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Abstract 

The iron( III) tetracyano 2,2-bipyridyl ion, [ Fe( CN),( bpy)] -, readily oxidizes the benzenediols, catechol 
( 1,2-dihydroxybenzene), 4-tertiary butyl catechol ( 1,2-dihydroxy-4-t-Bu-benzene), and methyl hy- 
droquinone, (2-methyl-1,4_dihydroxybenzene) in aqueous solution. The kinetics have been studied by 
stopped-flow spectrophotometry in the pH range 2.5-6. At the lower end of this region the reactions are 
pH independent, and yield second order rate constants at 298.2 K of 50, 68 and 477 mol-’ dm3 ss’ for 
the three diols, respectively. In the pH dependent region (3-6) the rates, in buffered solution, vary due 
to the presence of differently protonated species of the iron(II1) complex. Application of pressure, up to 
1 kbar, gives rise to more rapid oxidation, and within experimental error, the volume of activation, AV* 
is substrate independent (AV* = - 18 cm3 mol-‘). The values of AS* are compatible with this finding. 
Kinetic and activation parameters are treated within the framework of an outer-sphere electron transfer 
mechanism. 

Introduction 

Although a wide variety of methods [ 1] have 
been used and countless redox systems have been 
studied [2] the mechanism of many electron trans- 
fer processes, involving a metal centre, remains 
incompletely understood. The Hush theory [ 31 was 
adapted by Stranks [4], for consideration of both 
redox and non-redox reactions at elevated pres- 
sures. This treatment has been applied to a number 
of redox systems particularly where both reactants 
are charged [4,5]. This experimental approach in 
which kinetic parameters are acquired for both 
temperature and pressure variation, can be most 
effective in delineating the details of reaction mech- 
anism [ 61. The reactions reported in this communi- 
cation are reductions of an iron( III) cyanodiimine 
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complex, specifically, [ Fe( CN),( bpy)] -, where 
bpy = 2,2’-bipyridine, by catechol ( 1,2-dihydroxy- 
benzene) (l), 4-tertiary butyl catechol ( 1,2- 
dihydroxy-4-t-Bu-benzene) (2) and methylhydro- 
quinone (2-methyl-1,4-dihydroxy-benzene) (3). 

1 2 3 

Our choice of this iron complex as an oxidizing 
agent is a consequence of our general interest in 
several aspects of iron diimine chemistry; in partic- 
ular we have examined the dissociation kinetics of 
several iron( II) diimine complexes, both aquation 
in acid solution [ 7, 81 and nucleophilic dissociation 
[9, lo], and have recently described [ 111 the influ- 
ence of solvation, in the peroxodisulfate oxidation 
of iron( II) -diimine-cyano complexes. (The latter 
conclusion was obtained from a high pressure 

0020-1693/91/$3.50 0 Elsevier Sequoia/Printed in Switzerland 



2 

kinetic study.) There have been reports [ 121 re- 
cently on solvation effects and reactivity trends in 
oxidation of various benzenediols by the hex- 
achloroiridate ion, IrCle2-, and these studies have 
prompted our selection of catechols as reducing 
agents. 

The overall reaction (1) is anticipated, from 
other work [ 131, to have a 2: 1 stoichiometry as the 
one electron oxidant, [ Fe( CN),( bpy)] requires 
two ions per molecule of substrate: 

WWCNMbpy)l- + QH2 --t 

2[Fe(CN),(bpy)12- + Q + 2H+ (1) 

where QH, is the diprotonated benzenediol. The 
increase in acidity, predicted from this equation is 
observed. Consequently, the reaction was studied 
in buffered solutions and at constant ionic 
strength. Since an initial study [ 141, at atmo- 
spheric pressure, of the reaction kinetics involving 
the two catechols has been presented, and aro- 
matic diols have been the focus of many redox 
reaction studies, [ 151 determination of the activa- 
tion parameters, as a means to probe the mecha- 
nism is in order. 

