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Introduction 

‘The chemistry of Mn”’ has been the object of 
several investigations reviewed by Davies,’ and 

recently the same author proposed a substitution 
controlled mechanism in redox reactions involving 
MnOHi;.2 In connection with previous investigations 
of the M&i; oxidation of 1,2-benzenediol” and 
some catecholamines.4 the kinetics of oxidation of 
4-methyl-1,2-benzenediol (later referred to as 1) and 
4-t-butyl-l,2-benzenediol (II) have been carried out. 

Experimental 

MnIrr was prepared by anodic oxidation of Mn” 
perchlorate in perchloric acid.“3 Solutions of 1 and 
II were prepared daily. Perchloric acid and sodium 
perchlorate were used for bringing the solutions to 
the proper acidity and ionic strength (p = 7.0 M). 
Twice distilled water was used. All the above 
products were reagent grade. 

Procedure 

Mn”’ and Mn” were estimated as previously 
describcd.3 The reaction rates were followed at the 
wavelength of maximum absorption of the corres- 
ponding o-benzoquinones with a Durrum-Gibson 

stopped-flow spectrophotometer. The observed 
rate constants were calculated by a weighted least 
squares method.‘j The acidity range investigated was 
0.50 - 2.00 M (HC104) and the kinetic runs were 
carried out with Mn”’ in defect (1 X 10e4 M> and 
[H,cat] = 5 - 30 X 1 0e4 M. A large excess of Mn” 
in respect to Mn”’ (> lOO-fold) was present in 

order to avoid the disproportionation of Mn”‘. The 
experiments were carried out at 25.0 “C. 

Results 

Stoichiometry 

The stoichiometric measurements were carried 
out by adding a solution of Mnrl’ to an excess of 
reductant (H,cat) and estimating the oxidation 
products (qno) spectlophotometrically; for 1, 
e3Y,j = 1.3 X lo3 and for II, c400 = 1.3 X lo3 1 mot-’ 
cm-‘. The concentration ranges used were [Mn”‘] = 
2-4X 10+M,[Hzcat]=2-20XlO+Mand 
[ HC104] = 0.50 - 2.00 M. The measurements 
indicate that the overall reaction which occurs is 

2 Mn”’ + H*cat + 2 Mn” + qno + 2 H’ (1) 

Kinetics 

The reaction rates were first order with respect to 
both reagents. The observed second order rate 
constants k,, at different acidities are collected in 

Table I. According to the previous findings3’4 the 
following formal scheme can be suggested 

P 
Mn?’ + H,cat * (Mn 
I ALL<’ 

111-H2cat)3;k 
I 

hIn”+ Heat* 

where /3, and flz reprcscnt the formation constants of 
the precursor complexes (if an outer-sphere mecha- 
nism is operating fl represent the constants of the 
fast equilibria between the reactants and a solvent- 
separated precursor) and Kh is the hydrolysis 
equilibrium constant of Mnii (the value adopted was 
0.93 mol I-’ according to previous work,374 recently 
Rosseinsky determined a value of 1.05 + 0.26).7 

The reaction proceeds through the activation 
complexes [3+]f and [*+I#. If it is assumed that 
steps (a) and (b) are rate-determining and that metal- 
substrate complexes are present in negligible con- 
centrations then 

d[Mn”‘], 2(kp, + k’KhP, [H’]-‘)[Mn”‘Jt[H,cat] 

dt 1 + Kh[H+]-’ 

= ko[Mn111]t[H2cat] (2) 

Hence 
ko(l + Kh[HT-‘)- 2k(3, + 2k’K#, [H+]-’ (3) 
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TABLF I. Values of Second Order Rate Constants, 
10e4 k,, (1 mol.’ SK’) for the Reactions of I and II with 

MnI” at Different Acidities (p- 2.0 M, 25.0 ‘<‘). 

Compound [ I ICI0 I ] , M 

0.50 0.70 1 .oo 1.40 2.00 

1 3.3-0.3 3.1 fO.3 2.9i0.2 2.Hi0.2 2.S-tO.2 

II 2.X?O.2 2.5tO.2 2.420.2 2.2iO.2 2.ltO.l; 

TAHLI,. II. Value\ of the Specific Rate Constants kfl, and 

k’p, (I rnol-’ s-l) and Overall A(;’ (kcafIrrole’) of Rcacticn 

for the Oxidation of Catcchols with Mn (/_i= L.OM. 
25.0 “0. 

10-3kfl, I (I-’ k’fl A(;’ Ref. 

