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Abstract This paper presents the kinetic results of malonate 
replacement with oxalate 

The kinetics of malonate replacement in bis- 
(malonato)oxovanadate(IV), [VO(mal),H,O] *-(here- 
after water molecule will be omitted), by oxalate has 
been studied by the stopped-flow method. The 
reaction was found to consist of two consecutive 
steps (kr and k2: first-order rate constants) passing 
through a mixed ligand complex, [VO(mal)(ox)]*-. 
The rates for each step depended linearly on the 
concentrations of free oxalate species, Hex- and 
ox*-. The second-order rate constants for the 
replacement by ox*- were much larger in the kl 

step than in the k2 step and the activation parameters 
were determined as follows: AH’ = 43.5 + 5.6 kJ 
mol-’ , AS+ = -53 f 19 J K-r mol-’ and AH’ = 
43.6 + 0.5 kJ mol-‘, AS’ = -62 + 2 J K-’ mol-’ for 
the kl and k2 steps, respectively. The volume of 
activation was determined to be -0.65 f 0.75 cm3 
mol-’ at 20.2 “C by the high-pressure stopped-flow 
method for the apparent rate constants. 

[VO(mal),] *- t 20x*---\ [VOW] *- t 2ma12- 

(1) 

by means of the stopped-flow and high-pressure 
stopped-flow methods. 

Experimental 

Introduction 

Despite a number of kinetic studies on ligand 
substitution reactions in oxovanadium(IV) complexes 
[ I- 151, kinetic behavior of bidentate ligands has not 
been well understood. In ligand exchange reactions 
between coordinated and free ligands in [VOL2]*-, 
where L = malonate (mal) [6] and oxalate (ox) [7], 
the rates were found to depend on the concentrations 
of free ligand species, L*- and HL-. On the other 
hand, the rates for replacement of glycinate in 
VO(gly)* (gly = glycinate) by oxalate were indepen- 
dent of the concentrations of free ligand [8]. It needs 
more kinetic results including activation volumes to 
further understand substitution mechanisms in oxo- 
vanadium(IV) complexes. 

An oxovanadium(IV) perchlorate solution was 
prepared by mixing stoichiometric amounts of oxo- 
vanadium(IV) sulfate and barium perchlorate (Wako 
Pure Chemical Ind., Ltd.) in aqueous solution, 
followed by the filtration of resulting barium sulfate. 
The concentration of VO*+ in solution was deter- 
mined by titration with a standard KMn04 solution. 
Reagent grade malonic acid (Wako), sodium oxalate 
(Wako), and sodium perchlorate (Wako) were re- 
crystallized twice from aqueous solutions before use. 
The ionic strength was adjusted to 1.0 M (M = mol 
drn-j) by using sodium perchlorate. A Shimadzu UV- 
365 spectrophotometer was used for measurements 
of UV-Vis absorption spectra. The pH of solutions 
was measured with a Toa IM-20E pH meter. A Union 
Giken RA-401 stopped-flow spectrophotometer and a 
Hikari Kogaku FIT3A high-pressure stopped-flow 
apparatus were used for kinetic measurements. 

Results and Discussion 

*Author to whom correspondence should be addressed. 

The solution of [VO(mal)2]2-, which was pre- 
pared in excess malonic acid, was stable and resistant 
to hydrolysis up to pH 6. In Fig. 1, the W-Vis 
absorption spectrum of the above solution was the 
same as that of [VO(mal),]*- which was reported in 
the earlier paper [6]. Addition of excess Na20x gives 
a spectrum which was consistent with that of 
[VOW]*- [7, 81. Since [VOW]*- was the only 
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Fig. 1. Absorption spectrum of [VO(mal),]*- (1) and change in the spectrum by addition of small amount of Na20x (2-6). The 
conditions are as follows: [VO*‘] T = 0.0106 M, [H2mal]T= 1.00 M; the pH of solutions was adjusted to 5.10 at 20 “C. Con- 
centrations of added Nagox: 2, 0.00125; 3, 0.00250; 4. 0.00500; 5, 0.00750; 6, 0.0100 M. Spectrum (7) exhibits that of 
[v0(0~)2]*-. [HzOX]T= 0.100 M. 
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Fig. 2. A typical stopped-flow trace obtained under the fol- 
lowing conditions: [VO(mal)2]*- = 0.0107 M, [Nazox]T= 
0.100 M, and pH = 5.32 at 23.8 “C. 0: pseudo-first-order plot; 
0: nonlinear least-squares fit based on eqn. (2). Measurements 
were carried out at 759 nm, where the best stopped-flow 

traces were obtained. 

product of the reaction between [VO(mal)2]2- and 
excess Na20x solutions, the stoichiometry can be 
written by eqn. (1). 