Experimental 

Materials 
The iron(II1) complex was synthesized by the 

Schilt method [ 161 as HFe( CN),( bpy), and it 
exhibited the characteristic UV-Vis spectrum. 
Benzenediols were high grade commercial prod- 
ucts. Materials used for buffer reagents and main- 
taining ionic strength (sodium chloride) were 
reagent grade. 

Methods 
Solution pH values were measured using a 

Radiometer PHM 64 instrument. Spectra of reac- 
tants and product solutions were obtained using a 
Shimadzu UV250 spectrophotometer, maintained 
when necessary at constant temperature 
(298.15 K) by a thermostatted cell holder. Kinet- 
ics at atmospheric pressure were studied using a 
Durrum D 110 stopped-flow spectrophotometer 
with a 0.020 m Kel-F flow path, which was ther- 
mostatted in the temperature range (293.15- 
313.15 K) by circulating fluid from a Haake 
thermostat. High pressure kinetics were measured 
using a purpose built, high-pressure stopped-flow 
spectrophotometer, described in detail elsewhere 
[ 171, which was thermostatted at 298.15 K. The 
latter instrument can hold sufficient of each reac- 
tant solution to be able to measure the reaction 
rate at each chosen pressure without refilling the 
drive syringes. Therefore, the volume of activation 

is determined efficiently from kinetic parameters 
all obtained from the same solutions and at ex- 
actly the same temperature. Typically twenty min- 
utes were allowed to elapse after initial 
pressurization or after subsequent changes in 
pressure in order that thermal equilibrium in the 
system is reestablished. All variable pressure ki- 
netics were carried out at a pH in the range 
2.6-2.8 where the rate constant is independent of 
acid strength. 

Solutions needed for measurement of spectra 
and kinetic purposes were always made up imme- 
diately before use. The kinetics were run with the 
condition of large excess of benzenediol which 
yields pseudo first order kinetics, the reaction 
being first order in iron(II1) complex concentra- 
tion. As found previously [ 141, the increase in 
absorbance at 480 nm, which is due to the differ- 
ence between the high molar absorptivity of the 
iron(I1) complex product and the relatively 
colourless iron( III) reactant species, gave excellent 
first order plots for at least three half lives. Rate 
constants, kobs, were obtained using a software 
program [ 181 written for use on an Apple IIe 
computer connected to the Durrum and high- 
pressure stopped-flow instruments. Tabulated val- 
ues of kobs, are the average of at least four 
determinations and usually five to eight values. 
Kinetic and activation parameters derived from 
primary results were obtained using standard 
least-squares programmes on Atari and Apple 
microcomputers. 

Results 

A 2.0 x 10e3 mol dme3 aqueous solution of 
H[Fe( CN),(bpy)] gave a pH of close to pH 2.6. 
Addition of sodium hydroxide solution yields a 
point of inflection with an equimolar base concen- 
tration. These facts support the formula at- 
tributed to the iron(II1) complex ion. Spectra of 
the complex, recorded at different pH values in 
the range 2-10 show a slight shift in the maxi- 
mum, 2 = 415 nm, with a small increase in ab- 
sorbance as the pH is raised above 6. A pK value 
of about 8 is suggested by these observations. A 
proposal has been offered previously [ 141 that 
atmospheric kinetics data (kobs increases signifi- 
cantly with increase in pH ( > 3.5) for fixed con- 
centrations of iron( III) complex and catechol) can 
be explained by a conjugate acid-base reaction of 
the iron(W) complex ion. The dials used have no 
ionizable groups [ 191 that would give rise to mix- 
tures of species in the pH range (2-6) of the 
kinetics measurements. Consequently as reactants, 
each diol solution is regarded as containing only 
H2Q species. As noted earlier [ 141 1 and 2 are 
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TABLE I Reaction of methyl-l ,Chydroqumone with 
[Fe(CN),(bpy)]- at 298 15 K” 

