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the electrochemically generated species must be Cr(V), we con- 
clude that the active species in both Scheme I1 and eq 1 and 2 
is a Cr(V) oxo-porphyrin. 

Relevance to Natural Systems 
As given in Scheme I, the active species in the cytochrome P-450 

mechanism is supposed to be an Fe(IV)-oxo porphyrin radical 
cation, a formal Fe(V) species. Our electrochemically generated 
[(CrTPP)O]' state is reactive in a formally similar fashion. There 
are, of course, considerable differences between cytochrome P-450 
and the present work, notably that cytochrome P-450 is able to 
activate dioxygen to form its active state and is kinetically faster. 

proposed in Scheme I1 has no analogue in cytochrome P-450 
chemistry, but free heme also shows a rich oxo-bridged dimer 
chemistry. It seems likely that immobilization of the metallo- 
porphyrin in the polypeptide is important in preventing dimer 
formation, as has been shown for hemoglobin and my~globin . '~  

In principle, it should be possible to extend the [(CrTPP)O]'io 
strategy to different metal ions, specifically iron and manganese. 
Also, the methods described here should be useful in extending 
oxo-porphyrin reactivity to other substrates besides olefins. 
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The interaction between In(II1) and the indicator PAN (HL) has been investigated at 25 "C, ionic strength 0.2 M (NaCIO,), 
and [H'] = 0.003-0.2 M in methanol-water mixtures of different composition. One complex, InL2', has been observed, with 
K = [InL2'][H+]/[In3+][HL] N 1.2 in pure water. The formation of this complex proceeds mainly via three parallel paths, one 
involving InOH2+ and HL, and two proton-ambiguous paths, involving In3' and HL, and InOH2' and H2L', respectively. Rate 
constants for these processes (upper limits only for the proton-ambiguous paths) are reported. The unusually low values of the 
forward rate constants are interpreted in terms of an internal hydrogen-bond mechanism. 

Introduction 
Whereas the mechanism of complex formation of divalent metal 

ions is quite well established,' the position with respect to tervalent 
cations is much less clear. This is mainly due to the extensive 
hydrolysis and polymerization,2 which seriously limit the range 
of concentrations and acidity that can be investigated. In addition, 
the presence of differently protonated forms of both metal ions 
and ligands introduces proton a m b i g ~ i t y , ~  which often makes it 
impossible to assign the observed rate constants uniquely to a given 
reaction path. 

Furthermore, as far as tervalent metal ions of the group 13" 
atoms such as Al(III), Ga(III), and In(II1) are concerned, there 
is the additional difficulty of finding ligands suitable for spec- 
trophotometric monitoring of their complexation. 

This difficulty can be overcome by using metallochromic in- 
dicators, and we have done so4q5 in the course of our program of 
studying substitution reactions at  tervalent cations. In the present 
paper, we present the results of an investigation of the reaction 
of In(II1) with PAN (1 -(2-pyridylazo)-2-naphthol) 

( ) - N = N g  N 

HO 

a diprotic acid that, in its monoprotonated, neutral form, we shall 
designate by HL. Unfortunately, this indicator does not dissolve 
in pure water; the experiments therefore had to be carried out 
in the presence of methanol. 

Experimental Section 
Chemicals. All reagents were analytical grade. PAN was Carlo Erba 

RP and was used without further purification. Indium perchlorate so- 
lutions were prepared by dissolving the pure metal in perchloric acid. The 
resulting solution was titrated as described previou~ly.~ Triply distilled 

*To whom correspondence should be addressed at the University of Pisa. 

water was used to prepare the solutions. The temperature was 25.0 f 
0.1 OC. The ionic strength was 0.2 M obtained with sodium perchlorate. 
Stock solutions of PAN were 

Methods. (a) Equilibria. Spectrophotometric titrations were carried 
out by using a Perkin-Elmer E 200 double-beam spectrophotometer. 
Increasing amounts of In(C10& were added with a microsyringe to a 
solution of the ligand already thermostat4 in the spectrophotometric cell. 