<‘atcchol” 6.5 3.2 35.3 3 
Adrenaline” 2.7 2.0 34.3 4 
L-DOpaC 3.7 1.8 34.9 4 

I IO.51 1 .o 2.0t0.2 37.9 Thrc Work 

II 8.3tO.X 1.7+0.1 j 37.1 This Work 

a j_l = 3.0 .$I. b 1 \tr,rpola tcti to 25.0 (‘. c I.\trapolalod to 

25.0 ‘(‘ assttminy the actlvntlon paramctcrs of ,4drenslmc. 

01 I I 

0 1 2 

[tl+l-’ 1 m- 

I,I~. 1. Plot\ according to ccl. (3) (ii‘ k,, ( I + Kf,/ 11’1 -I) 
(i.c. k;,) ngaln\t / tl’l ’ . for the reaction of I ( 3) and II (0) 

with Mn”’ (25.0 ‘C‘, p 2: 2.0 Pf. 

Figure 1 shows the plots obtained according to 

eq (3), and Table II reports the rate constants 

kfl, and k’f12 for the investigated systems together 

with those for other catechols for comparison. 

13.0- 

12.5- 
tt 

a” 

-AGo kcal ml-’ 

l,ig. 2. Relation bcrueen AGi of rate determimng step and 

the overall standard free energy change (rcfcrrcd to ccl. (1)) 

at 25.0 “C and p = 2.0 M: I, 4-methyl-1.2-benzcncdiol; 

II, 4-t-hutyl-I .2-benzenediol: III, 1,2-bcnxncdiol (at /J = 

3.0 IW): IV. L-Dopa: V, Adrenaline. 

Discussion 

The assignment of the mechanism in the redox 

reactions of metal ions has been the object of 

several investigations. h recent review by Bodek and 

Davies’ summarizes the mechanistic features in such 

reactions. In the present case, the lability of the 

species Mni; and MnOHi; makes the assignment of 

the mechanism of reaction quite difficult. 

Kecently, a substitution-controlled mechanism has 

been advanced’ for the reaction paths involving 

MnOtli; by comparing the rate constants and the 

activation parameters assessed for the reaction of 

MnOli~:l with a series of thioureas’ and a I ,?-ben- 

zcnediol.3 According to the data in Table II, the 

reaction rates of path (a) increase as the estimated 

overall free energy changes become more negative. A 

plot of AC;’ VS. AG” (where AG” is the free energy 

involved in the stoichiometric eq. (1)) shows a good 

linearity with a slope of ca. 0.25 (see Figure 2), as 

predicted by the rearrangement of the Marcus cross 

relation for these reactions.“” The slight deviation 

for catechol may be explained by taking into account 

the different ionic strength (in the similar reaction 

of catechol with Co”’ an increase of ionic strength 

increases the reaction rate’). 

The rate-determining step in the reaction with 

MnzG appears to be electron transfer rather than 

complex formation; moreover, because similar free 

energy relationships have been found to operate in 
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some inner-sphere mechanisms,” and the present 
reactions are slower than that of water exchange in 
MniG coordination shell,1~‘2 no definite assignment 
to an outer-sphere mechanism can be made. 

On the other hand, the specific rate constants for 
path (b) exhibit a narrow range of values (1.8 - 
3.2 X 104 1 mol-’ s-‘) and a substitution-controlled 
mechanism can be advanced for MnOHiG. As 
mentioned above, Davies suggested a similar 
mechanism by comparing the reactions with thioureas 
and 1,2_benzenediol. Besides, it is worth pointing 
out that the specific rate constants for I ,4-benxene- 
diol (3.28 X lo4 I mol-’ s-‘)‘~ and 4,4’-biphenyl- 
diof (2.63 X IO4 1 mol-’ s-‘)‘~ are consistent with 
this suggestion, particularly when the differences in 
ionic strength are taken into account (p = 3.9 and 
4.0 M for quinol and 4,4’-biphenyldiol respectively). 
AH: and A!$ for the latter compound arc also in 
agreement with the findings concerning the other 

reductants. 
The formal similarity of the present findings 

with the behavior of Co”I in the oxidation of 
catechols should also be noted. The path involving 
Co% has been found to show a dependence of 

“2 AC on AG” similar to that assessed for M$,, 
while the rate constants for CoOH$, are almost 
invariant for different organic substrates. In these 
latter reactions the rapidity of the reaction rates 
relative to that for water substitution suggests that 
both paths are outer-sphere; for CoOHi;i the 
independence of reaction rate on the nature of the 
substrates was attributed to a limiting outer-sphere 
mechanism.” 
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