Kinetic data were obtained from the change in 
absorbance at 7.59 nm by use of the stopped-flow 
apparatus. A typical stopped-flow trace is illustrated 
in Fig. 2 together with a pseudo-first-order plot 
In@, -Ar) versus time, where At and Af refer to 
the relative absorbances at times f and infinity, 
respectively. It can be seen in Fig. 2 that the pseudo- 
first-order plot deviates from a straight line suggesting 
that the reaction consists of two consecutive steps 
expressed by 

[VO(mal)2]2-kl(Int) kz w(ox)212- (2) 

where kl and k2 represent first-order rate constants 
and (Int) denotes an intermediate complex. The 
stopped-flow traces were analyzed by means of a 
nonlinear-least-squares method, where kl, k2 and the 
molar extinction coefficient of (Int), eInt, were used 
as unknown parameters to fit the following equation 

P71. 

A, - Af = A exp(-klr) t B exp(-k2t) (3) 
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where 

A= 
(Emt - eA)kl + @A- EC&2 

k2 - kt 
w2+1 T 30 

B = (EC - %dh 
kz -kl 

w2+1 T 

and eA and eC, molar extinction coefficients of 
[VO(mal)2]2- and [VO(OX)~]~-, are 37 and 27 M-’ 
cm- ’ at 759 nm, respectively, and [V02’], refers 
to the total concentration of VO’+. As is seen in 
Fig. 2, calculated values agree well with the observed 
trace giving the best-fit values for kl, k2 and eInti 
Under the condition in Fig. 2, these values were 
determined as follows: kl = 24.7 s-l, k2 = 7.48 s-l, 
and elnt = 31 M-’ cm-‘. 

It should be noted, however, that the mathemati- 

10 

cal analysis for such a consecutive reaction as eqn. (2) 
yields an alternative solution with a different set of 
parameters, ki, kl and E ht [17], where ki = k2, ki = 
kl and 
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Fig. 3. Plots of kt or k2 vs. [ox’-] at 23.8 “C. 0: kl, & k2. 

&=EA+ 
kr(eInt - eA) 

k2 
(4) 

The value of ekt is calculated to be 17 M-’ cm-‘. 
Additional experiments were carried out to 

On the assumption that [VO(mal)(ox)12- is formed 
stoichiometrically, the molar extinction coefficient 
of [VO(mal)(ox)]2- is calculated roughly to be 32 
M-’ cm-‘. These results support the former solution 
for k, and k2 with eInt = 3 1 M-’ cm-‘. 

estimate the approximate value of molar extinction 
coefficient of (Int) and to choose between eInt and 
&. The change in the absorption spectrum of 
[VO(mal),]*- due to the addition of a small amount 
of Na,ox is shown in Fig. 1. The spectra obtained in 
this way have an isosbestic point at 660 nm. Since 
the spectrum of [VO(OX)~]~- does not pass through 
the above isosbestic point, the intermediate complex 
differs from [VO(mal),] 2- and [VOW] 2- and it 
seems most likely that the intermediate is a mixed- 
ligand complex, [VO(mal)(ox)] 2-. The reaction can 
be written by 

[VO(mal),] 2- t ox ‘- =L+ [VO(mal)(ox)] 2- + ma12- 

(5) 

The values of kl and k2 were determined under a 
variety of conditions. The results obtained at pH 
5.3-5.5 (Fig. 3) where 0x2- is the major species, 
reveals that both kl and k2 are of first order in 

p2-1 g ivin second-order rate constants as follows: g 
l,0X = 247 M’ s-l and k2,,, = 74.7 M-r s-’ at 

