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The kinetics of the interaction between vanadate oxoanion and 1,2-aromatic diols in basic media (pH 8-9, ionic strength 
0.5 M (NH4C1), 25 OC) have been studied by stopped-flow spectroscopy. Three distinct transients are observed after mixing. 
In order of increasing reaction lifetime the transients are assigned to complex formation, reduction of V(V) to V(IV), and 
further reactions of the intermediate oxidation product. The rate of complex formation increases with increasing pH; a 
similar effect has been found for the formation of a bis(l,2-aromatic diol) complex of molybdate. The rate of the 
oxidation-reduction reaction increases with decreasing pH. This effect has been interpreted as the proton-transfer-assisted 
formation of monooxovanadium(1V) from the parent cis-dioxovanadium(V) complex. Qualitatively, these results model 
the reversal of the specific vanadate inhibition of mammalian [Na,K]-ATPase by catecholamines. 

Introduction 
Interest in the speciation and reactivity of vanadium has 

been stimulated by reports of its activity in a number of bio- 
logical systems. Many species of tunicate (Ascidia) concen- 
trate free vanadate from sea ~ a t e r , ~ - ~  although neither the 
mode of extraction nor the metabolic role of the element has 
been establi~hed.~ Vanadium has been shown to be an essential 
nutrient for higher animal forms? Cantley et aL7 have estab- 
lished its endogenous presence in mammalian muscle tissue 
at levels sufficient to inhibit the sodium and potassium stimu- 
lated adenosinetriphosphatase [ (Na,K)-ATPase]. This specific 
inhibition can be removed by addition of catecholamines* and 
catechol: through a series of complexation and oxidation-re- 
duction reactions with v a n a d i ~ m ( V ) . ~ * ' ~  The reported cate- 
cholamine activation of (Na,K)-ATPase may also be explained 
this way." 

The complexation chemistry of vanadium(V), as this report 
will show, usually involves oxidation-reduction. It is therefore 
appropriate to review the main structural aspects of aqueous 
vanadium ions in the 5+ and 4+ oxidation states over a range 
of pH values. 

The outstanding structural feature of vanadium(V) 
throughout the entire aqueous pH range is the presence of 
cis-dioxo ligands in the inner coordination shell.12 This group 
persists in complexed and uncomplexed forms except for the 
higher polymeric forms of vanadate. The speciation of aqueous 
vanadium(V) has been extensively studied and reviewed.13 In 
strong acid, a t  low concentration, the predominant species is 
dioxovanadium(V), a cis-dioxy tetraaquo octahedrally coor- 
dinated species. Hydrolysis and polymerization occur as the 
pH is raised, with polymer predominating throughout most 
of the pH range until, in strong base, monomeric tetrahedral 
V043- becomes the predominant species. 

Isotopic l 8 0  exchange studies show that VO2- has four 
equivalent oxygens which exchange with a hydrogen ion inde- 
pendent rate constant of 0.167 s-l and a hydrogen ion de- 
pendent rate constant of 0.296 s-l (0 OC).I4 This study con- 
firms the tetrahedral nature of V04' but yields no information 
on the structure of protonated vanadate, Le., HVOd2- and 
H2V04-. Structure changes upon protonation (tetrahedral + 
octahedral) have been postulated for the analogous  MOO^^-/ 
HMo04- system. l5 The configuration and coordination of 
monomeric uncomplexed vanadate species are therefore open 
questions. 

Vanadium(V) forms few stable complexes, with stability 
constants for only the oxalate, EDTA, tartrate, and a few other 
ligands being readily available from the literature.I6 Crystal 
structure determinations of the oxalate" and EDTA18 com- 
plexes reveal octahedral coordination with the cis-dioxy unit 
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Table I. Vanadate Complex Formation Rate 
Constants (k,  M-' s-') 

form of vanadate HV0;- H,VO,- H,V04- 
€orm of ligand A+BH A'BH A+B 

EDTA (pK,= 6.1) 2.4 X lo3  2.3 X l o 4  29.7 
alizarin (pK, = 6.1) 1.2 X lo3 2.3 X l o4  
v(v) ( P K ,  = 8.0) 3.1 x 104 3.1 x 104 

present. The rarity of vanadium(V) complexes is due to its 
strong oxidizing power, with most ligands being oxidized by 
the metal center. 

The interaction, in acidic media, between positively charged 
dioxovanadium(V), VOz+, and various substrates has been the 
subject of a number of studies. Earlier, it was shown that most 
of the reactions with two-electron reductants (e.g., cyclo- 
hexanone) proceed via a free radical mechanism with forma- 
tion of V(IV).19 Later studies with cyclobutanols,20 ascorbic 
acid,21 ca t ech01~~9~~  and its  derivative^,^^ and hydroquinone22 
showed that reduction of vanadium followed formation of an 
intermediate complex, with either direct electron transfer to 
form the radical2' or interaction between the complex and an 
additional vanadium center.23b The intermediate complex 
formed in the first step of the redox reaction was detected in 
stopped-flow studies,23 and substitution rate constants in the 
range (1-10) X lo4 M-' s-l, depending on the ligand, were 
reported.23a 

The only kinetics studies on vanadate complex formation 
in basic media are a stopped-flow study on EDTA and alizarin 
( 1,2-dihydroxyanthraq~inone)~~ and a temperature-jump study 
on vanadate dimer f ~ r m a t i o n . ~ ~  The rate constants found in 
these studies (Table I)  appear to be insensitive to ligand. 

EPR has been used to show that vanadium(1V) complex 
formation results from the interaction of V(V) with 2,3-di- 
hydroxybenzoic acid in base.26 The eight-line spectrum due 
to the unpaired d electron of V(1V) is split further, indicating 
the presence of a complex. This EPR behavior has been noted 
with excess norepinephrine reacting with vanadate in mildly 
alkaline solution2' and with catechol in similar media.9 For 
the ligands 2,3-dihydroxybenzoic acid26 and norepinephrine,l0 
under conditions of high vanadate concentration, a blue solu- 
tion forms, which is characteristic of the V(1V) chromophore. 
In these systems and also for the catecholsz3 a yellow coloration 
formed on reaction, which appears to result from oxidized 
forms of the ligands involved. 

