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9CO]J+, 372 [Rea]*, 226 [4,4'-dimethylthiobenzophenone].

Thermolysis of 4,4'-Dimethylthiobenzophenonedirhenium Nona-
carbonyl [5, R1 = R2 = CH3]. A methylcyclohexane solution (100
mi) of the dirhenium nonacarbonyl complex 8§ [R1 = Rz = CH3] was
refluxed for 24 h. Work-up as described for 5, R1 = R2 = OCH3,
gave the orange-red ortho-metalated complex 2, R1 = R2 = CH3,
as an oil in 68% yield.

Anal. Caled for Ci9H1304SRe: C, 43.58; H, 2.50; S, 6.10. Found:
C, 43.99; H, 2.57; S, 6.06.

Ir (CHCI3), vco: 2085 (m), 1988 (vs), 1975 (vs), 1928 (s) cm™!,
Mass spectrum (m/e): 523 [M]*, 495 [M - CO]J+, 467 [M - 2CO]+,
439 [M - 3COJ+, 411 [M - 4CO]}+.
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The kinetics of the complex formation reaction of pervanadyl ion with ethylenediamine-N,N'-diacetic acid (EDDA),
N-methyliminodiacetic acid (MIDA), and nitrilotriacetic acid (NTA) has been studied spectrophotometrically by means
of a stopped-flow technique. The rate of formation of the pervanadyl aminopotycarboxylate is expressed as d[VO2Y!-7] /d¢
= k+H[VO2+] [Hm Y] - k- [VO2Y -] [H+]m, where k* = 10803 M~! s-1, k- = 10316 M-1 571, ;s = 1, and n = 2 for EDDA;
kt = 10339 M- 571, k== 10276 M-! 57!, m = 1, and n = 2 for MIDA; k+ = 10513 M1 571 k- = 10270 M-2s 1, m =
2,and n = 3 for NTA, all at 25 °C and / = 1.0 M (NaClOs). Lower rate constants for the reaction of VO2* with protonated
MIDA and NTA are interpreted by the relatively slow step of proton migration from protonated nitrogen. In the case
of VO2+-EDDA, the reaction proceeds with the loss of the first water molecule from the aquated VO2* as a rate-determining
step. Mechanisms are proposed for the complexation reactions of the protonated ligands and some discussions are made

on the difference in the reactivities of these ligands.

Intreduction

Because of the lack of information concerning the solution
equilibria of the vanadium(V) cation (pervanadyl ion is
represented as VO27t in acidic solution), few studies of
complexation kinetics involving pervanadyl ion have been
undertaken. Only the kinetics of complexation reactions with
hydrogen peroxide! and ethylenediamine-/V,N,N',N'-tetraacetic
acid? have been reported so far. The reaction of pervanadyl
ion does not seem to be well understood; we hoped to obtain
information about the characteristics of this oxo cation from
studies on complexation kinetics.

We have studied the hydrolysis reaction of pervanadyl ion3
and the complexation equilibria with some aminopoly-
carboxylates.# The present paper describes the kinetic results
on the complexation reaction

VO,* + Y = VO,Y

where Y' refers to aminopolycarboxylate ion such as
ethylenediamine-V,N'-diacetate (EDDA), N-methylimino-
diacetate (MIDA), and nitrilotriacetate (NTA). We have
utilized the stopped-flow technique to study the reaction.

Experimental Sectien

Reagents. Methods of preparation and standardization of the
reagents {pervanadyl perchlorate, EDDA, MIDA, NTA, sodium

perchlorate, and sodium hydroxide) have been described previously.4

Measurements. All experiments were carried out in a room
thermostated at experimental temperature to £0.5 °C. The ionic
strength was maintained at 1.0 M with sodium perchlorate. Hydrogen
ion concentration was determined by a Radiometer pH meter (PHM
22 Type) with a calomel electrode filled with saturated sodium chloride
as an internal solution instead of saturated potassium chloride. A
1.000 X 102 M perchloric acid solution containing 0.99 M sodium
perchlorate was employed as a standard of hydrogen ion concentration
(~log [H*] = 2.000) and the liquid junction potential was taken into
consideration.4

The kinetics of complexation were studied spectrophotometrically
by means of a stopped-flow analyzer, RA 1100 (Union, Ltd., Hirakata,
Japan) equipped with a transient recorder (Union RA 108 S). The
pervanadyl and the aminopolycarboxylate solutions were brought to
temperature equilibrium in a bath kept at a given temperature to £0.1
°C and then transferred to the thermostated mixing syringes. The
changes in absorbance at 270 nm were recorded as a function of
reaction time. In all kinetic studies aminopolycarboxylates were present
in sufficient excess to ensure the pseudo-first-order reaction.

