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The substitution reactions of tetrakis(4-N-methylpyridyl)porphinecobalt(ITT) (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
reactions8 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 SO2~ in all cases and the mechanism for the reduction reactions is outer sphere. The rates of reduction

correlate with the AG® 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(III) 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.28 Available evidence suggests that
these cobalt(III) 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.>¢ 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 aquocobalt 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 work® on the reduction
of CoTMpyP by chromium(II), a study in which we proposed
electron transfer through the axial ligands of the cobalt
porphyrin.

Experimental Section

(CoTMpyP)1s was prepared, purified, and converted to the chloride
form by methods described elsewhere.810 The Evans method!! had
been previously employed to demonstrate that the complex is dia-
magnetic and, therefore, that the cobalt ion is in its +3 oxidation
state.l0 This metalloporphyrin shows no tendency to aggregate in
aqueous solution over a wide pH range at the concentration levels
used here.8 Aqueous metalioporphyrin solutions are photosensitive
and were protected from visible and fluorescent light.

Kinetic and equilibrium measurements were carried out at pH <4
(no buffer), pH 8 (0.002 M borate buffer), and pH >11 (no buffer).
The free pyridine concentration was calculated using a value of 5.412
for the pKa 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 dithionite (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 cent composition of dithionite in the solid stock was
determined spectrophotometrically by the reduction of Fe{CN)g3~
(e 1026 M1 cm! at 420 nm) to Fe(CN)e* {e 2 M~ em™! at 420
nm). Repeated determinations showed that the solid dithionite stock
was 93 &+ 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 £ 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,'314 or, for the redox reactions, a Durrum Model D110
stopped-flow apparatus. All measurements were conducted at 25°
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at an ionic strength of 0.5 M (in either NaNO3 or NaClO4) 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,? the stability and rate constants
for the reactions with pyridine are pH dependent. Scheme
I best fits the spectral and kinetic data, where K1 = k1/k-1,
K'1 = k'1/k'-1, and K2 = k2/k-2. The acid dissociation
constants Ka1 and Ka2 have been determined previously,® pKai
= 6.0 and pKa2 = 10.0. Scheme I is the minimum one
consistent with the knowledge that the cobalt(ITT) 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 1075 < [py] < 2.5 X 1073 M) and an isosbestic
point at 440 nm. The porphyrin solution containing no pyridine
does not pass through the isosbestic point suggesting that at
the pyridine concentrations employed the observed equilibrium
is

K.
CoP(H,O)py) + py == CoP(py),

and that K1 = [CoP(H20)(py)]/[CoP(H20)2] [py] > 105 M-I,

A value for the molar absorptivity (e1) of CoP(H20)(py)
is needed in order to obtain K2 from these data. A direct
determination of e1 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(H20)(py)1(py]),
we used the equation

<€1'—E
log
€ €,

where ¢ is the apparent molar absorptivity and e is the molar
absorptivity of CoP(py)2. Successive approximations of 1 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 £ 0.4) X 104 M1, e1 = 2.2 X 105
M-1tcm-l,and 2 = 1.5 X 105 M- cm™! at 435 nm.

The determination of k2 was accomplished by preparing a

>=n10g [py] +log K, 1)
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Figure 1. Plot of k,°'°Sd vs. [py] at pH 4 for the reaction
CoP(H,0)(py) + py = CoP(py), from which &, 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 K1 > 105 M1, the only
porphyrin species present are CoP(H20)(py) and CoP(py)2,
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(H20)(py) with pyridine was found to be
first order in free pyridine and in porphyrin. A plot of kpobsd
vs. [py] where [py] is the concentration of free, unprotonated
pyridine is shown in Figure 1 and yields a value of k2 = 2.8
£ 0.2 M~1sec; k-2 is too small to measure directly from the
intercept but can be calculated from K2 = (4.8 &+ 0.4) X 104
M-1 to obtain k-2 = (5.8 + 0.8) X 10-5 sec-l.