That the complexation chemistry of vanadium(V) involves 
significant oxidation-reduction is surprising because the redox 
potential for the V(V)/V(IV) couple at pHs higher than 6 
implies that the reaction with cis diols should not be sponta- 
neous.28 The experimentally established rate law, however, 
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shows that the reaction often involves the metal-ligand com- 
plex acting as an  electron acceptor,23b and this species may 
have very different properties from those of the simple aquo 
metal. 

The  aqueous behavior of vanadium(1V) is in many respects 
similar to that of vanadium(V). In acid solution there exists 
the well-characterized VO(H20)s2+  species (vanadyl) with a 
distorted octahedral structure. T h e  NMR exchange pattern 
shows three nonequivalent sites:29 slowly exchanging oxo 
ligand, k,, << 20 s-l; four equivalent equatorial waters, k,, = 
5 X lo2 s-l; and one highly labile water trans to the oxo ligand, 
k,, > 5 X lo8 s-l (all ra te  constants a t  25 "C) .  As t he  hy- 
drogen ion concentration is decreased, hydrolysis, dimerization, 
and precipitation of insoluble hydroxides ensue.13 In alkaline 
media, further hydrolysis leads to a VO(OH)< species?O which 
polymerizes extensively. 

Unlike vanadium(V), complexes of vanadyl are numerous,16 
although they are not air stable. Most of the organic ligands 
tha t  have been studied are  of the oxygen-donor type, with 
1,2-aromatic diols being very stable. In addition to mono and 
bis complexes, hydrolyzed and hydroxy-bridged dimeric com- 
plexes have also been reported.31 Complex formation increases 
the exchange rate  constants of the equatorial waters; for ex- 
ample, k,, = 5.3 X lo5 s-l a t  25 "C for tiron (4,5-dihydroxy- 
benzene-l,3-disulfonic acid).32 

Vanadyl complexes are usually square pyramids with the 
oxo ligand a t  the apex.'* The  metal center is above the equa- 
torial plane but below the apical oxygen. In a number of cases, 
the sixth position is occupied by a water of crystallization or 
by an additional ligand dentate group. Complexation by SCN- 
and +NH3CH2COO- indicates initial attachment through this 
axial position with subsequent rearrangement as the rate con- 
stants found are  higher than those for solvent exchange in the 
equatorial position.33 

Experimental Section 
Materials. All reagent grade materials, used without further 

purification, were supplied by Fisher Scientific Co. except for 3,4- 
dihydroxybenzoic acid (Aldrich), 2,3-dihydroxy-m-benzenesulfonic 
acid (tiron, Eastman), and l-(3,4-dihydroxyphenyl)-2-aminoethanol 
(norepinephrine, Aldrich). Practical grade sodium 6,7-dihydroxy-2- 
naphthalenesulfonate (Sigma) was purified by recrystallization twice 
from hot acidified water. Doubly distilled water from an all-glass 
still was used for all solutions. 

Kinetics Studies. All kinetics studies were done on a stopped-flow 
spectrophotometer with the photomultiplier output voltage recorded 
by a Biomation 610B transient recorder. The voltage vs. time data 
set were then digitalized and output onto a magnetic cassette tape 
of a Texas Instruments 733 terminal at 1200 baud by a Datacap E103 
Interface. 

Data analysis was done on a DEC PDP 10 computer by using an 
approach-to-equilibrium least-squares method. Standard linear and 
nonlinear least-squares methods were used for further analysis. For 
a given set of reactant concentrations at least 12 runs were recorded, 
analyzed, and averaged. The observed rate constants obtained in this 
manner had relative internal errors (deviation from a pseudo-first-order 
rate equation) of less than 1% for the redox data and less than 2% 
for the complexation data. Relative deviation from the mean for the 
averaged runs was usually less than 5% for the redox data and less 
than 20% for the complexation data. 

An Orion 810A pH/mV meter with an Orion 91-03 combination 
electrode was used to make pH measurements. Ionic strength cor- 
rections to the [Ht] were made as antilog (-pH/y+), with y+ being 
0.757 at 0.5 M ionic strength for HC1. The temperature was main- 
tained at 25 (f0.5) O C  by a Forma-temp Jr. water bath throughout 
these studies. The ionic strength was adjusted to 0.5 M by addition 
of an appropriate amount of a 5 M stock solution of NH4Cl. The 
pH was then adjusted with NH3.H20. Water deaerated with N2 and 
Ar for 30 min was used for all solutions. 

A vanadate stock solution was prepared by dissolution of sodium 
vanadate hydrate in distilled water followed by addition of hydrochloric 
acid to adjust the pH to approximately 8.5. The bright yellow color 
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Table 11. Summary of Spectral Studies on the Interaction of 
Norepinephrine with Various Oxidizing Agentsa in Basic Media 

Amax, assignt 
nm 

norepinephrine 
t vanadate 

t vanadate 

+ vanadate 

+ Mn0,- 

(high metal concn) 

(low metal concn) 

(at long times) 

t IO,' 

ligand 
V(1V) chromophore 
coordinated ligand 
coordinated ligand 

oxidized ligand and products 
of its subsequent reactionsb 

oxidized ligand and products 
of its subsequent reactions* 

a See ref IO. b Sce ref 34. 

of the decavanadate polymer formed by this procedure faded after 
2 days at room temperature. The solution was standardized spec- 
trophotometrically as the V(V)-H202 complex by addition of 1.5 mL 
of concentrated H2S04  to 2-mL aliquots of the approximately 1.5 
X M vanadate stock solution. The samples were diluted to 
approximately 20-mL total volume and allowed to stand at room 
temperature overnight. The absorbance of the peroxide complex, 
formed by addition of 1-mL aliquots of a 3% solution of H202 diluted 
to 25 mL, was measured at 450 nm 281 M-' cm-I). All vanadate 
solutions used in the kinetics studies were prepared from this 1.524 
X M solution. 