The acid concentration and solvent composition were kept constant at 
the desired values during each titration. A wavelength of 545 nm was 
chosen since in this region the spectrum of the complex shows a broad 
shoulder whereas the absorptivity of the ligand is low and the relative 
difference of absorptivities is most favorable. 

(b) Kinetics. Kinetic runs were carried out in a Durrum-Gibson 
stopped-flow apparatus. All experiments were performed under pseu- 
do-first-order conditions (cM >> cLr where cM and cL are the stoichiometric 
concentrations of metal and ligand, respectively), either by mixing two 
solutions containing metal ion and ligand, respectively, or by mixing a 
solution containing both constituents with a solution of perchloric acid. 
In the latter case the decrease of absorbance owing to the decomposition 
of the complex was recorded. The agreement between the two procedures 
was within the limit of experimental error. The data were evaluated with 
the aid of a microcomputer (Radio Shack TRS 80). The signal from the 
stopped-flow apparatus was fed into a Biomation 802 transient recorder 
and from there, through an appropriate interface, was transferred in 
digital form to the computer and processed as described elsewhere.6 The 
maximum spread between repeated runs (four to seven) never exceeded 
10%. 

Measurements were again carried out at a wavelength of 545 nm.  
Results 

Equilibrium Constants. The equilibria of the In(II1)-PAN 
system have been identified, and the relevant equilibrium pa- 

M in 60% aqueous methanol. 
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Interaction of In(II1) with the Indicator PAN 
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Figure 1. Plots of cL/(A - cLcL) as a function of l/cM, from which the 
apparent equilibrium constants for the system In(II1)-PAN are obtained 
(25 OC, I = 0.2 M (NaClO.,), XCH+-,H = 0.31): (A) [H’] = 0.05 M; (B) 
[H’] = 0.045 M; (C) [Ht] = 0.03 M. 

rameters have been evaluated by using a method described ear- 
lier?,’ An apparent quantity, KaW, defines the equilibrium between 
complex and reactants, namely 

C [complex] 

[MI [HL]a/3 
(1) 

where C[complex] = [MH2L4+] + [MHL3+] + [ML2+], a = 1 
+ [H]/KAl, and /3 = 1 + KOHI/[H+] + KDcM/[H+IZ. Values of 
K A I ,  the first acid dissociation constant of HL,  have been de- 
termined experimentally. The second dissociation constant, KA2, 
has a pK of 12.2;’ therefore, [L-] is negligible in comparison with 
the concentration of the other ligand species. For the first hy- 
drolysis constant of In(III), KOH1, we have used the value of 4.0 
X IO-5 M suggested by Baes and Mesmer.2 The last term in the 
expression /3 accounts for the formation of polynuclear species 
whose concentration may be nonnegligible at our lowest acidities 
and highest metal ion concentrations. We assumed the dimer to 
be predominant among the polynuclear species according to 

- - C [complex] 

Kapp = [free metal] [free ligand] 

21n3+ I I I ~ ( O H ) ~ ~ +  + 2H+ (2) 

The equilibrium constant for this reaction, KD, was taken3~8~9 to 
be 6.2 X M. 

Spectrophotometric titrations were performed by adding to 
known amounts of the ligand of concentration cL increasing 
amounts of indium(II1) perchlorate under the condition cM >> cL. 
The range of [H’] investigated was between 0.004 and 0.05 M, 
and the solvent composition was XCH,OH = 0.063, 0.14, and 0.31. 
The data have been processed as described elsewhere;’ typical plots 
are shown in Figure 1 I Values of Kapp have been obtained from 
the ratios of intercept to slope of the straight lines of Figure 1. 