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 Amax 442 nm; i.e., it corresponds
to CoP(py)2. These results imply that k2 > k1 and that the
observed rate constant is for the formation of the monopyridine
complex. If k1 = k2, a two-stage reaction corresponding to
the formation of both CoP(H20)(py) and CoP(py)2 would be
observed. Therefore, the rate constant obtained from a
first-order plot of the observed absorbance change is k10bsd,
the rate constant for formation of CoP(H20)(py). In terms
of Scheme I the complex may be produced by two parallel
pathways8 and as a consequence kjobsd is given by eq 2.

obsd _ k1+Kalk'l/[H+]
riov= ( L+ Ko/ (] Jor+
(k" +K'a1k’-1/[H+]>
1+ K o/ [H'] @)

From work at pH 8.1 (vide infra) we determined that k'
= 220 M-1 sec-1. Therefore, since Ka1/[H*] «< 1 and if we
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Figure 2. Plot of k, °bsd g’ Ka,[py]/[H 1vs. [py] using K, =
1X 107 Mand &', =220 M1 sect.
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Figure 3. Plot of k?,fs%d vs. [py] at pH 8 from which &', was ob-
tained.

neglect the terms for the reverse reaction, we obtain kjobsd =
(k1 + K'1Ka1/[H*])[pyl, and a plot of k1obs¢ — &' Ka1[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 k1. This plot is shown in Figure 2 and k1 =
0.7 £ 0.4 M- sec”l. The large error limits on 41 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 k1 probably represents an upper limit.

Intermediate pH. There are so many species present in
substantial concentration at pH ~8 (i.e., CoP(OH)(H20),
CoP(OH)(py), CoP(H20)(py), and CoP(py)2) 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, kfastoPsd and kslowobsd,

The faster process could be studied conveniently using the
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Figure 4. Plot of k?a‘%%d vs. [py] from stopped-flow data (e) and
Cary 14 data (0) at pH 8 from which &'_, was obtained. The points
represented as closed circles and 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 & 20 M1 sec! and an intercept of about
1 X 102 sec-!. To obtain a more precise value for the intercept,
the pyridine concentration was extended to lower [py] (but
in all cases [p¥]o > [CoP]o) 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 is 1.2 X 102 sec!; thus
kfastobsd = 220[py] + 1.2 X 10-2 sec!. This faster process was
interpreted as the formation of the monopyridine complex since
when the cobalt porphyrin was allowed to equilibrate 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 is CoP(H20){(OH)
and the monopyridine complex may be formed via two
pathways. An analysis of Scheme I leads to the identical
expression for krastobsd ag is given by eq 2 for kiobsd, To be
consistent with results obtained at low pH, k't » k1 and k-
&« k-1 and, therefore, k't = 220 A1 sec! and &k'-1/(1 +
[H*+]/K'a1) = 1.2 X 102 sec™! at pH 8.1,

The slower phase is also first order in pyridine and in
porphyrin and a plot of Aslowobsd vs. [py] leads to a slope of
1.4+0.2 M-1sec! at a pH of 8.1, A value of Ka1 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 CoP(py)2

97

CoP(H=0)(py)
ez

very fast /(01“/

7
' k
+ %{‘:2
H -+ CoP{OH)(py) oy

We thus obtain

kggsg:(wz/uﬂj Y1+ (ks + k' [OH]) (3)
/

CoPlpy)s

1+K al/[H+]
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Figure 5. Plot of 1/fvs. [H*] from which K’,, and k', were calcu-
lated.

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

= (g2 )1+ k) @

The analysis requires the value for k2 obtained at low pH, 2.8
M-1secl. Aplotof 1/fvs. [H*], as shown in Figure 5, leads
to a value of K'a1 = 8.0 X 109 (or pK'a1 = 8.1) and k'2 = 0.09
M-1 sec™i, 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 pK'a1 = 8.1
we also may now calculate that k-1 = 2.4 X 10-2 sec™! and
that K'1 = k'1/k'-1 = [CoP(OH)(py)]/[CoP(OH)(H20)] [py]
= (9 £ 2) X 103 M~L. Furthermore, a value of K1 may now
be calculated