Results

Under the present experimental conditions the complex
formation equilibrium is written as4

k+
vo," + v =X vo,y M
kR oH,Y)
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Table 1. Conditional Rate Constants X *o(H edda) 21d
k™ o(H edda) of the Complexation Reaction of V(g,‘,‘
with EDDA at 25 °C®

10°Cgppa, k*o(H,edda)y K o(H edda):

M —-log [H*] st s
4.99 2.89 68.3 2.0
2.82 50.2 2.0

2.77 40.4 2.3

2.66 317 33

2.56 24.1 44

2.50 19.2 4.9

241 12.8 5.7

2.31 8.8 7.3

2.27 6.8 7.5

2.23 5.7 7.9

2.16 3.8 8.5

2.00 2.28 2.9 7.3
3.19 2.27 4.2 7.3
3.99 2.32 7.0 6.8
5.99 2.33 10.5 6.4
7.18 2.35 1356 6.1
7.98 2.35 14.2 5.7

%Cyop,=1.23 % 10™ M;7=1.0 M (NaClO,).

where Y' denotes the aminopolycarboxylate not combined with
pervanadyl ion. For the reaction with a large excess of hy-
drogen ion and Y', the rate equation can be expressed as

d[VO,Y)dt =k* oy [VO2' ]~ K ouy) [VO2Y] ¢))

where k+o(H,Y) and k—o(H,Y) are the forward and backward
conditional rate constants involving concentrations of hydrogen
ion and aminopolycarboxylate respectively. The rate plots of
In [(A= — A0) /(A= — A:)] vs. t were linear for over 90% of
the reaction (Ao, Ar, and 4« are the absorbance of the reaction
systems at reaction times 0, ¢, and «, respectively). Then the
conditional rate constants (k*o(H,Y) + ko(H,Y)) Were deter-
mined from the slope of this plot. On the other hand, the ratio
of the conditional rate constants is given by eq 3, where Kvo.y,

K o)k ory) = Kvo,yCy /oy (3)

Cy, and ay(n) refer to the formation constant of a 1:1 per-
. ‘vanadyl-aminopolycarboxylate complex, the total concen-
* tration of aminopolycarboxylate, and the side-reaction
coefficient of aminopolycarboxylate taking into account its
protonation, respectively.

Knowing the hydrogen ion concentration in the reaction
mixture, we obtain the ratio of the conditional rate constants
from eq 3 (each value is the average of at least three de-
terminations). For the VO2+-EDDA system values of the
conditional rate constants at various concentrations of hy-
drogen ion and EDDA are given in Table 1.

These data indicate that k*o(H edda) does not linearly depend
upon the concentrations of hydrogen ion and EDDA. Taking
into account all the species involved, we have 15 possible
reaction paths involving VO2+, HVO3, and VO3~ for vana-
dium(V) and Haedda2*, Hieddat, H2edda, Hedda-, and
edda?- for EDDA. Then the overall rate equation for the
forward reaction of the VV-EDDA system is expressed as (4),

U'eDDA =K' o(11,eaam [VO2'] = (k1 [VO,"] + k, [HVO3] +
k3 [VOs])(ks [Heedda?'] + ks [Haedda®] +
k¢[Hoedda] + k,[Hedda™] + kg [edda®™]) @

CEDDA being equal to aedda(H)[edda2-]. The conditional rate

constant k*o(H,edda) is given as in (5), where Bn¥ and BmY refer

Cedda(e)X " o(H edan)/CEDDA = (K1 + K28,V [H']™! +
kaB2V[H] ) (ks + kB Y [H'] + ko8, Y [H']* +
kqBsY [H*]? + ksB Y [H']*) )
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Figure 1. aeaqa(u)k "o(H,edda)/CEDDA as a function of hydro-

gen ion concentration; Cyg, =1.23 X 107* M, Cgppa = 4.99 X
107* M, 7=1.0 M (NaClQ,), 25 °C.

to the overall hydrolysis constant for VO2* 3 and the overall
protonation constant for EDDA,* respectively: fn' =
[VO2(0H)nl-#][H*]#/[VO2+]; BmY = [Hmeddam-2]/
([H*]m[edda2"]). Plot of the logarithmic value of the left-side
of eq 5 against —log [H*] (Figure 1) yields a straight line with
a slope of —1. ;

Three paths are considered to be possibly relevant to the
reaction, i.e.