The quantity Kappa/3[H+] has been found to be independent 
of [H’]. This indicates that the unprotonated ML2+ is the pre- 
dominant complex species. On this basis, the spectrophotometric 
data have been treated in order to obtain simultaneously K and 
KAI, where K = [ML][H+]/[HL][M]. Equation 2 can be re- 
arranged to give 

(3) 

A plot of the left-hand side of this equation vs. [H+] gives a 
straight line with intercept 1/K and slope l/KAIK (Figure 2, open 
circles). The equilibrium parameters are reported in Table I .  

Kinetic Results. At two values of [H’], namely 0.010 and 0.025 
M, we found it possible to calculate Kapp from the ratio between 

(7) Bishop, E., Ed. “Indicators”; Pergamon Press: Oxford, England, 1972; 
p 320, and also references therein quoted. 

(8) Biederman, G.  Ark. Kemi 1956, 9, 227-293. 
(9) Eyring, E. M.; Owen, J. D. J .  Phys. Ckem. 1970, 74, 1825-1828. 
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Figure 2. Plot of l/Kap@[Ht] vs. [H’] from which both the formation 
constant of the complex In(II1)-PAN and the dissociation constant of 
the ligand are obtained (25 OC, I = 0.2 (NaClO,), xCH30H = 0.063): (0) 
static experiments; (0) kinetic experiments. 
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Figure 3. Dependence of the pseudo-first-order rate constant, kobsd, on 
[Ht] for the system In(II1)-PAN (25 OC, I = 0.2 M (NaCIO,), X C H ~ O I ~  
= 0.063, cM = 4 X lo-’ M). 

Table I. Equilibrium Constants for the System 
In(II1)-PAN at 25 ‘Cc 

XCH~OH PKAI pKOH 1 PKD K 
0 2.9‘ 4.46 5.26 
0.063 2.3 
0.14 2.3 
0.31 1.8 

1.3 
1.5 
3.1 

“Reference 7. bReferences 8 and 9. ‘Definitions: KAI. first acid 
dissociation constant of PAN; KOHl, first acid dissociation constant of 
In3+; KD = [In(OH),4+][Ht]2/[In3t]; K = [InL2’][H+l/[In’+][HL]. 

the slope and intercept of the plot of k&,sd as a function of cM in 
the range between and M. The results are also shown 
in Figure 2 (squares). The agreement between the two methods 
is seen to be satisfactory. At lower acidity, namely [H+] = 3.56 
X M, the plot shows an upward curvature, indicating that 
under these conditions the reaction order with respect to the metal 
ion tends to values higher than unity. A possible explanation might 
be that the dimer formed in reaction 2 can also react with PAN. 
In order to avoid this complication, we decided to base all our 
calculations only on experiments with [H+] L 0.01 M. On the 
other hand, a t  [H+] 2 0.03 M, the contribution of the back-re- 
action becomes predominant, so that Kapp cannot be determined 
kinetically. 

The plots of kobsd as a function of [H+] exhibited a sharp 
minimum. This behavior is characteristic for systems where 
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Table 11. Rate Constants for the System Indium(I11)-PAN at 25 OC and I = 0.5 M (NaCIO4) 
Xru,nu P k- , ,  M-' s-I k-7, S" k , ,  M-I s-' 10-3kj', M-1 s-1 104k7, M-' s-I 

0 78.5 -476 -3.2b 6-55' - 56 -8' 
0.028 76.5 41.0 i 2.1 2.49 f 0.23 653 Q6.2 8.1 
0.063 74.0 30.0 f 0.6 2.68 f 0.06 Q39 64.6 8.7 
0.14 68.5 15.6 f 2.5 1.63 i 0.26 Q24 63.0 6.1 
0.3 1 59.0 7.35 f 0.60 0.782 f 0.064 623 68.6 6.1 

Dielectric constant of the solvent (Landolt-Bfnstein. 'Phvsikalische und Chemische Tabellen"; Springer-Verlag: Berlin, Part 6, Elektrische 
Eigenschaften I, p 750). 'Extrapolated. 
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Figure 4. Plot of kobsd/(KcM/a@[Ht] + 1) vs. [H+] allowing the deter- 
mination of the rate parameters a and b for the system In(II1)-PAN (25 
'C, I = 0.2 M (NaCIO,), XCH~OH = 0.063). 

reactants that differ in their degree of hydrolysis or protonation 
undergo complexation, whereas proton-assisted decomposition of 
the complex is operative in a t  least one of the reverse paths. A 
typical example is shown in Figure 3.  