PH 10m2 x k;(molV’ dm3 s-‘) 

26 4 39 
2 85 6 75 
3 02 I 74 
3 51 9 19 
36 9 85 
3 15 10 3 
4 92 65 6 
54 1006 

“Iomc strength 0 1 mol dmm3 (NaCI), atmospheric pressure, 
[Fe(CN),(bpy)]- = 2 0 x 10e4 mol drnm3 

TABLE 2 Reaction of dlols with [Fe(CN),(bpy)]- at 298 15 K, pH 2 6” 

both oxidized at an almost constant rate m the 
pH range 2 5-3 5, however, the reactlon rate con- 
stant increases slgmficantly at values of pH > 3 5 
This trend 1s repeated with the more labile methyl- 
1,Chydroqumone The results for the latter, com- 
piled as second order rate constants, k;, are given 
m Table 1 Second order rate constants are ob- 
tamed from plots of kobs versus [H2Q] Normally 
these values were obtained with a complex con- 
centration of 2 50 x 10e4 mol dme3 and a cate- 
chol concentration range of 2 5 x 1O-3 mol dmP3 
to 2 5 x lo-* mol dme3, at an ionic strength of 
0 1 mol dme3 and with the pH adjusted by hydro- 

DIOI [dlol] x IO2 ( mol dm-‘) kbS(s~‘) k; (mol-’ dm3 s-‘) 

Cdtechol 0 25 
0 625 
0 90 
2 50 

Catechol 0 25 
0 50 
IO 
I5 
25 

4-t-Bu-catechol 

Methyl- I ,4-hydroqumone 

0 50 
0 75 
IO 

0 25 
0 50 
0 15 
I 25 

0 295( 6) 
0 484( 7) 53*4 
0 629( 9) 
1 40(5) 

0 233( 13) 
0 331(9) 44+2 
0 536( 16) 
0 787( 13) 
0853(11) 

0 326( 6) 
0 SOl(7) 677+l 1 
0 637( IO) 

130 (6) 
209 (6) 477 * 34 
329 (6) 
598 (6) 

“[Fe(CN),(bpy)]- = 2 0 x 10m4 mol dm-3, the pH of both reactants was adJusted to 2 6 and the lomc strength made up to 
0 I mol drn-’ (NdCl) 

TABLE 3 Effect of temperature on the reactlon between benzenedlols and [Fe(CN),(bpy)] at pH 2 6” 

DIOI T(K) k; 
(mol-’ dm’s-‘) 

Catechol 293 IS 
298 15 
303 I5 
308 15 
313 15 

4-t-Bu-catechol 298 15 
303 15 
308 I5 
313 65 

109 
149 

Methyl- I ,Chydroqumone 298 I5 443 132+15 -150*5 
302 65 503 
307 15 533 
310 15 512 

Methyl- 1 ,4-hydroqumoneb 298 I5 413 168+15 -138f5 
303 35 414 
308 I5 564 
31345 606 
318 45 680 

74 
89 

329+3 - 101 * IO 

“[Fe(CN),(bpy)] - = 2 0 x 10e4 mol dm-‘, [dlol] = 5 0 x 10m3 mol dmm7, iomc strength 0 1 mol drnm3 (NaCI), atmospherx pressure 
bpH28 
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chlorlc acid or by buffers Kinetic data at 
298 15 K and atmospheric pressure are assembled 
m Table 2 The effect of the t-butyl substltuent IS 
m the direction of faclhtatmg oxldatlon with k, 
for catechol being 50 mol-’ dm3 s-l, and 
74 mol-’ dm3 SC’ for the substituted 1,2-dlol 
However, since the error on k; 1s typically + IO%, 
this difference may not be very significant By 

70 

6.0 

5.0 

; 
m40 

\ 

B3.0 

1” 