U'eppa = 105 [V0,*][Hedda™]
=10%®[HVO;][H,edda]
=10%47 [VO,"] [Hsedda*]

at 25 °C. Though we cannot stoichiometrically distinguish
these three possibilities, we should be able to choose one
reasonable pathway from possible alternatives.

It is generally established that complex formation in aqueous
solution involves rapid equilibrium of an outer-sphere complex
with a metal ion and a ligand followed by the rupture of an
inner-sphere coordinated water molecule (rate-determining
step).5 The effect of the attached group on the exchange rate
of coordinated water at metal ion has been successfully in-
terpreted.6 The relative water-exchange rate is related to the
electron-donating properties of the ligand coordinated to the
central metal ion’ by

. log (kma 20k Ha0) =vE,

where kMA~H:0 and kM—H:O denote the rate constants of water
exchange at MA and M, respectively, and En and + refer to
the electron donor constant of the attached ligand A8 and the
constant characteristic of the metal ion,” respectively.?

As v value is around unity for hard and borderline Lewis
acids,!0 the reactivity of the hydrolyzed species HVOj is
anticipated to be only about 10 times as high as that of the
corresponding aquo ion VO2+, Moreover Hedda~ seems to
be much more reactive than Hedda and Hiedda* as indicated
by the results from other systems.!! Thus the respective
reactions of Hzedda and Hieddat with minor species HVO3
and VO3~ cannot be regarded as important paths: this
complexation should proceed through the reaction path in-
volving Hedda- and the predominant species VO2*.

For the backward reaction k—o(H.edda) is found proportional
to the concentration of hydrogen ion and independent of the
EDDA concentration (Table I). Thus we have

UEDDA = K o(11 edda)[VO2(edda) ] =
k“eppa [VO2(edda)”] [H']
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Table Il. Conditional Rate Constants K411, mida) and
k”o(H mida) of the Complexation Reaction of VO,*
with MIDA at 25 °C®

10°CmiDA> K*o(H . mida)s ¥ o(H mida)

M —log [H*] s7! st
2.00 1.98 15.4 5.4
1.87 12.3 6.9

1.77 10.3 9.3

1.67 8.0 13.0

1.60 7.1 16.2

1.54 6.2 20.8

1.48 4.3 20.8

1.43 3.6 221

3.00 1.87 17.0 6.4
1.71 10.6 9.0

1.59 9.6 15.8

1.48 7.0 22.3

1.00 1.84 6.0 7.9
1.64 34 15.0

% Cyvo, =2.20x 107 M;7= 1.0 M (NaClO,).
0o,

Table III. Conditional Rate Constants k*o(H nta) and X "o(H nta)
of the Complexation Reaction of VO,* with NTA at 25 °Ce

10°CnTA, k*o(H.nta)s K o(H,nta)
M “log [HY] 5T s
592 1.15 56.2 2.2
1.05 39.7 3.8
0.96 29.9 6.3
0.89 234 8.9
0.82 18.3 13.0
0.77 14.0 15.5
0.71 10.1 18.5
0.68 8.7 20.8
0.64 7.9 26.3
0.60 58 28.0
2.96 1.18 32.5 2.2

e Cvo, = 2.02 x 107* M;7/=1.0 M (NaClO,).

The results for MIDA and NTA systems are summarized in
Tables II and III, respectively.

In the VO2*-MIDA system the plot of log amida(H):
k+*o(H,mida)/ CMIDA against —log [H*] yields a straight line
with a slope of —1. This result conforms to the rate equation

VMDA = & ot mida)[VO2"] =k mipa [VO," | [Hmida™]

For the backward reaction k o(H,mida) is found proportional
to the concentration of hydrogen ion and independent of the
MIDA concentration

UMIDA = K o(H miday[VO2(mida) "] =
k "Mmipa [VO2(mida)~][H*]

For the VO2*—-NTA system the same procedure was followed
and we obtained the rate law

v nra = K onta)[VO2'] =K n1a [VO, ] [Hanta]
U'nTa =k ot ntay[VO2(nta)* ] = kA [VO,(nta)*" | [H']?