Ligand stock solutions were prepared by weight and diluted on the 
day of the experiment. Dilutions were made with 0.5 M NH&l 
solutions of the proper pH and the solutions refrigerated until use. 
In the room-temperature (24 "C) EPR experiment, 5 mL of a 5 mM 
solution of V(V) in aqueous NH4C1, pH 7.95, purged with Ar was 
mixed with 0.314 g of solid tiron, so that the total ligand concentration 
was 200 mM. 

The reaction was monitored at 410 nm for all ligands, a wavelength 
showing the maximum change in absorbance for the transient oxidation 
product. Spectra for long times were taken on a Beckman Model 
25 UV-vis spectrophotometer. 

The concentration of the ligand solutions was always at least in 
a 20-fold pseudo-first-order excess. This condition is necessitated by 
the predominance of polymeric vanadates in mildly basic solution. 
Equilibrium distribution calculations using the conditions of this study 
show that less than 5% of the vanadate is polymeric at pH 8. With 
concentrations higher than the initially present 5.5 X M vanadate 
used in this study, it is possible to observe the decomposition of these 
species by using an indicator and concentration-jump technique. 
Results and Treatment of Data 

General Observations. Mixing alkaline solutions of vanadate 
and an  aromatic diol results in the "instantaneous" formation 
of a yellow color. Solutions exhibiting identical coloration (and 
also spectra) a r e  formed by addition of Mn04- or IO4- to the 
diol or by exposure to O2 of a basic solution of the diol. The  
yellow color has therefore been assigned to the oxidized diol 
(A,,, N 330 nm for 3,4-dihydroxybenzoic acid). 

A blue solution (or green, depending on the intensity of the 
simultaneously formed yellow coloration) is produced a t  higher 
vanadate concentrations. The blue color (A,,, -680 nm) can 
be maintained indefinitely when the solution is stored under 
argon; exposure to air  slowly dissipates the color. The  blue 
coloration is assigned to the vanadium(1V) chromophore of 
the complex produced by diol oxidation. The  slow loss of blue 
coloration is due to reoxidation of V(1V) to V(V) by atmos- 
pheric oxygen. 

Upon standing, both yellow and blue solutions-exposed and 
protected by argon-turn brown. Although the exact nature 
of this reaction is unknown, it is most likely due  to further 
reaction and polymerization of the oxidized substrate.34 

A summary of these spectral changes for the system 
V(V)-norepinephrine is given in Table 11. 

Stopped-flow spectrophotometry reveals a number of sepa- 
rate, time-dependent events which occur after mixing solutions 
of vanadate with excess diol substrate (Figure 1). T h e  first 
transient is one of increasing absorbance and is essentially 
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Table 111. Reciprocal Relaxation Times ( l / ~ ,  s-’) for the Fast Complexation Reaction between Vanadate Anion and Aromatic Diol Ligandsa 
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200 

104[tiron], M 

PH 1.83 3.66 5.49 7.32 SIP‘ (intld 
8.40 39.4 (4.9)b 83.4 (14) 149 (60)e 4.38 X lo8 (20) 
8.48 40.0 (6.0) 102 (12) 149 (6) 148 (30)e 3.93 x lo8 (35) 
8.90 22.2 (2.5) 40.2 (3.9) 84.2 (8.4)e 1.79 X 10’ (12) 

I I I I 

T -  - 

lo4 [ 6,7-dihydroxy-2-naphthalenesulfonic acid], M 

6.00 9.00 12.0 18.0 slpc (intld PH 3.00 

8.09 42.5 (5.9) 101 (12) 171 (11) 1.77 X 10’ (29) 
8.30 47.8 (4.8) 111 (13) 118 (7) 0.890 X 10’ (35) 
8.68 23.6 (3.6) 85.5 (6.8) 101 (15) 144 (30)e 165 (40)e 1.01 x lo8 (3) 
8.78 34.8 (3.8) 45.2 (4.2) 103 (8.5) 162 (8.4) 1.00 x lo8 (20) 
8.88 19.9 (2.2) 36.2 (2.4) 85.9 (8.8) 110 (2o)e 181 (2Qe 9.16 x 107 ( io)  

lo3 [norepinephrine], M 
PH 0.375 0.750 1.50 2.25 3.00 sip' (int)d 

8.48 88.2 (5) 152 (10) 378 (50) 3.41 X 10’ (16) 
8.88 23.5 (3.0) 39.0 (8.0) 112 (20) 138 (30)e 141 (60)e 4.16 X -10’ (50) 

8.23 40.3 (5.1) 67.0 (5.1) 206 (15) 209 3.25 x 107 (45) 

a [Vanadate] = 2.75 X M except for tiron where [vanadate] = 1.83 X M. The figure listed in parentheses under 117 is tlu for 
In- the observation. ‘ Slope of the plot of ~ / T V S .  [L]t’[H]4Kg/{([H]2 + [H]K2’ t Kk,K$2)’([H] + Kg)}whichis (k~fp/k:~p)k:~p.  

tercept of the 1 / ~  vs. [L]t2[H]4Ky3/{([H]Z + [ H ] K 2 2  t K ~ 2 K ~ z ) Z ( [ H ]  + K E ) }  plot. e Data point not used in determining the slope, foot- 
note b. 

t 
elapsed time: 50 msec 
sensitivity: M mv/dlv 

lime - - 

elapsed tlme: 2 sec 
sensltivlly: W mv/div 

-time -t 

IC) 

elapsed time: W sec 
sensitivily: 50 mv/dlv 

-time - 
Figure 1. Representative stopped-flow records of transients in the 
reaction between vanadate and 6,7-dihydroxy-2-naphthalenesulfonic 
acid (L). Vertical axis is in millivolts (sensitivity X total divisions 
of vertical deflection), to which % transmittance is proportional. 
Conditions: [V(V)], = 2.7 X M, pH 8.24, 
ionic strength 0.5 M (”,&I), 25 OC. 

complete in 40 ms (Figure la). The second, also an increase, 
requires approximately 2 s for “completion”. The relative 
amplitudes of these two processes are about 2:1, with the first 
being larger. The almost vertical portion of Figure 1 b is the 
whole of the fastest observed process compressed by the longer 
sample time. Still longer observation times (Figure IC) reveal 
a third process-a decrease in absorbance-which finishes in 
approximately 50 s. These effects of the reaction between 
V(V) and an aromatic diol are ascribed to complexation, oxi- 
dation-reduction, and further reactions of the intermediate 
oxidation product. 