!
K, =K—1,K11 =1X10°M!
K'a
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 k1°bsd becomes
greater than k20bsd 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(H20)(py) — CoP(py)2 is very small but
CoP(H20)2 — CoP(H20)(py) is large. A plot of kobsd/[py]
vs. pH gives an independent determination of pKa1 = 6.1 in
good agreement with the previously measured value$ of 6.0
£ 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,!5 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 Amax 445 nm,
CoP(OH)(py) has Amax ~438 nm, and CoP(py)2 has Amax 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=0.5M
(i) CoTMpyP + SCN~ or py

k,,M™ sec™! k_y,sec™? K, M1
py 0.7 6x 1077 1x 108
SCN~ 2.1 3.1x10* 6.4 x 103
K, M
ky M™ sec™t k., sec”! K, M sec™?
)% 2.8 5.8%x 1075 4.8 X 10* ~0.09
SCN~ 2.8 x 10* 3.0x 102 13
k', M sec™! k' ,sect  K'|,M™
py 220 24 x 1072 9x 10
SCN~- 110
pKa, PKa, PK's,
py 6.0 10.0 8.1
SCN~ 6.0 10.0 >9
(i) CoP(H,0)(py) + SCN-
kip M sec™t k,,,sec™! KM
4.5 33x 107 1.4 x 10°

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

+ /(02
H 4+ CoP(OH), === CoP(CH)(H0)

K Py
'y

CoP(OH)(py)
For this reaction the pseudo-first-order rate constant is

kObSd ~ Ml—
1+ K,,/[H']

assuming that reverse reactions may be neglected and that,
as discussed earlier, CoP(OH)2 does not react directly with
pyridine. We calculate that kobsd/[py] ~ 5.5 sec~! at pH 11.6.
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 II). Since k2 > k'2 we obtain eq 5 which under the

k2 [py]
K,al Ka2
Kilpyl[H] ( TG

prevailing experimental conditions reduces to kobsd/[py]
k2[H+}/K'a1. A plot of kobsd vg, [H+] obtained at constant
[py] = 0.31 M is a straight line of slope k2[py]/K'a1 = 9.6
X 107 M~1 sec-! and since k2 = 2.8 M~1secl, we obtain an
independent determination of pKa1 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

kobsd = + k_2 (5)

1+K'./[H ]+
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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 . The
results we have obtained for thiocyanate are included for
comparison.

If. Mixed-Complex Experiments. Pyridine (concentration
~10-5 M) was allowed to equilibrate with the cobalt porphyrin
over a period of 2 days at pH 4. The only porphyrin complexes
present in solution after equilibration were CoP(H20)(py) and
CoP(py)2. This solution was then mixed with a solution of
thiocyanate (pH 4, u = 0.5 M) and the kinetics were observed
on the Cary 14. Blank experiments in which the porphyrin
solution was mixed with an agueous solution containing no
thiocyanate gave no effect in the same time range. The re-
action being observed is therefore

CoP(H,0)(py) + SCN~ & CoP(py)(SCN)

A plot of kobsd vs. [SCN-] is linear, k12 = 4.5 & 0.4 M1 sec],
k21 = (3.3 £ 0.3) X 1073 sec”!, and thus K12 = [CoP(py)-
(SCN)]/([CoP(H20)(py)][SCN]) = k12/k21 = (1.4 £ 0.3)
¥ 103 M~1. The mixed complex has its Soret maximum at
439 nm (¢ 1.9 X 105 M1 cm1) which is different from that
of the dithiocyanato complex.

II1. Reduction of CoTMpyP with Dithionite. Spectral
Results. Because of the instability of dithionite in acid so-
lution,16 most experiments were conducted at pH 8.0 (2.5 X
103 M borate buffer) where the predominant porphyrin species
is ColllP(OH)(H20) having a Soret band maximum at 437
nm (e 1.7 X 105 M~! 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 420 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 103 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 ColllP(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 SO~ radical, a one-
electron reducing agent. Therefore, although cobalt(I)
porphyrins have been reported,!7 it appears that the initial
product of the reduction by dithionite ion is a cobalt(II)
porphyrin.

The reduction of Coll'TMpyP by chromium(II) has been
studied at low pH.% 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(II)-reduced product
appeared at 428 rather than at 420 nm as found here. The
addition of chromium(II) 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 ColllTMpyP at
low pH is treated with Ru(INH3)62t, a rather mild one-electron
reducing agent, the Soret maximum appears at 428 nm
consistent with the chromium(II) result. Millimolar Ru-
(NH3)62* is incapable of completely reducing micromolar
CollTMpyP 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 CollIP-
(OH)(H20) is at 437 nm and the latter band is of the reduced
product. Therefore, it appears that the reduction of
ColllTMpyP by dithionite leads to a final product which is
not CollTMpyP.