In order to estimate the contributions of all possible reaction 
paths to the observed rate, we used eq 4 adapting an expression 

derived earlier5 to the fact that, except at our lowest values of [H'], 
we have KcM/aP[H'] < 1, and the back-reactions predominate. 
A plot of the left-hand side of eq 4 as a function of [H'] is linear. 
The contributions of the last two terms on the right-hand side of 
this equation are thus negligible, which means that, in the [H'] 
range investigated, reactions between In3+ and H2L on the one 
hand, and reactions between In(OH),+ and H L  (or InOH2+ and 
L-) on the other, make negligible contributions. 

We therefore propose the reaction scheme 

k 
InOH2+ + H L  2 InL2+ + H 2 0  ( 6 )  

where the protolytic equilibria are again assumed to be rapid. The 
meaning of a in eq 4 is then k-2, and that of b is k-l. In this scheme 
we have omitted two reactions that have the same [H+] depen- 
dence as reaction 6. One is the reaction between In(OH),+ and 
H2L+. Since no experimental evidence has been obtained even 
for the reaction between In(OH)2' and the neutral species HL, 
this reaction can be assumed to make a negligible contribution. 
The second proton-ambiguous reaction is that between In3+ and 
L-. Because of the extremely low concentration of L- (pKA2 = 
12.2'), this reaction would have to proceed with a rate constant 
higher than diffusion controlled to make itself felt in the overall 
reaction rate. For the forward rate constants of the two pro- 
ton-ambiguous reactions ( 5 )  we can calculate only upper limits, 
namely, the value of k, if kl' were zero and that of k,' if kl were 
zero. We thus get kl << k-,K and kl' << k-lKKAI/KOH1. Reaction 
6 is unambiguous, with k, = k-&/KOH1. The equilibrium con- 

stants used in our calculations are shown in Table I, and the rate 
constants obtained are shown in Table 11. The values of k,' and 
k2 are only very approximate-especially at high values of 
xCH,OH-because we did not determine KoHl in the presence of 
methanol. 

Discussion 
Influence of Methanol. The change of K with solvent compo- 

sition can be rationalized in terms of the influence of the dielectric 
constant on the electrostatic interaction energy between ions. 
Clearly, however, other factors are also at work: the value of k-l 
decreases more strongly with decreasing dielectric constant than 
calculated on this basis, and k,, k2, and KA1 should not change 
at  all, which is contrary to our findings. Furthermore, an 
equilibrium constant similar to ours has recentlyI0 been found to 
change with changing methanol concentration in the direction 
expected from the electrostatic theory but to change in the opposite 
direction with a change in the concentration of dimethyl sulfoxide, 
dimethylformamide, and methyl cyanide. We suggest that the 
influence of methanol on our constants should be connected with 
the influence of this substance on the structure of water." 

In order to be able to compare our results with previous data 
on similar systems, we are chiefly interested in the values in pure 
water. The necessary extrapolations, though not far, are somewhat 
arbitrary; this does not, however, affect our conclusions. 

Equilibrium Constants. The absence of monoprotonated com- 
plex is in contrast with the system In(III)-ferr~n,~ where MHL 
is present in amounts comparable to those of ML: 

I 
HL 

OH 

It is at first sight surprising that ferron, the stronger acid, should 
retain its last proton, whereas our extremely weak HL should not. 
However, in analogy with the very similar (phenylazo)resorcinols, 
our H L  can be assumed to form a strong hydrogen bond between 
the naphtholic proton and one of the two nitrogen atoms of the 
azo group.I2J3 It is this hydrogen bond that causes the low value 
of KA2. It is therefore reasonable to assume that, once the hy- 
drogen bond is broken by the presence of the metal ion, the 
remaining O H  should have a pK lower than that of naphthol, and 
the complex M H L  should tend to lose its proton. 