20 

10 

10 15 
10” C dlol 1 / mol dm-3 

Fig 1 Oxldatlon of 3 by [Fe(CN),(bpy)] _, at pH 2 6 and 
298 2 K kobs US [dlol] 

contrast methyl- 1 ,Chydroqumone 1s oxidized al- 
most an order of magnitude faster, and m fact at 
the upper pH range becomes too labile even for 
the stopped-flow method Kinetic runs over a 
range of temperature, usually 293 15-313 15 K, 
and pressures (1 bar to 1 kbar at 298 15 K), were 
carried out and these results and derived parame- 
ters, AH*, AS* and AV* are presented m Tables 
3 and 4, respectively Figures 1, 2 and 3 show 

sample plots for derivation of second order rate 
constants, enthalpy and entropy of actlvatlon, and 
the volume of actlvatlon, respectively 

25’ 
3 15 3.20 3 25 3 30 3.35 3.40 3 

IO3 (l/T) / K-1 

Fig 2 Temperature dependence of oxlddtlon of I by 

5 

[Fe(CN),(bpy)]- at pH 2 6 Plot of derived second order rate 
constant, k; us reciprocal of temperature 

0 00 ,--- -- __~____ -__ 
1 

p / bar 

Fig 3 Pressure dependence of reactlon of [Fe(CN),(bpy)]- 
with 2 at 298 2 K and pH 2 6 Plot of In koh3 us pressure 

TABLE 4 Effect of pressure on the reactlon between benzenedlols and [Fe(CN),(bpy)] _ at pH 2 6 and 298 15” 

P (bar) Catechol t-Bu-catechold Methyl- 1,4-hydroqumone“ 

Ib II’ 

50 0 513 0 256 0412 3 05 

250 0 578 0344 0 482 3 47 

500 0 679 0 409 0 546 4 21 

750 0 838 0 480 0 654 5 19 

1000 1 03 0 530 0844 5 62 

AV* (cm’ mol-I) -183kO8 -183+25 -180+13 -167&l 1 

“Ionic strength 0 1 mol dme3, [Fe(CN),(bpy)]- = 2 0 x lO-4 mol drnm3 b[catechol] = 1 75 x lo-* mol dmm7 c[catechol] = 5 0 x 
10e3 mol dm-’ d[dlol = 7 5 x 1O-3 mol dm-’ 
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Discussion 

Kmetm 
The second order rate law at atmospheric pres- 

sure, and the appearance of the pH-rate constant 
profiles found here for the three benzene dlols 
confirm the findings previously noted [ 141 In the 
present study values of k; are slightly less than 
those for reaction (1) reported earlier, but hardly 
outside the experimental error range The values of 
about 50,68 and 477 mol-’ dm3 s-’ for 1,2 and 3, 
respectively at 298 2 K (Table 2), m the pH mde- 
pendent region establish an order of reactivity 
Before the detailed mechamsm 1s discussed, reac- 
tivity can be analyzed m a simple way to indicate 
that an electron donating group has a slight accel- 
erating effect on the electron transfer reaction and 
that dlol oxldatlon 1s markedly facilitated by para 
hydroxy groups compared with ortho dlols These 
effects have also been noted for oxldatlon of 
benzene dlols by cobalt( III) species [ 131 and by the 
hexachlorolrldate (IV) ion [ 12, 151, m an aqueous 
perchlorlc acid medium (pH 2) 

While the oxldatlon 1s accelerated with an m- 
crease of the pH, this feature of the reactivity 1s 
much more dramatic when the lron(II1) complex 
1s the oxidant For example, the rate enhancement 
is a factor of 25 when the pH increases from 2 6 
to 5 4 for the reaction of the lron( III) complex 
(Table l), whereas the rate constant 1s only 
slightly more than doubled for a parallel pH 
increase, for the IrC1,2- ion [ 121 It 1s therefore 
concluded that the n-on(II1) species has a pH 
dependent composltlon and that one or more high 
pH forms of the complex are very labile It has 
been proposed [20] that protonatlon of the 
[Fe(CN),(bpy)] - ions occurs at the nitrogen of a 
cyano moiety, and at each one m sufficiently 
acidic solution Since the mclplent lron(I1) com- 
plex with a higher negative charge will have a 
greater affinity for hydrogen ions, an uncharacter- 
lzed set of conlugate acid-base species will be 
part of the overall reaction scheme m the pH 
dependent region Consequently, the kinetic 
and activation parameters obtained m the pH 
independent region form the basis for further 
discussion 