23.8 “C. The values of kl and k2 obtained at various 
pH values are summarized in Table I. Both kl and k2 
are independent of pH in the high pH region (pH > 
5.3) but increase as pH decreases below 5.0. This fact 
indicates that the rates are accelerated by hydro- 
genoxalate ion Hex-, because [Hex-] exceeds 3% at 
pH below 5.0. These results lead to the following rate 
laws for kl and k2 

kl = kl,oxbx2-l + kl,mx[Hox-1 (64 

TABLE I. Observed Rate Constants for Malonate Replacement by Oxalate in [VO(mal)2]*- at 20 “C at Various pH Values 

PH [0x2-] (M)a [Hex-] (1O-3 M)a kl (s-l) kz (s-l) 

4.48 0.0895 10.5 40.3 7.55 
4.13 0.0942 5.84 31.5 6.33 
4.85 0.0952 4.11 29.7 6.38 
5.00 0.0966 3.43 25.2 5.86 
5.28 0.0982 1.83 20.9 5.59 
5.68 0.0994 0.65 18.2 5.41 
6.12 0.0997 0.27 19.1 5.69 

a [Na20x]o = 0.100 M. The concentration of ox 2-and Hex- were calculated by using values pK = 3.55 and pK = 1.01, respective- 
]Y 1161. 
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[Hex-] / 1O-2 M 

Fig. 4. Plots of {kl - kl,,,[ox *-I) or Ckz - kz.o,lox*-l> 
vs. [Hex-1. [VO(mal)2]*- = 0.0107 M and [Nazox]T = 

0.100 M at 20 “C. 

kz = kz,,, [ox*-1 + kz, m,x Wox-I, (6b) 

where kl, ox and kl, Hex, and k2, ox and k2, Hex refer to 
second-order rate constants for kl and k2 with ox*- 
and Hex-, respectively. If eqns. (6a) and (6b) are 
correct, plots of {k, - kl ox[ox2-]} or {k, - k2,0x- 
[ox*-] } versus [Hex-] ‘should give straight lines 
passing through the origin. As is shown in Fig. 4, the 
plot for kl is linear passing through the origin, and 
the plot for k2 has a small intercept. However, con- 
sidering relatively large errors in calculations, we 
assume that this intercept value is not significant and 
that eqn. (6b) is valid. The second-order rate constant 
with respect to Hex-, kl Hox, is determined to be 
(2.21 f 0.1) X lo3 M-’ s-l at 20 “C. The value for 
k 2, Hox is roughly estimated to be 2.9 X lo* M-’ s-l 
at 20 “C. It was also found that both kl and k2 are 
independent of the total malonic acid concentration 
[H2mallT (Fig. 5). 

From the results obtained at various temperatures 
(Table II) the activation parameters were determined 
for kr,,, and k.,,. The results are listed in Table III 
together with those of related ligand substitution 
reactions in oxovanadium(IV) complexes. 

Kinetic experiments were also carried out at 
various pressures up to 170 MPa by use of the high- 
pressure stopped-flow apparatus. Since kl and k2 
were difficult to calculate from stopped-flow traces 
obtained under high pressure, an apparent first-order 
rate constant k,, was determined at various pres- 
sures. A plot of ln k,, versus pressure (Fig. 6) shows 
a straight line yielding the volume of activation as 
follows: AI@ = -0.65 + 0.75 cm3 mol-’ at 20.2 “C. 
Similar experiments were performed for the replace- 
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Fig. 5. Plots of /cl or k2 vs. total malonic acid concentration 

[H2mal]T. 0: k,,A: k2. 
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Fig. 6. A plot of In kapp vs. pressure. [VO(mal),]*-= 0.0188 

M, [Na2ox]T= 0.125 M and pH = 5.26 at 20.2 “C. 

TABLE II. Second-order Rate Constants for Malonate 
Replacement by Oxalate in [VO(mal)2]*- 

Temperature (“C) kl.,, (M-’ s-l) kz.ox (M-’ s-l) 

20.5 183 59.2 

23.8 241 14.7 

24.2 263 74.8 

26.4 294 86.3 

31.9 317 120 

ment of glycinate in VO(gly), by oxalate (eqn. (7)) in 
order to compare the results in these reactions. 

WglY)* 
kmw 

’ (Int), -%!zL [vo(ox)*]*- 

(7) 
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TABLE III. Rate Constants and Activation Parameters for Ligand-substitution Reactions in Oxovanadium(IV) Complexes 

Reaction 

[VO(mal)2]*- + 20x*- + [VO(ox)2] *- 

kl,OX 

k2,ox 

VO(gly), + 20x*- + [vo(ox)*]*- 

kl(tzlY) 

ox*- exchange in [VO(ox)2]*- 

Hex- exchange in [VO(ox),]*- 

aFirst-order rate constant. 