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(II) study is different from the dithionite study, the
difference in the position of the Soret band is not likely to arise
from this cause. MITMpyP are generally much weaker acids
than MIITMpyP, and it is therefore unlikely that the product
of the dithionite reduction at pH 8 is CollP(OH)(H:20).
Consistent with this argument is the inability of Ru(WNH3)s2*
to reduce ColllP(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 low 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 SO2~ (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.!8 Interactions of this
type might account for the blue-shifted Soret maximum.

Kinetic Results. 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
at 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. Plots of kobsd vs, [S20427]
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-]1/2
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

kP89 =77 X 103[S;0,%7]'? pH4
kobsd =72 [52042—]1/2 pH 8, Py added

Experiments conducted at pH 8 as a function of pyridine
concentration showed that, at a fixed dithionite concentration
[S20427] = 8.4.X 104 M, kobsd i independent of pyridine for
2.5 X 104 < [py] < 2.5 X 102 M. Throughout this range,
the only porphyrin species in significant concentration is
CoP(py)2.

The results for the dithionite reduction of ColI'TMpyP at
pH 8 (no pyridine added) proved more complicated than the
two systems discussed above. A plot of kobsd vs, [S2042-11/2
is linear at low dithionite concentration and passes through
the origin but, at higher dithionite concentrations, there is a
marked deviation from linearity (Figure 6). The data could
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Figure 6. Plot of k2058 ps, [S,0,27]'/2 for the reduction of CoP-
(OH)(H,0) at pH 8.

be fit quite well (via a nonlinear regression method) to a
function of the form

kovsd - 137 [52042"]”2 +52X%X10° [52042_]

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(III) complexes. For example22.8

2.1 M 7! sec™?

CoP(H,0),5 + SCN~

CoP(H,O)(SCN)“*
1.3 X 1075 M~! sec™!

Co(NH,),(H,0)* + SCN~ Co(NH,),NCS?*

Available evidence suggests that both of the preceding reactions
proceed via an SN1 type mechanism in which the rate-
determining step involves the breaking of a cobalt(II[)-water
bond. The rate constant for this step has been estimated as
2.5 sec~! for the porphyrin complex® and 7 X 10-6 sec™! for
the ammine complex.!® 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 SN1 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,?! we may consider
this bond-breaking mechanism as being either of the disso-
ciative or interchange type. The interpretation of the fact that
k1 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 k1(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,?3 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 =-electron density. Positively
charged substituents at the meso positions (as, for example,
the tetrapyridylporphines (MTpyP) and the tetrakis(4-N-
methylpyridyl)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 wr-electron delocalization is reflected in the
basicity of the metal-free porphyrins,2425 the position of the
Soret bands,25 the tendency of the porphyrins to aggregate,25.26
their tendency to add axial ligands for metals which show.
variable coordination number,10:26 and their rates of axial
substitution.8.27 The thiocyanate substitution reactions on
tetracarboxyphenylporphinecobalt(III) (CoTCPP) are over
1 order of magnitude faster than the corresponding processes
on CoTMpyP although the former porphyrin has a formal
negative charge. For Coll'TCPP, the rate constant for the
reaction of the diaquo form with thiocyanate is 500 M1 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'1/k1 is 50 for thiocyanate and over 300
for pyridine. Furthermore, we have found that k1 for SO32-
is <k'1 for SCN- by a factor of about 2.28 Thus, there appears
to be a small but measurable inverse charge effect on k'1 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/k1
~ 4-9, Therefore, the following order of labilizing influence
has been established with water as the leaving group: SCN-
> OH- > py > H20. An identical order is found for SCN-
as the leaving group. The rates of aquation of cobalt(III)
cyclam, ammine, and ethylenediamine complexes have been
extensively studied and an order of trans labilization has been
determined as OH- > NO2- > CI- ~ CN- > H20 > NH3
> NCS- with the thiocyanate nitrogen bound.? 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 sulfite2® and
thiourea30 have been shown to have a strong labilizing effect
on ligands trans to them in cobalt(III) complexes. A recent
structural determination3! of the sulfitopentaamminecobalt(III)
complex, in which sulfite shows a large trans-labilizing effect,2®
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(ethylenedi-
amine)cobalt(III) complex.32 A structural determination of
the thiocyanate complex of tetraphenylporphineiron(III) 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(III) 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(IIl) 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 k1 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)(H20) 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 pzattern K1 =~ K12 >> K> and rate constants
k1SCN- = k12 ~ kabY << 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(III) 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 pyridine—cobalt
porphyrin complexes with those for pyridine—aquocobalt(III)
complexes is difficult because data are sparse for the latter
systems. However, for ammonia—aquocobalt(III) complexes
the stepwise logarithms of the stability constants have been
determined (at u = 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 K1 = 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)25* than Co-
(H20)63+. This bonding preference of pyridine for the cobalt
porphyrin implies the importance of w-back-bonding inter-
actions in this system. The effect of = back-bonding is to lower
the electron density on the metal site from that arising from
o donation by the ligand. The “soft” character of the cobalt
porphyrin complex may make = 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.