A mechanism similar to that suggested for 
oxldatlon of benzene dlols by the IrCle2- species 
is appropriate 

[WCNMbm)l- + QH2 s 

[WCNMbw)12- + QKI’ 

[ Fe( CN),( bpy)] - + QH2+ -“f 

[Fe(CN),(bpy)]‘- + Q + 2H+ 

These two consecutive processes account for the 
reaction stolchlometry and the second order kl- 
netlcs m evidence when kobs 1s plotted against dlol 
concentration, and from consldermg the follow- 
mg If a rate law 1s based on use of the steady 
state approxlmatlon for QH2+, and then am- 
plified, the rate of loss of lron( III) complex can be 
expressed by 

2 Fe(CNMby)l- = 

whereupon if k _ , [ Fe( CN),( bpy)] *- 4 k, [ Fe( CN), 
(bpy)] - the equation reduces to 

2 [WCW&v)l- = 

‘W [WCNMbw)l-[QH21 

with kobs = % [QKI, when [QHJ % [Fe(CN), 
(bpy)] _ and plots of kobs versus [QH2] are reason- 
ably linear (as for example m Fig 1) Second 
order rate constants, k;, are equal to 2k, accord- 
mg to this scheme If this mechamstlc scheme 
applies it would imply that increasing acidity 
would favour the reverse step of semlqumone 
formation and complicate the release of protons, 
from the dlol or other intermediate species How- 
ever, this would be evident with other oxldlzmg 
agents if it pertained The pH independence of the 
reaction m the range 2-3 argues against rate 
retardation by a reverse reaction Thus QH2+ 
must react rapidly with a second Fe(II1) molecule 

The step m the mechanism characterized by k, , 
1s a composite process of the encounter complex 
formation (formation constant, K) and a rate 
determining electron transfer step (first order rate 
constant, k), since the reaction can be thought to 
proceed by an outer-sphere electron transfer 
mechanism Because the benzene dlols are neutral 
the value of K IS predicted to be small compared 
with a precursor complex formed from two oppo- 
sitely charged lomc species Therefore the reaction 
here can be considered as directly second order 
We may assume that the oxldatlon of the pro- 
posed semlqumone occurs rapidly, based on this 
mmlmal mechanism The variation m reactivity 
between the different dlols, therefore, can be mter- 
preted m terms of changes m either or both of K 
and k For the 1,2-benzenedlols, the ion-dipole 
interaction should be quite similar, and the elec- 
tron transfer step would also be expected to be 
very similar m rate, particularly as the bulky 
tertiary butyl group 1s remote from the electron 
transfer site With a smaller dipole moment, the 
1,4-dlol will form the encounter complex less well, 
although it 1s conceivable that interaction occurs 
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directly between one polar hydroxy group and the 
charged oxidant, yielding an increase m K How- 
ever, it would be surprlsmg if the factor of ten m 
the reactivity difference resided m K Estimates of 
ion-dipole mteractlons based upon a modified 
form of the equation proposed by Fuoss [21] 
would indicate only small differences m K for 
different dipole strengths for the same ion It 1s 
much more likely that the electron transfer step, 
(k), 1s facilitated by the particular electronic orga- 
mzatlon where only one hydroxy group IS mter- 
acting with the amon At what stage a proton IS 
liberated or when electron abstraction occurs and 
whether this 1s different for the different dlol 
isomers cannot be answered from our results The 
difficulty of interpreting kmetlc results m terms of 
the properties of reactants 1s Illustrated by the 
factor of fifteen that 4-methyl- 1,2-benzenedlol 1s 
oxidized faster by IrCle2- than 1s the unsubstl- 
tuted dlol [ 1.51 In earlier work [ 151 a correlation 
was observed between the reactivity of the dlol 
substrate and the standard redox potential for 
reduction of the product back to the dlol While 
we may anticipate a parallel correlation here, 
which would Imply a slmllar mechanism for both 
oxidants, at present there are insufficient data to 
pursue this point or apply the Marcus theory 