Complexation. Data have been collected over a limited 
range of concentrations for the fast observed effect (Figure 
l a )  over the pH range 8-9.5 (Table 111). The concentration 
limitation was due to the resolution time of the stopped-flow 

M, [L], = 5.0 X 

160 - 

- 

- 

4 8 12 18 

[Utxl f l (M) 

Figure 2. Plot of I / T  vs. [L], for the complexation of vanadate by 
6,7-dihydroxy-2-naphthalenesulfonic acid: pH 8.68. 

apparatus, which interferes with the observed relaxation time, 
r, at  the higher concentration. 

A representative graph of 1 /t vs. total ligand concentration 
(Figure 2) can be best interpreted as a saturating, second-order 
type of dependence. This rate law implies a mechanism such 
as (A), where M, L, ML, and ML2 represent the sum of all 

M + 2L P ML + L F! ML2 (A) 

protolytic species (for example, L = L2- + HL- + H,L), and 
M is a sum of vanadate species. The full mechanism corre- 
sponding to (A) is shown in Figure 3. 

The instantaneous rate equations for the full mechanisms 
are 

(k3SP + ~%SP[HzLI)[HMLl ( l a )  

[ML,] = k33P[HML][H2L] - kJ$P[MLZ] ( lb )  

In the derivation of eq 1 it has been assumed that all protolytic 
equilibria are rapid compared with complexation steps. The 
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t H2L e H2MLs t 2H+ (3) 

t HL' e H2MLs t H+ (4) 

t P2 e H2MLs (5) 
(1) H2M' 

Ferguson and Kustin 

Table IV. Rate and Equilibrium Parameters of Complexationa 

t H ~ L  = M L ~ +  

(6) HzML3- t HL- e ML2s t OH- 

t L-2 = ML$- + zow 

+ HL' ML23- t 2 0 w  

(,) HML4. t HZL e ~ ~ 2 3 -  t OH- 

t ~ - 2  = M L ~  t 30w 

1 
Figure 3. Reaction scheme for the complexation of vanadate (HM2- 
or HIM-) by excess ligand. 

rate and equilibrium constants appearing in this equation are 
defined in Table IV. 

The data have been analyzed by an approach-to-equilibrium 
p r o c e d ~ r e . ~ ~ , ~ ~  The rate equations, expanded around equilib- 
rium, may be linearized to yield the well-known matrix equa- 
tion 

x = A x  (2) 

where X i s  the column vector (A[HML], A[ML,]), and the 
elements of the A matrix are given in Table IV.37 

Separable relaxation times of two-step systems show two 
qualitatively dissimilar concentration  dependence^:^^ T ~ - ~  varies 
linearly with reactant concentration to the first power, but 
shows saturation. Acquisition of data over a wide concentra- 
tion range was not possible due to V(V) polymerization and 
the limits of stopped-flow resolution. The best estimate of how 
the reciprocal relaxation time varies with concentration would 
seem to be given by T ~ - ' .  If [HML] >> [H2ML] and depro- 
tonated ligand (L2-) may be neglected, then [HI2 + 
[HIKf;, + KklKL2 N [H]( [H]  + Kk2) and KZL >> [HI so 
([HI + KgL)/K$ = 1. Then, with ~ 1 - l  >> T,-I, the working 
equation becomes 

k$!P[HZLl + kJ4p (3) - )  
where the approximation [ m ]  >> [ E ]  has been used. 

Depending on the dominant terms in the denominator, eq 
3 can yield two different [ a I Z - d e p e n d e n t  equations. The 
dominance of these terms arises from two different conditions 
leading to the observation of a single response in a two-step 

K,L, e 2  

k 7 5  [HI2 

k,, [OH] 

kapp 32 = k,, t k,, [OH] + k,, [OH]' t k,, [OH] t k,, [OH]' t 

a2* = ktfP(2[=]') + k::p 

a Prime and double prime indicate multiplication by the known 
factors [H]2/{[H]Z + [HIK;, t K;,K&} and Kz /{ [H]  t K E } ,  
respectively, and H+ and OH- appear without appropriate charges. 

mechanism: preequilibrium and s t e a d y - ~ t a t e . ~ ~  
The preequilibrium condition leads to 

- 
with two limiting cases. If klgP[H2L]Kz/([H] + 
KZ) << k$pp, then 

If k ~ $ p [ ~ ] K Z / ( [ H ]  + KZ) >> k;sP, then 

(4b) = ka 29 P [=I + kJSP 

Equation 4b can be ruled out, since a first-order [m] de- 
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Table V. Protolytic Stability Constants’ 

ligand PKk PK& 

Inorganic Chemistry, Vol. 18, No. 12, 1979 3353 

tironb 12.1 7.40 
6,7-dihydroxy-2-naph thalene- 11.85 8.09 

3,4-dihydroxybenzoic acidd 12.80 8.68 
norepinephrinee -1 3 9.70 
vanadatef 7.90 

‘ Defining K t I  = [H][L]/[HL] and K2z = [HI [HL]/[H,L] for 

sulfonic acidC 

dissociation of the first and second phenol groups. 
McBryd, Can. J. Chem. ,  42, 1917 (1964). 
and H. Harata, Nippon Kagaku Zasshi, 86, 1162 (1965). 
Scharff and R. Genin, Anal. Chim. Ac ta ,  78, 201 (1975), with 
pK,“, = 4.37 for dissociation of the carboxylic acid. e R. F. 
Jameson and W. F. S .  Neillie, J. Chem. Soc., 2391 (1965), with 
pK;’ = 8.64 for the amine dissociation. f Defined as [HI. 
[HVO,Z-]/[H,VO,-] (C. F. Baes and R. E. Mesmer, “The 
Hydrolysis of Cations”, Wiley-Interscience, New York, 1976, 
p 209) and adjusted to an ionic strength of 0.5 M. 