The strength of the complex in the two systems should be 
compared by comparing the chelation equilibrium constants Kche, 
= K/KAI = [ML]/[L][M]. For ferron, we calculate from our 
previous data5 that this constant equals 2.4 X lo9 M-I, whereas 
in our present system, it equals 1.9 X 10l2 M-I. As expected, the 
weaker acid forms the stronger complex. 

Rate Constants. The hydrolyzed species InOH2' again shows 
enhanced reactivity. This behavior is in line with that of other 
tervalent metal cationsI4 (with the exception of V(III)ls and 

( I O )  Mentasti, E., private communication. 
(11 )  Bennetto, H. P.; Caldin, E. F. J .  Chem. Soc. A 1971, 2207-2210. 
(12) Perlmutter-Hayman. B.; Sarfaty, R.; Shinar, R. Inl. J .  Chem. Kinet. 

1976,8, 741-751. 
(13) Perlmutter-Hayman, B.; Shinar, R. In?. J .  Chem. Kine?. 1975, 7, 

453-462. Perlmutter-Hayman, B.; Sarfaty, R.; Shinar, R. Ibid. 1976, 
8,  741-751. 
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Table 111. Comparison of Rate Constants for Substitution at In3+ 
( k , )  and at InOH2+ ( k 2 )  

ligand I ,  M k , ,  M-I s-I k,, M-' SKI 

PANO 0.2 6-55" 8 x 1040 

Hferron' 0.2 1.1 x 103 
FerronO 9.7 x 104 1.2 x 107 
murexide(1-)' 0.1 6.0 x 105 
SOX-d 0.1 2.8 x 105 
so:-' 0 2.6 x 105 2.5 x 107 
InOH2+f 0.5 4.1 x 105 
HzO' 2 x 104 

"This work, extrapolated. bReference 5. CKaway, Y. ;  Imamura, T.; 
Fujimoto, M. Bull. Chem. SOC. Jpn. 1975, 48, 3142-3145. Ohtani, Y.; 
Yagihashi, S.f Fujimoto, M. Ibid. 1977, 50, 1345-1346. dSemixylenol 
orange: Kaway, Y.; Takahashi, T.; Hayashi, K.; Imamura, T.; Naka- 
yama, H.; Fujimoto, M. Bull. Chem. SOC. Jpn. 1972, 45, 1417-1423. 
CMiceli, J.; Stuehr, J. J.  Am.  Chem. SOC. 1968, 90, 6967-6972. 
/Reference 7. g k ,  in s-l: Glass, G .  E.; Schwabacher, W. B.; Tobias, R. 
S .  Inorg. Chem. 1968, 7, 2471-2478. 

Ti(III))I4 and is usually ascribed to the labilization of the water 
molecules in the inner coordination sphere as a result of the 
hydrolysis. As has already been pointed out,lS the enhanced 
reactivity of the hydrolyzed species cannot be adduced as a cri- 
terion for the mechanism by which the aquo ion reacts. 

In Table I11 we have collected the known forward rate constants 
for complex formation by In3+ and InOH2+. The data cover a 
fairly wide range, which points in the direction of an associative 
mechani~m.~ Nevertheless, the difference between the present 
results and those pertaining to all other ligands is quite striking 
and must have a specific reason. We suggest that an internal 
hydrogen-bond mechanism16 should be operative in this system. 

Proton transfer to OH- and general bases from internally hy- 
drogen-bonded acids is known to proceed as well below the 

Burgess. J. "Metal Ions in Solution"; Ellis Horwocd Limited: Chi- 
Chester, England, 1978; p 349. 
Perlmutter-Hayman, B.; Tapuhi, E. J.  Coord. Chem. 1979,9, 177-183. 
Mentasti, E.; Secco, F.; Venturini, M. Inorg. Chem. 1980, 19, 
3528-3535 and references therein quoted. 