Actwatlon parameters 
The enthalpy of activation, AH*, for 3 

( N 15 kJ mol-‘) 1s about one half that for the 
1,2-dlols (1 and 2) However, the values are m the 
range expected for an outer-sphere mechanism, 
and lower than would be anticipated for a mecha- 
nism mvolvmg bond breakage m the oxidant This 
markedly lower enthalpy barrier for the reaction 
of 3 1s paired with a much greater degree of order 
m the transltlon state than occurs for 1 and 2, as 
indicated from entropies of activation (Table 3) 
What the precise molecular organizations of the 
transition states are for transfer of the electron to 
the u-on complex are not known, but the entropy 
of activation differences reflect differences of de- 
tail, but not of charge, since the volume of actlva- 
tlon, A V* (Table 4), 1s essentially invariant The 
large negative values of AS* and AV* contrast 
with large posltlve values of these parameters [5] 
for the reduction of cobalt(II1) complexes, 

[CoWHd,X13+ where X was H,O, pyrldme or 
(CH,),SO, by the [Fe(CN),14- ion In the latter 
reaction an overall charge reduction occurs as the 
reaction proceeds glvmg rise to decreased elec- 
trostnctlon, and accounts for the increase m the 
volume of the system The present results, there- 
fore, m which charge 1s developed during the 
reaction are compatible Other results for outer- 
sphere electron transfer, mvolvmg oxldatlon of 
Iron( II) dnmme complexes by peroxodlsulfate 

ions [ 11,221, have shown the importance of solva- 
tlonal changes as well as mtrmslc changes, and 
draw attention to small differences of AV* for 
similar reactions caused by the magmtudes of 
non-reactmg hgand 

The oxldatlon of benzenedlols by [Fe( CN&+ 
(bpy)] - yields first an Ion dipole complex for 
which the volume ~111 change httle as no change 
m charge occurs and no covalent bonds are 
formed, or broken In transItIon metal complex 
substltutlon reactions, the outer-sphere complex 
mltldlly formed has a very small posltlve volume 
change estimated to be associated with It [23] 
Therefore, the prmclpal factor contrlbutmg to the 
overall AV* values of - 18 cm3 molV’ 1s charge 
creation during the electron transfer step 

The particular contrlbutlons are difficult to 
assess without the partial molar volumes of both the 
lron( III) reactant and Iron( II) product species 
While a change of as much as 40 cm3 mol-‘, 
the difference between the partial molar volumes 
of [Fe(CN),)‘- and [Fe(CN),14-, [5], 1s not an- 
ticipated here, mclplent charge differences for this 
type of species give rise to large volume changes 
The proton has a partial molar volume of 
-4 5 cm’mol-‘, [24], and therefore, this would 
give rise to a contrlbutlon of one third to one 
quarter of the total change However, the extent to 
which the proton 1s removed within the transltlon 
state 1s not known The formmg semlqumone would 
not be antlclpated to have a slgmficantly different 
molar volume than Its correspondmg dlol, therefore 
the common Al/* reflects prmclpally changes m 
charge, which are slmllar m all three reactlons 

Further systems will be needed to be studied to 
add to the relative scarcity of mformatlon on 
pressure effects on outer-sphere electron transfer 
reactions, before the details of the various con- 
tributing components may be quantified and bet- 
ter understood 
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