Table VI. Values Derived from the [LIt2 Dependence of 1/7 

W. A. E. 
Y. Oka, N. Nakazawa, 

J. P. 

ligand slope intercept k,BSPKML 

6,7-dihydroxy-2- 7.8 X lo-’ 9.6 X 10’ 1.15 X 10” 

tiron 2.4 X 5.8 X 10” 7.8 X 1013 
naphthalenesulfonic acid 

norepinephrinea 1.2 x 10-9 6.1 x 1 0 7  5.3 x 1012 

4.4 x 10-10 7.8 x 107 2.2 x 1013 

’ Due to an ambiguity in the assignment of the pK,’s both 
values have been used, although pK, = 8.64 generates a more con. 
sistent set of values. 

pendence does not fit the data. 
The steady-state condition leads to 

or with k;$p[m]KZ/ ( [H]  + KZ) >> kfHP 

Equation 5b, being first-order in [ m ] ,  can be eliminated. 
Although [m] is unknown, the condition [L], >> [VI, 

(where [L], is the total ligand concentration and [VI, is the 
total vanadate concentration) allows the substitution 

The data presented in Table I11 have been lotted as 1 r2 

The protolytic equilibrium constants for each diol substrate 
are given in Table V. 

against the square of eq 6 multiplied by K,,/([H] h? + Ka3). L 

Figure 4. Plot of the observed rate constants for the oxidation-re- 
duction reaction between vanadate ([V(V)], = 2.75 X M) and 
tiron (L). 

A 
t H2L - HCx(lV) t Q. t H+ (2) 

(3) 

(4) 

4 
+ $ 

(1) Cx(V) t HL HCx(lV) t 0. 

t L Cx(lV) + Q. 

Figure 5. Reaction scheme for ligand oxidation (charges omitted, 
except for H’). 

Equations 4a and 5a have identical slopes (a contribution 
from the [ e ]  term in (sa) could not be detected). The 
apparent forward rate constants obtained from the 1 / r 2  vs. 
[L]: plots according to these equations show a 1 / [HI2  de- 
pendence (Table VI), which can be straightforwardly explained 
from the law of mass action.36 The dominant terms in kl$P 
are hydrogen ion independent, so that 

kPKML = (k64(Kk2/K3L) + k73) K m  (7) 

Due to the relatively high errors associated with the inter- 
cepts in the [L]: plots, no attempt has been made to resolve 
ki4P into its elementary steps. 

Oxidation-Reduction. Data collected from the reaction 
shown in Figure 1 b, which has been assigned to a redox step, 
are given in Table VII. A representative plot of kobd against 
[L], for L = tiron is shown in Figure 4. A first-order ligand 
dependence is exhibited, with kobsd dependent on [HI as well. 

In all cases, this transient is well separated from the first, 
or complexation, step. It will therefore be assumed that the 
vanadate-containing species participating in the redox reaction 
is the complex, Cx(V), formed as the end product in the first 
step. The overall reaction is then 

CX(V) + L + H ~ 1 .  HCx(1V) + Q. (B) 

where HCx(1V) is the vanadium(1V) complex formed, and 
Q. is the semiquinone radical form of the diol substrate. The 
detailed mechanism corresponding to (B) is shown in Figure 
5. 

The existence of vanadium(1V) species was confirmed by 
EPR spectrometry. The V(V)-ligand solutions prepared were 
similar to those used in the kinetics study, except that the 
ligand, tiron, was at  a higher concentration. When these 
solutions were mixed and placed in the spectrometer, the 
eight-line EPR spectra recorded for them were characteristic 
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this table do not yield quantitative information, since 
[HCx(IV)] and [Q.] are unknown. Qualitatively, however, 
it should be noted that the intercepts are all positive and, in 
the case of tiron, clearly show a hydrogen ion dependence. 

Long-Term Effect. Some data have been gathered on the 
third effect of the reaction of vanadate with norepinephrine 
and are listed in Table IX. No mechanistic analysis has been 
attempted for these data, although a first-order [L], depen- 
dence may be noted. 

Discussion 
Studies on the interaction between vanadate anion and a 

number of aromatic 1,2-diol ligands in basic media yield a 
great deal of qualitative information. The qualitative nature 
of the results is primarily due to the necessity of maintaining 
a low vanadate concentration to avoid interference by poly- 
meric species. Reactant variation is then carried out by using 
excess ligand. This technique obscures reactions of the mono 
complex and facilitates bis complex formation. Other factors 
which hinder the ability to draw quantitative conclusions from 
experimentally accurate data are the errors associated with 
coupled reactions, the limited time resolution of the stopped- 
flow spectrophotometer, and the unavailability of some relevant 
equilibrium data. The following discussion is therefore focused 
on the reactivity patterns in these systems and their comparison 
with similar oxoanion reactions. 

Complexation. Resolution of the dependence of 1 / ~ ~  on the 
square of the ligand concentration leads to a set of apparent 
rate constants which are 1 / [HI2 dependent. Reformulation 
of the expression for the apparent rate constant in terms of 
the stability of the mono complex resolves this hydrogen ion 
dependence and leads to the values for kifpKvL listed in Table 
VI. Upper limits on the two dominant pathways (see eq 7 )  
k64 and k73 cannot be found since KML and K Z L  are unknowns; 
instead, a different approach is taken. 

Use of a literature value for KML of a related aromatic diol 
ligand puts limits on kiyp. The kinetically determined value 
for the V(V)-alizarin complex is appropriate for this purpose; 
viz 1 X lo4 M-' = [H2V04-alizarin]/ [Hv04]  [H-alizarin] .24  
Substitution yields 

1 X lo4 M-' = Kh.IL(KI;l/[H]) = KML(lO-lll/[H]) (12) 

Evaluating this expression at the limits of the pHs studied gives 
the limits of KML and ktSP listed in Table IX. 

