’2?C1 [s2042-]1’2 + kz [Sz042-] 

Table 11. Rate Constants for the Reductio3 of GoP”ITMpyP by 
SO,-, S,Q,*-, and Cr2’ at 25” and p = 0.5 M a  

_I i_ 

Conditions 
(porphyrin species) SO, I s,0,2- Cr2+ 

PH 4 3.1 X IO5 15 
(CoPW, Q),) 

(CoP(OH)(B,O)) 

(COP(PY), 1 

---I__.-..̂ 

pH 8 , n o p y a d d e d  5.5 X I O 6  5.2 x l o 3  1.3 x lo6 

p B  8, excess py 2.9 X lo6 

a All rate constants have units 0 f M - l  sec-’. Reference 9 .  

Using a value of Kdiss = 6.25 10-10 M at 25’36 gives the 
results summarized in Table 11. Evidently the pathway 
involving direct S 2 0 4 2 -  attack on the porphyrin forms 
CoP(W20)2 and CoP(py)f is of negligible imporearace under 
the conditions of this study. Moreover, the observed rates of 
reduction of the CoTMpyP complexes by dithionite (whether 
by S02- or S2842-)  exceed the rate of substitution into the 
inner coordination sphere of the metal ion. Therefore, re- 
gardless of the exact position of attack, whether it be in the 
equatorial plane along an edge of the porphyrin or at an axial 
site through the bound ligand atoms, we may conclude that 
no bond is formed directly between the cobalt atom and the 
reducing agent. 

The pH dependence of the reductions by SOz-- may be 
compared with those obtained with Cr2-t. The reduction of 

y and usuakly imply 
that hydyroxide ion is serving as a bridging ligand between 
the two metal sites (as, for example, (H20)jCr-(gBH)- 
COP-OHZ).~~ Even though the reduction is more rapid than 
the substitution reaction, an inner-sphere mechanism is op- 
erating in this case.37 However, as discussed above, the re- 
duction of CoTMpyP by the S02- radical is almost certainly 
outer sphere. Since MIITMpyP are weaker acids khan 
MIIITMpyP, substituting a hydroxide ion for a water molecule 
in the inner coordination sphere of CoIrITMpyP stabiliz 
+3 oxidation state relative to the 6 2  oxidation state. 
of similar outer-sphere reduction reactions generally cor 
with their standard free energy changes37,38 and, therefore, 
that kw,o/koa is greater than unity for the reduction by SO2- 
is expected on the basis of considerations of the overail driving 
forces for the reactions. 

) 2  is reduced about 100 
times faster than -. A corresponding rate 
difference is not e, in the (outer-sphere) 
reduction of C0(NH3)jH203$ and Co(NH3)5py3+ by va- 
nadium@); the latter reactions proceed at approximately equal 
rates.39 The difference in the rates of reduction of Co 
and CoP(py)z by S02- is undoubtedly due in part to differences 
in the free energy changes for the reactions. Available evidence 
indicates that in aqueous solution, pyridine is complexed more 
strongly by cobalt(I1I) hematoporphyrin than by the corre- 
sponding cobalt(iT1) porphyrin.40 If the same stability order 
also applies to CoTMpyP, then the free energy change for the 
reduction of CoP(H20)2 will be more favorable than that for 
the reduction of CoP(py)z, tending to enhance the rate of 
reduction of the former complex. Another factor which needs 
to be considered in rationalizing the observed rates is the 
relative heights of the intrinsic barriers (exchange rates) of 
the cobalt(I1)-cobalt(II1) reactions. These are not known at 
this time and a more detailed consideration of the relative rates 
must await their determination. 
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Specific rates of reduction, with Ti(III), of 17 pentaamminecobalt(II1) complexes (containing a variety of carboxylato 
groups) have been measured a t  2 5 O ,  in aqueous p-toluenesulfonate media. All carboxylato complexes a re  reduced more 
rapidly than the derivative of N,N-dimethylnicotinamide, I, which reacts via an outer-sphere path. In most instances, rate 
laws feature a prominent inverse-(H+) term, even when the oxidant has no acidic center, thus implicating TiOH2+ as  the 
predominant reducing species. In two cases, an important (H+)-2 term, the first to be reported for reduction of a Co(II1) 
species, is observed as  well. Large rate increases associated with the attachment of a-OH to the carboxyl ligand strongly 
indicate an inner-sphere path, with carboxyl bridging, for reactions in this series; such neighboring hydroxyl accelerations 
are  proportionally more pronounced for Ti(II1) than for Cr(I1) or Eu(I1). Very high rates are observed for several substituted 
salicylato complexes, but in these reductions the acid-independent term, which is generally negligible for complexes in this 
series, is preferentially enhanced, and the (H+)-l term is not observed. In contrast to reductions by Cr(II), no acceleration 
or alteration of the form of the rate law results from incorporation of a carbonyl group in conjugation with -COOCoIII. 
This difference in response with the two reductants is in accord with earlier evidence that such enhanced reductions, irrespective 
of the position of attack, involve preliminary one-electron transfer to the ligand, a reduction for which the potential of Ti(II1) 
is insufficient. 

Relatively few kinetic investigations of the reactions of 
Ti(III), the most powerfully reducing of the readily accessible 
dl  metal centers, have been described.2 Although this re- 
ductant can be prepared and stored with ease, choice of a 

reaction medium in which to carry out quantitative studies 
presents problems. Ti(II1) is most often generated in aqueous 
HCl or H 2 S 0 4 ,  but rate laws for redox reactions in such 
solutions frequently include chloride- or sulfate-dependent 