Reduction by Dithionite. The kinetic results are consistent
with a mechanism involving the dissociation of dithionite into
SO2~ radicals

8,0, =1280,"
Kaiss = {8,0,%7)/[80,7)

II1 k,
Co™*TMpyP + SO,” — products

I 2- 122
Co™"TMpyP + 5,0,%* - products

The dissociation reaction is known to be sufficiently rapid3’
for equilibrium between S2042- and SOz~ to be maintained
under the conditions used. As a consequence

kObSd :Kdissl /2kl [52042—]1/2 + k2 [52042"]

Pasternack, Cobb, and Sutin

Table II. Rate Constants for the Reduction of Col™TMpyP by
80,7, 8,0,%",and Cr** a1 25° and p=0.5 4@

Conditions

(porphyrin species) 80," §,0,% Cra+ b
pH 4 3.1x 108 16
(CoP(H,0),)
pH 8, no py added 5.5x 10°  5.2X% 10° 1.3 x 10¢
(CoP(OH)(H, 00
pH 8, excess py 2.9 X 108
(COP(PY):)

@ All rate constants have units of M ! sec™!. ¥ Reference 9.

Using a value of Kdiss = 6.25 x 10710 34 at 25936 gives the
results summarized in Table II.  Evidently the pathway
involving direct S2042- attack on the porphyrin forms
CoP(H20):2 and CoP(py)2 is of negligible importance under
the conditions of this study. Moreover, the observed rates of
reduction of the CoTMpyP complexes by dithionite (whether
by SOz~ or $20427) 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 SO2~ may be
compared with those obtained with Cr2+, The reduction of
CoP(H20)2 by SOz~ proceeds more than 50 times faster than
the reduction of CoP(OH)(H20) (see Table IT). On the other
hand, CoP(H20)2 is reduced by Cr2* about 105 times more
slowly than is CoP(OH)(H20).9 Very large ratios of kou/
kH,0 are not uncommon in redox chemistry and usnaily imply
that hydyroxide ion is serving as a bridging ligand between
the two metal sites (as, for example, (H20)sCr—-(OH)-
CoP-OH32).37 Even though the reduction is more rapid than
the substitution reaction, an inner-sphere mechanism is op-
erating in this case.3” However, as discussed above, the re-
duction of CoTMpyP by the SO2- radical is almost certainly
outer sphere. Since MUTMpyP are weaker acids than
MIITMpyP, substituting a hydroxide ion for a water molecule
in the inner coordination sphere of ColllTMpyP stabilizes the
+3 oxidation state relative to the +2 oxidation state. Rates
of similar outer-sphere reduction reactions generally correlate
with their standard free energy changes37-38 and, therefore,
that kH,0/koH is greater than unity for the reduction by SOz~
is expected on the basis of considerations of the overall driving
forces for the reactions,

The results show that CoP(H20)2 is reduced about 100
times faster than CoP{py)2 by SO2~. A corresponding rate
difference is not seen, for example, in the (outer-sphere)
reduction of Co(NH3)sH203+ and Co(NH3)spy3t by va-
nadium(II); the latter reactions proceed at approximately equal
rates.3 The difference in the rates of reduction of CoP(H20)2
and CoP(py)2 by SOz~ 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(II) hematoporphyrin than by the corre-
sponding cobalt(II) 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)2, 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(Il)-cobalt(III) reactions. These are not known at
this time and a more detailed consideration of the relative rates
must await their determination.