Although only estimates, the values of ki$p show an inter- 
esting trend. The limit increases with increasing pH. Forma- 
tion rates of the mono complexes of the oxoanions molybdate 
and tungstate as well as vanadate show increases with de- 
creasing pH.40s41 This behavior was interpreted as being due 
to the higher rate of reaction of protonated oxoanion; e.g., 
HMo04- reacts more rapidly than Moo4*- with respect to 
complex formation. For one system, molybdate with 1,2,4- 
trihydroxybenzene, two relaxation processes were ~bse rved .~ '  
The longer one was assigned to bis complex formation, the rate 
of this reaction increasing with increasing pH. Likewise, kiI;P 
describes the formation of the bis complex. The assignment 
arises from the [L]? dependence, which precludes a two-step 
scheme such as formation of a stable mono-bonded species 
followed by ring closure as shown below (charges omitted for 
simplicity) since then a different ligand concentration depen- 
dence would have been exhibited.38 

l / l H + ]  x10-8(M-1) 

Figure 6. Hydrogen ion dependence of the slopes in the kFpp vs. [L], 
plots for tiron. 

of vanadyl ion present in two types of binding sites.39 
The instantaneous rate equation for production of Q. is 

Q* = k?pp[C~(V)] [HZL] - ~;PP[HCX(IV)] [Q.] (8) 

where 

and F?(") a1 = [HCx(IV)][H]/[H2Cx(IV)], e;('") = [Cx- 
(IV)] [H]/[HCx(IV)]. Expansion of eq 8 around equilibrium 
gives 

(AIQ.1) = (-kobsd)AQ ( 9 )  

where 
- 

kobsd = kfPP([Cx(V)] + [HZL]) + k:PP([HCx(IV)] + [Q.]) 
(10) 

in which the stoichiometric relations A[HCx(IV)] = A[Q.] 
and -A[Cx(V)] = A[HCx(IV)] have been used. Under the 
pseudo-first-order conditions ([L], >> [VI,) of this study, 
[ S I  >> [Cx(V)] which accounts for the first-order depen- 
dence exhibited by the data. 

Equation 10 can be anzlyzed if [ E ]  is replaced by eq 6.  
The least-squares-determined slopes and intercepts of kobsd vs. 
[L], are listed in Table VII. The hydrogen ion dependence 
of these apparent rate constants is 1 /[HI as shown in Figure 
6 for tiron. The explicit expression for kTPP is 

Therefore, the slope and intercept of the k;PP vs. 1/[H] plot 
are slope = k13& and intercept = kL2, leading to the rate 
constant values listed in Table VIII. The intercepts listed in 

0 
I \  

\ I  
0 

VO, + HO-R-OH 2 H,VO,-0-R-0 2 H,VO, R 

This finding supports sixfold coordination around the vana- 
dium center in the mono complex. The rate of bis complex 
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Table VII. Observed Rate Constants for the Reduction of Vanadatea (kobsd, s-') 
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10-2 slpb 
[ tiron] ,, M 

lo9 [ H+], 
M 4.50 x 10-4 1.80 x 10-3 3.00 x 10-3 6.00 x 10-3 9.00 x 10-3 1.20 x 10-2 1.50 x 10-2  int 

10.5 1.30 (0.04) 2.12 (0.07) 2.88 (0.08) 4.90 (0.1 1) 6.72 (0.14) 8.60 (0.15) 10.5 (0.18) 6.34 (0.04) 
1.02 (0.02) 

8.33 1.16 (0.04) 1.96 (0.01) 2.59 (0.04) 4.20 (0.11) 6.01 (0.11) 7.63 (0.21) 9.25 (0.15) 5.60 (0.06) 
0.94 (0.02) 

6.62 1.02 (0.03) 1.67 (0.06) 2.31 (0.03) 3.72 (0.11) 5.24 (0.08) 6.70 (0.09) 8.04 (0.29) 4.89 (0.07) 
0.84 (0.03) 

5.26 0.97 (0.03) 1.45 (0.04 1.98(0.07) 3.35 (0.06) 4.71 (0.12) 5.80(0.16) 7.11 (0.16) 4.28 (0.08) 
0.76 (0.03) 

4.18 0.81 (0.05) 1.31 (0.04) 1.80 (0.02) 2.92 (0.04) 4.07 (0.07) 5.17 (0.10) 6.23 (0.14) 3.77 (0.03) 
0.65 (0.01) 

3.72 0.76 (0.03) 1.25 (0.03) 1.66 (0.03) 2.80 (0.01) 3.73 (0.08) 4.78 (0.08) 5.79 (0.07) 3.55 (0.08) 
0.65 (0.04) 

3.32 0.68 (0.03) 1.19 (0.02) 1.57 (0.03) 2.61 (0.04) 3.54 (0.04) 4.55 (0.05) 5.38 (0.11) 3.29 (0.04) 
0.58 (0.02) 

1.66 0.53 (0.03) 0.93 (0.01) 1.23 (0.04) 2.06 (0.04) 2.83 (0.07) 3.59 (0.06) 4.38 (0.07) 2.68 (0.04) 
0.45 (0.02) 

0.833 0.41 (0.03) 0.82 (0.01) 1.05 (0.02) 1.66 (0.03) 2.29 (0.03) 2.86 (0.03) 3.38 (0.08) 2.05 (0.05) 
0.42 (0.02) 

0.408 0.40 (0.02) 0.66 (0.02) 0.89 (0.03) 1.44 (0.02) 2.02 (0.07) 2.46 (0.05) 2.87 (0.04) 1.76 (0.04) 
0.34 (0.02) 

[6,7-dihydroxy-2-naphthalenesulfonic acid] ,, M 
10-2 slpb 

109[H'],M 1.2 X lo-' 2.4 x 10-3 3.6 x 10-3 4.8 x 10-3 6.0 x 10-3 int 

10.5 2.61 (0.07) 

10.0 2.48 (0.21) 

2.53 (0.10) 

7.43 

2.84 (0.31) 

4.68 2.91 (0.26) 

2.53 (0.17) 

2.09 2.44 (0.21) 

1.66 

1.05 1.79 (0.18) 

3.67 (0.25) 

3.02 (0.22) 

3.18 (0.07) 