AH+ 

(kJ mol-‘) 

43.5 + 5.6 

43.6 f 0.5 

51.2 

39.8 + 1.9 

51.0 f2.6 

As+ 
(J K-l marl) 

-53 f 19 
-62 + 2 

-55 

-51.6 +5.8 

-1.6 + 8.6 

Rate constant (20 “C) 
(mol-’ s-l) 

253 

78.5 

11.3a 

1.3 x 103 

2.9 x lo3 

Reference 

this work 

this work 

8 

7 

I 

OH2 OH2 OH2 

I LVo(mal1 1 
2- 
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2 V VI [vO(mal) (ox) 1 
2- 

Fig. 7. Proposed mechanism for malonate replacement in [VO(mal)2]2- by oxalate. Malonate and oxalate are represented by 
O-C-O and O-O, respectively. 

where kl(gly) and b(ti,.) are first-order rate constants. 
The value of Avf was determined to be 3.77 + 1.83 
cm3 mol-’ at 19.7 “C. 

In a previous paper [8], (Int& in eqn. (7) was 
assigned to a mixed-ligand complex, [VO(gly)(ox)]-, 
and the rate determining steps were proposed to be 
the rupture of V-N bonds in VO(gly)* and [VO(gly)- 
(ox)]- for /cl(&) and k2cglyj steps, respectively, 
because both klta,,) and k2cglyJ were independent of 
free ligand concentrations, [ox*-] and [Hex-1. 
Similar results were obtained in the present study, i.e. 
the reaction consists of two consecutive steps passing 
through the mixed-ligand complex. However, unlike 
the results in the preceding study, both kl and k2 
depend linearly on [ox*-] and [Hex-1. From these 
results, we propose the following mechanism which is 
illustrated in Fig. 7. 

The reaction is initiated by opening one of the 
chelate rings of ma1 and thereby forming complex II. 
Complex II is attacked by ox*- and/or Hex- and 

forms complex III, and then considerably stable 
complex IV. For glycinate replacement by oxalate 
(eqn. (7)), the rate determining step was the initial 
ring opening because of the relative inertness of 
-NH2 in glycinate compared with -COO-, while in 
the present study, the rate of ring closure (II + I) of 
malonate coordinated as a unidentate ligand is 
expected to be much faster than that of replacement 
(II + III) by -COO- in the outer coordination- 
sphere. Consequently, the path II + III controls the 
rate and k, depends linearly on [ox*-] and/or 
[Hex-1. In the same way, the k2 step can be 
explained by the process from IV to VI. About the 
same values of activation enthalpy for kl, ox and k2, ox 
support the similarity in the reaction mechanism of 
these steps. 

The values of kl are larger than those of k2 under 
all the conditions studied. This is partly accounted 
for by the fact that the probability of the ring 
opening of malonate in complex I is twice higher than 
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that in complex IV. As complex IV is expected to be 
smaller in size than complex I, the electronegativity 
of complex IV seems relatively higher than that of 
complex I. This may also be responsible for the 
slower exchange rate in complex IV than in complex 
I from the standpoint of the electrostatic repulsion 
between the negative ligands and complexes. As a 
matter of fact, much smaller values of kl,,, and kz,,, 
than those of kl,Hox and kz,Hox can be explained by 
the stronger electrostatic repulsion between ox*- and 
complex I or IV as compared with the repulsion 
between Hex- and complex I or IV. Similar results 
were reported in an earlier paper [7] for oxalate 
exchange in [VOW] *-. 

The fact that both k, and k2 are independent of 
[H2mal] indicates that the reverse processes IV-1 
and VI + IV can be ignored. 

The value of -0.65 cm’ mall’ for activation 
volume in the malonate replacement (eqn. (1)) is 
smaller than that of 3.77 cm3 mol-’ for activation 
volume in the glycinate replacement (eqn. (7)). The 
results are consistent with the following fact: the 
rates are dependent on the concentration of free 
ligand in the malonate replacement, i.e. partly 
associative in the path II -+ III, while independent of 
the concentration of free ligand in the glycinate 
replacement, where the rupture of the V-glycinate 
bond is the rate determining step. 
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