Acknowledgment, This research was performed under the
auspices of the U.S. Atomic Energy Commission and was



Ti(IIT) Reductions of Coordinated Co(III)

supported in part by the National Institutes of Health (Re-
search Grant GM-17574) and by the Research Corp. through
a Cottrell College Science Grant.

Registry No. CoP(H20)2, 51405-04-0; py, 110-86-1; CoP-
(H20)(py), 53993-53-6; SCN-, 302-04-5; S2042-, 14844-07-6;
CoP(py)2, 53993-54-7.

Supplementary Material Available. Kinetic data for the substitution
reactions CoTMpyP with pyridine and for the reduction of CoTMpyP
with dithionite will appear following these pages in the microfilm
edition of this volume of the journal. Photocopies of the supplementary
material from this paper only or microfiche (105 X 148 mm, 24X
reduction, negatives) containing all of the supplementary material
for the papers in this issue may be obtained from the Journals
Department, American Chemical Society, 1155 16th St., N.W,,
Washington, D.C. 20036. Remit check or money order for $3.00
for photocopy or $2.00 for microfiche, referring to code number
AIC40150X.

References and Notes

(1) (a) Ithaca College. (b) Brookhaven National Laboratory.

(2) (a) F. Basolo and R. G. Pearson, “Mechanisms of Inorganic Reactions,”
2nd ed, Wiley, New York, N.Y., 1967; (b) M. L. Tobe, Accounts Chem.
Res., 3,377 (1970).

(3) C. K. Poon, Coord. Chem. Rev., 10, 1 (1973).

(4) D.P.Rillema, J. F. Endicott, and J. R. Barber, J. Amer. Chem. Soc.,
95, 6987 (1973).

(5) W.C. Randall and R. A. Alberty, Biochemistry, 5, 3189 (1966); W.
C. Randall and R. A. Alberty, ibid, 6, 1520 (1967).

(6) D. Thusius, J. Amer. Chem. Soc., 93, 2629 (1971); D. Thusius, Chem.
Commun, 1183 (1966).

(7) E. B. Fleischer, S. Jacobs, and L. Mestichelli, J. Amer. Chem. Soc., 90,
2527 (1968).

(8) (a) R. F. Pasternack and M. A. Cobb, J. Inorg. Nucl. Chem., 35, 4327
(1973); (b) Biochem. Biophys. Res. Commun., 51, 507 (1973).

(9) R.F. Pasternack and N. Sutin, Inorg. Chem., 13, 1956 (1974).

(10) R.F. Pasternack, E. G. Spiro, and M. Teach, J. Inorg. Nucl. Chem.,
36, 599 (1974).

(11) D.F. Evans, J. Chem. Soc., 2003 (1959); T. Crawford and J. Swanson,
J. Chem. Educ., 48, 382 (1971)1; A. Thorpe and F. E. Sentfie, Rev. Sci.
Instrum., 30, 1006 (1969). .

(12) A.E. Martell and L. G, Sillen, Ed., Chem. Soc., Spec. Publ., No. 25.

(13) J. E. Erman and G. G. Hammes, Rev. Sci. Instrum., 37, 746 (1966).

Inorganic Chemistry, Vol. 14, No. 4, 1975 873

(14) E. Faeder, Ph.D. Dissertation, Cornell University, Ithaca, N. Y., 1971,

(15) (a) G. A, Melson and R. G. Wilkins, J. Chem. Soc., 4208 (1962); (b)
R. H. Holyer, C. D. Hubbard, S. F. A. Kettle, and R. G. Wilkins, Inorg.
Chem., 4,929 (1965). .

(16) D. M. Yost and H. R. Russell, Jr., “Systematic Inorganic Chemistry,”
Prentice-Hall, New York, N.Y., 1944,

(17) J. H. Fuhrhop, K. M. Kadish, and D. G. Davis, J. Amer. Chem. Soc.,
95, 5140 (1973); H. W, Whitlock and B. K. Bower, Tetrahedron Lett.,
4827 (1973).

(18) . E. M. Kosower and S. W, Bauer, J. Amer. Chem. Soc., 82, 2191 (1960).

(19) H. R. Hunt and H. Taube, J. Amer. Chem. Soc., 80, 2642 (1958).