3.00 (0.30) 

3.25 (0.25) 

3.14 (0.22) 

2.67 (0.17) 

2.54 (0.21) 

2.14 (0.11) 

1.99 (0.10) 

4.04 (0.12) 

3.66 (0.16) 

3.83 (0.04) 

3.61 (0.28) 

3.79 (0.05) 

3.22 (0.09) 

3.27 (0.21) 

2.67 (0.21) 

2.41 (0.08) 

2.17 (0.13) 

4.66 (0.12) 

4.39 (0.16) 

4.50 (0.08) 

4.23 (0.12) 

4.64 (0.39) 

3.98 (0.06) 

3.74 (0.10) 

3.09 (0.23) 

2.57 (0.12) 

2.34 (0.09) 

5.52 (0.21) 

5.14 (0.10) 

5.29 (0.11) 

4.83 (0.14) 

5.09 (0.17) 

4.42 (0.10) 

4.26 (0.07) 

3.34 (0.16) 

2.89 (0.09) 

2.52 (0.14) 

5.74 (0.16) 
1.95 (0.04) 
5.69 (0.20) 
1.69 (0.8) 
5.65 (0.16) 
1.80 (0.06) 
5.06 (0.5) 
1.79 (0.02) 
5.07 (0.38) 
1.99 (0.14) 
4.01 (0.74) 
2.00 (0.35) 
3.87 (0.27) 
1.91 (0.13) 
2.37 (0.28) 
1.91 (0.13) 
2.03 (0.15) 
1.65 (0.7) 
1.49 (0.18) 
1.62 (0.01) 

[ 3,4-dihydroxybenzoic acid] ,, M 
1091~+1.  M 5.0 x 10-3 1.0 x lo-' 2.0 x lo-' 3.0 X lo-' 4.0 X 5.0 X lo-' 

10.5 7.07 (0.7) 8.64 (0.38) 10.5 (0.7) 12.5 (0.3) 14.7 (0.4) 16.6 (0.4) 

8.33 4.81 (0.27) 5.98 (0.15) 8.54 (0.25) 11.0 (0.77) 11.8 (1.3) 13.7 (1.4) 

6.62 4.41 (0.31) 4.86 (0.29) 6.17 (0.10) 8.22 (0.32) 10.4 (0.5) 12.1 (0.4) 

4.68 4.11 (0.21) 5.40 (0.19) 7.59 (0.38) 9.61 (0.39) 11.5 (0.8) 12.6 (0.3) 

3.32 4.93 (0.25) 6.48 (0.12) 8.27 (0.15) 10.0 (0.2) 10.8 (0.2) 11.9 (0.3) 

10-2slpb 
int 

2.04 (0.05) 
6.4 (0.15) 
2.31 (0.15) 
3.71 (0.20) 
2.08 (0.06) 
4.04 (0.09) 
1.91 (0.09) 
3.40 (0.21) 
1.53 (0.15) 
4.14 (0.35) 

10-2 slpb 
[norepinephrine] ,, M 

1 0 9 r ~ + 1 .  M 7.5 x 10-4 1.5 x 10-3 2.25 x 10-3 3.0 x 10-3 3.75 x lo--; int . ~I 

5.90 4.7 (0.3) 5.3 (0.6) 6.4 (1.0) 7.5 (0.8) 8.6 (0.8) 14.2 

3.32 4.2 (0.5) 5.7 (0.8) 8.2 (0.4) 17.5 

1.32 4.2 (0.9) 5.1 (1.0) 6.3 (1.0) 7.3 (0.8) 14.7 

a [VI, = 2.75 X 10.' M, ionic strength 0.5 M. kobsd = (slp) [L], + int. 

formation does not increase with increasing proton availability, 
since the reacting mono complex apparently does not undergo 
further appreciable change upon protonation. The ligand, 
however, is a better nucleophile as the pH increases, since the 
unprotonated attacking sites substitute more readily. 

The high errors involved in the intercepts preclude any 
meaningful analysis of the rate constants involved in the 
breakdown of the bis complex. However, the values of kfgP 
are approximately 30 s-l for tiron and norepinephrine and 20 
s-' for 6,7-dihydroxy-2-naphthalenesulfonic acid. The quo- 
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Table VIII. Resolved Rate Constants for the 
Oxidation-Reduction Step 

Ferguson and Kustin 

dence observed involves the mono complex. But this mono 
species is not the dominant species formed on complexation, 
as seen in the complexation study. 

A similar pattern of complex formation followed by a redox 
reaction was indicated by the observation of a third-order 
ligand dependence in the oxidations of cysteine and gluta- 
t h i ~ n e ~ ~  and thioglycolic acid43 by molybdate. No detailed 
mechanistic assignment was made in these studies. 

The participation of protonated ligand forms in the major 
reaction pathways facilitates the reaction. This effect may 
well be due to the availability of the protons upon electron 
transfer, which aids in stabilizing the V(1V) species formed. 

The Cx(V) complex is an octahedrally coordinated cis-dioxo 
bis(1igand) species 

b;b //” 
V(V)  

0’ I \\o 
L o  

CO = bidentate ligand 

The product HCx(1V) complex is a monooxo bis(1igand) 
species 

0 g; po) ‘ 0  

HO 

The sixth position in HCx(1V) would be occupied by a loosely 
bound hydroxide or water molecule. These simplified struc- 
tures show the radical changes which occur upon electron 
transfer. 

Assuming that electron transfer takes place through the oxo 
system of the metal, the protons which are released upon 
semiquinone formation can be taken up by an oxo ligand. This 
process forms a hydroxide ligand; it leads, with only minor 
internal rearrangement, to the HCx(1V) product. Diagram- 
matically 

0 0 n 

ligand sip, inta(k12)b k , , C  pK, 

tiron 6.18 X 254 155 7.40 
6,7-dihydroxy-2- 3.18 x 1.0 x l o 3  39.1 8.09 

naphthalene- 
sulfonic acid 

norepinephrined 3.23 X 1.75 X l o3  1410 8.64 
5.26 X lo-’ 1.55 X l o 3  2636 9.70 

3,4-dihydroxy- 3.38 X lo-’ 206 228 8.83 
benzoic acid 

a k % p p =  (slp)(l/[H]) + int; values listed are the least-squares 
parameters defined by this equation. 
K k 2 .  
values have been used, although pK, = 8.64 generates a more con- 
sistent set of values. 