"normal", diffusion-controlled rate.13~17,18 This feature is par- 
allelled by an unusually slow rate of complex formation by sub- 
stitution-labile cations such as16 Ni2+, Co2+, andIg Mg2+, though 
the accelerating effect is absent for the more substitution-inert 
cations such as AI3+. Among the possible mechanisms by which 
the internal hydrogen bond might slow down an otherwise rapid 
reaction, we can rule out rate-determining bond opening because 
in that case the plot of 1 / ~  vs. cM would not be a straight line. 
There remains the possibility that the hydrogen bond should be 
broken in a concerted attack by the cation; alternatively, the 
hydrogen-bonded form might be completely inactive and the cation 
react only with the nonbonded form present in small concentra- 
tions. The former explanation has been brought forward for the 
reaction between Ni2' and substituted (pheny1azo)resorcinoIs. It 
is interesting that NiOH+ (which, in general, does not react 
significantly more rapidly than Ni2+ itself) forms the complex with 
these substances at a rate that is normal for Ni2+. It was suggested 
that in this case the NiOH' acts as a strong base. On the other 
hand, InOH2+ is much less basic and it is not surprising that its 
rate should be slowed down to the same extent as that of In3+. 
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The change in the absorption spectrum accompanied by the decomposition of the title ion to cobalt(I1) ions and dioxygen in 
perchloric acid solution, [H'] = 0.01-1.5 M, takes place in two stages. The initial stage is completed within the stopped-flow 
mixing time (C5 ms) and corresponds to protonation equilibrium (protonation constant -10 M-', M = mol dm-), at 5-45 OC 
and I = 1.0-3.0 M). The protonated species exhibits an absorption maximum at ca. 520 nm. The second slow stage enables kinetic 
studies in 0.01-0.20 M HC10, to be made, the observed rate constants being 0.02-0.3 s-I at 35 OC and I = 1.0 M. The 
decomposition seems to proceed exclusively from the protonated species through the cleavage of the hydroxide bridge to give a 
singly bridged pperoxo binuclear cobalt(II1) complex [(en)2(H20)C~11L(~-02(2-))C~L11(H20)(en)2]4+, which subsequently undergoes 
deoxygenation. 

The (p-peroxo) (p-hydroxo)bis [ bis(ethy1enediamine)cobalt (111)] 
ion, [(en)2CoL11(~-OH)(p-02(2-))Co11r(en)2]3+ (l) ,  undergoes 
proton-assisted decomposition into dioxygen and cobalt(I1) species 
in the pH region from 1 to 3.5.233 No [H'] dependence was 

(1) Present address: Coordination Chemistry Laboratories, Institute for 
Molecular Science, Myodaiji, Okazaki 444, Japan. 

(2) Zehnder, M.; Macke, H.; Fallab, S. Helu. Chim. Acta 1975, 58, 
2306-23 12. 

(3) Al-Shatti, N.; Ferrer, M.; Sykes, A. G. J .  Chem. SOC., Dalron Trans. 
1980. 2533-2535. 

observed for the decomposition of the singly bridged p-peroxo 
dicobalt(II1) complexes such as [(en)2NH3Cor11(p-0,(2-))- 
C O " ' N H , ( ~ ~ ) ~ ] ~ '  over a wide pH range from 1.1 to 10.4-8 

(4) Simplicio, J.; Wilkins, R. G. J .  Am. Chem. SOC. 1969, 91, 1325-1329. 
(5) Ferrer, M.; Hand, T. D.; Sykes, A. G. J .  Chem. SOC., Dalton Trans. 

1980, 14-18. 
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21, 1825-1828. 
(7) Kanesato, M.; Ebihara, M.; Sasaki, Y . ;  Saito, K. J .  Am. Chem. SOC. 

1983, 105, 5711-5713. 
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