(20) J. L. Hoard, Science, 174, 1295 (1971).

(21) C. H. Langford and H. B. Gray, “Ligand Substitution Processes,” W.
‘A. Benjamin, New York, N.Y., 1965.

(22) (a) R. M. Fuoss, J. Amer. Chem. Soc., 80, 5059 (1958); (b) M. Eigen,
Pure Appl. Chem., 6, 97 (1963).

(23) C. Lin and D. B. Rorabacher, Inorg. Chem., 12, 2402 (1973).

(24) E. B. Fleischer, J. M. Palmer, T. S. Srivastava, and A, Chatterjee, J.
Amer. Chem, Soc., 93, 3162 (1971).

(25) (a) R. F. Pasternack, P. R, Huber, P. Boyd, G. Engasser, L. Francesconi,
E. Gibbs, P. Fasella, G. C. Ventura, and L. de C, Hinds, J. Amer. Chem.
Soc., 94,4511 (1972); (b) R. F. Pasternack, Ann. N.Y. Acad. Sci., 206,
614 (1973).

(26) R.F. Pasternack, L. Francesconi, D. Raff, and E. Spiro, Inorg. Chem.,
12, 2606 (1973).

(27) R. F. Pasternack, in preparation.

(28) R. F. Pasternack and M. A. Cobb, unpublished results.

(29) J. Halpern, R. A. Palmer, and L. M. Blakely, J. Aner. Chem. Soc., 88,
2877 (1966).

(30) J. E. Earley and J. G, Zimmerman, Inorg. Nucl. Chem. Lett., 8, 687
(1970).

(31) R. C. Elder and M. Trkula, J. Amer. Chem. Soc., 96, 2635 (1974).

(32) R.C. Elder, L. R, Florian, R. E. Lake, and A. M. Yacynch, Inorg. Chem.,
12, 2690 (1973).

(33) J. L. Hoard, private communication.

(34) (a) R. G. Pearson, J. Amer. Chem. Soc., 85, 3533 (1963); (b) K. L.
Brown, D. Chernoff, D. J. Keljo, and R. G. Kallen, ibid., 94, 6697 (1972).

(35) B. L. Lambeth and G. Palmer, J. Biol. Chem., 248, 6095 (1973).

(36) S.Lynn, R. G. Rinker and W. H. Corcoran, J. Phys. Chem., 68, 2363
(1964).

(37) N. Sutin, Accounts Chem. Res., 1, 225 (1968).

(38) R. A. Marcus, Annu. Rev. Phys. Chem., 15, 155 (1964), and references
therein.

(39) (a) P. H. Dodel and H. Taube, Z. Phys. Chem. (Frankfurt am Main),
44, 92 (1965); (b) F. Nordmeyer and H. Taube, J. Amer. Chem. Soc.,
90, 1163 (1968).

(40) D. G. Davis and L. A. Truxillo, Anal. Chim. Acta, 64, 55 (1973).

Contribution from the Department of Chemistry,
Kent State University, Kent, Ohio 44242

Electron Transfer through Organic Structural Units.
XVIIL. Titanium(III) Reductions of Coordinated Cobalt(III)!

ALBERT H. MARTIN and EDWIN S. GOULD*
Received September 24, 1975

AIC40669T

Specific rates of reduction, with Ti(III), of 17 pentaamminecobalt(IIT) complexes (containing a variety of carboxylato
groups) have been measured at 25°, in aqueous p-toluenesulfonate media. All carboxylato complexes are 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 TiIOH?2* as the
predominant reducing species. In two cases, an important {H*)-2 term, the first to be reported for reduction of a Co(III)
species, is observed as well. Large rate increases associated with the attachment of «-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(IIT) than for Cr(II) or Eu(II). 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*)~! term is not observed. In contrast to reductions by Cr(II), no acceleration
or alteration of the form of the rate law resylts from incorporation of a carbonyl group in conjugation with ~COOCol!l,
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(III)

is insufficient.

Relatively few kinetic investigations of the reactions of
Ti(I1I), the most powerfully reducing of the readily accessible
d! metal centers, have been described.? 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(III) is most often generated in aqueous
HCl or H2SO4, but rate laws for redox reactions in such
solutions frequently include chloride- or sulfate-dependent