Table IX. Limits on kf:P” 

int = k12. k13 = (sip)/ 
Due to  an ambiguity in the assignment of the pK,’s both 

tiron 6.2 X l o6  6.2 x 107 
6,7-dihydroxy-2- 9.1 x 104 9.1 x i o 5  

naphthalenesulfonic acid 
norepinephrine 4.2 x 105 4.2 X l o b  

1.74 X IO6 1.74 X 10’ 

a Defining k ; F p K ~ ~  from Table IV and using the values of 
K M L  = 1.26 X lo7 at pH 8 and K M ,  = 1.26 X l o 6  at pH 9. 

tients of the kt$’P limits divided by k!$P are consistent with the 
estimated value of KML used to derive the values presented in 
Table IX. 

Oxidation-Reduction. Analysis of eq 11 (the equation for 
kfPp) shows that the 1 / [HI-dependent pathway corresponds 
to the reaction of HL + Cx(V) (k13). The intercept of the 
plot of k;Pp vs. 1/[H] corresponds to the hydrogen ion inde- 
pendent pathway H2L + Cx(V) (k12). 

Further analysis is not possible. The stability constants and 
Eo values for the redox couples involved are not available for 
the basic conditions of this study. These data would be nec- 
essary for the establishment of a Marcus outer sphere corre- 
lation. Thus, although this correlation has been shown for the 
corresponding redox reactions in acidic media,23a it has not 
been established for the reaction in basic media. An outer 
sphere mechanism is most reasonable, however. 

The major argument against an inner sphere pathway is the 
improbability of tris complex formation. Under the conditions 
of excess ligand, complexation leads to the predominant for- 
mation of the bis complex V02L2. In order for a rate law for 
the inner sphere mechanism to show an [L] dependence, an- 
other ligand would have to coordinate to the metal center. 
Formation of this tris complex would require the loss of at least 
one of the oxo ligands of the bis complex, which is unlikely 
as the oxo-metal bond is very strong. Alternatively, the mono 
or bis complexes may undergo inner sphere electron transfer. 
The only pathway which would lead to the simple [L] depen- 

Table X. Values of k p  and K z x  

V(V) V(IV) 

The plots of koM vs. [L], display another feature of the redox 
reaction. The positive intercepts indicate a finite reversibility 
in the steady state which is established before significant fur- 
ther degradation of the semiquinone and quinone products can 
occur. The intercept can also be interpreted as a ligand-inde- 
pendent pathway for oxidation. Such a pathway would, under 
the excess ligand conditions, involve simultaneous spontaneous 
inner sphere electron transfer within Cx(V) and the outer 
sphere transfer with Cx(V) + HL. 

-. 
kminc Kmax d 

ligand sip, intb kzrinC 31 eq  

tiron 8.9 X 10’ 0.36 1.6 X 10’’ 6.5 x 103 2.4 X IO-’ 
6,7-dihydroxy-2- 3.3 x 107 1.55 6.0 X 10’’ 2.8 x 104 1.4 x 10-3 

3,4-dihydroxybenzoic acid 2.6 X IO8 2.25 4.7 x 10l2 4.1 x 104 5.6 x 10-3 
naphthalenesulfonic acid 

norepinephrineP 3.0 5.4 x l o 4  2.6 X lo-’ 
4.8 X 10.’ 

a Slope of the plot of the intercepts (from the kobsd vs. [Lit plots) vs. [HI and defined as + [ ~ ] ) / K ~ ~ c x ( * v ) .  Intercept 
Minimum values found by es- of the plot of the intercepts (from the kobsd vs. [Lit plots) vs. [HI and defined as k31,([HCx(IV)] + [Q-I). 

timating the maximum value of ([Hm] + [-]) as 2[V(V)],. 
pK,’s both values have been used, although pK, = 8.64 generates a more consistent set of values. 

KFx = kl , /kTn.  e Due to an ambiguity in the assignmcnt of the 
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The presence of unknown species concentrations in the 
equation defining k:PP allows only qualitative analysis of the 
rate constants involved. Let 

int = k:PP[HCx(IV)] + [Q.] 

Estimating the upper limits of [HCx(IV)] and [GI as being 
the total concentration of V(V) capable of forming the prod- 
ucts, we can make some qualitative estimate of kfPP(min). If 
( [HCX(WI + [Gl>rnax = ~ [ v ( v ) I ~ ,  then 

k:PP(min) = int/2[V(V)lt (14) 

A number of the ligands (notably tiron) show a hydrogen ion 
dependence in the value of the intercept. Substitution of the 
explicit equation for k:PP gives 

This equation allows calculation of the [H’] dependence of 
the intercepts, with the slope and intercept corresponding to 

int = kP(2[V(V)It)  

In ,the case of tiron these values are 1.6 X 1OI2 M-2 s-l = 
kF/KBCX(IV) and 6.5 X103 M-’ s-’ = k;t’”. Since the 
values of KFjcx(*v) are unknown, no further progress may be 
made with k p .  

However, some estimation of the maximum value for the 
equilibrium constant for the reaction can be made (cf. eq 8a,b) 
since 

~ I ~ [ C X ( V ) I [ H L I  - ku[HCx(IV)I[Q*l = rQ.1 = 0 (17) 
a t  equilibrium. Solving for PqaX gives 

Substitution for the tiron data yields a Pqax of 2.4 X lo-*. 
Obviously, the process involved is unfavorable. The reaction 
is driven not through the thermodynamics but by the further 
irreversible reaction of the semiquinones formed. Reaction 
with other Cx(V) species or by self-quenching leads to quinone 
species. Quinones readily undergo irreversible oxidative ad- 
dition with available nucleophilic species (OH-) present. 
Values for kF/K%Cx(lV), k;t’”, and e are listed for all lig- 
ands in Table X. 
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