Then the complexation reaction of pervanadyl ion with
aminopolycarboxylates is summarized by eq 6~8. The rate

d [VOz(edda)_]/dt = k+EDDA [VO2+] [Hedda'] -

k"eppalVO;(edda) J[H'] (6)
d[VO,(mida) }/d? = k*yripa [VO,*] [Hmida ™} -

k "mipa [VO2(mida)”} [H'] Q)
d[VO,(nta)*’)/ds =k*nra[VO: }[Hanta™] -

k" n7a [VO2(nta)* ] [H')? (8)

constants obtained for these reactions at 25 °C are summarized
in Table IV.

Yamada, Ukei, and Tanaka

Table IV. Rate Constants of the Complexation Reaction of VO,*
with Aminopolycarboxylates at 25 °C and 7 = 1.0 M (NaClO,)

log k* log k~
EDDA 8.03 3.16
MIDA 3.39 2.76
NTA 5.13 2.70

N Kog H KH0
VO7 ¢ O-N-N-O === V03, D-Ne-0 ] ——
[ 2 ] r.ds. vo 2\N N o fast VOZ(Edda)‘H

Kos KH20

., 0
VO3 ¢ TN N (MIDA)
2 _O/NH [voz. ] » \OZONO ras  VOON-OH
o K
fast
VOAmida)
O Kos 0, KH0 o k‘H
=5 LOH KT,
VO3 + 0 N = [V°2yo S == vop-0-ef (I:SA) v02-0~N:OH.H'
HO HO k.y rds. o
fast
2~
vo4nta)

Figure 2. Proposed stepwise reaction mechanism for the com-
plexation reactions of pervanadyl ion with aminopolycarboxyl-
ates. Free ions for EDDA, MIDA, and NTA are symbolized
respectively as

/O' /O-
"O-N~-N-0O-, N\ , N\—O'
(O (ON

and Ko and k H2 O refer to the outer-sphere formation constant
and the rate constant of the water exchange at VO,*.

Discussion

For the reaction of an aquated metal ion with a ligand to
form a metal complex, the rate-determining step is, in most
cases, water loss from the metal ion. It has been pointed out
that in the formation of a metal-aminopolycarboxylate
complex from protonated aminopolycarboxylate, the proton
plays an important role. In the complexation of metal ion with
the aminopolycarboxylates of which nitrogen donors are all
protonated,!2-16 the reaction rate is slower than predicted by
the Eigen mechanism: this is ascribed to the relatively slower
step of the proton migration from the nitrogen atom in a
partially bonded reaction intermediate or the presence of small
amounts of carboxylate-protonated ligand. On the other hand,
the rates of complexation of metal ion by the monoprotonated
forms of ethylenediamine-NV,N,N',N'-tetraacetic acid!4.!7-19
and cyclohexanediamine-N,N,N',N'-tetraacetic acid!4 and the
nonprotonated forms of iminodiacetic acid!3.14 and NTA!2.14,16
are all approximately equal to those predicted by the Eigen
mechanism.

In the present study it was revealed that the rate law for
the complex formation reaction of pervanadyl ion with am-
inopolycarboxylate ion is generally expressed as

d[VO,Y!™)/dt = k* [VO, | [H,, Y™ "] -
k™ [VOY' ] [H']™

According to the rate law obtained, pervanadyl ion reacts with
Hedda- for EDDA, Honta™ for NTA, and Hmida- for MIDA.
EDDA, of which one nitrogen atom is protonated and the other
is not protonated, reacts extremely faster than the other two
cases in which the nitrogen atom is protonated. As in the cases
of other monoprotonated diaminopolycarboxylates,!4.17-19 for
EDDA reacting with VOa2* the rate-determining step is
considered as the water loss from VO2* followed by the rapid
proton dissociation leading to the coordination of all donor
atoms in EDDA (see Figure 2). In fact, the VO2*-EDDA
complex is not protonated under the present condition.4
According to available data for a d° metal ion the exchange
rate of coordinated water is in the range 108-109 s~!: for Ca2+,
Sr2t+, and Ba2+, >1078 M-1 571 (10 °C, I = 0.1 M);? for Sc3+,
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1077 M-1s1 (12 °C, I = 0.1 M);2! for Y3+, 1071 M-1s-1 (12
°C, I =0.1 M);2! for La3*, 1079 M-l s-1 (12 °C, I = 0.1 M);2!
for MoO3(OH)-, 108 M-1 s-1 (25 °C, I = 0.2 M);22 for
WO3(OH)-, 10% M-1 7! (25 °C, I = 0.2 M).22 Then the
constant of 10803 M~1 s-! for the VO2t-Hedda- path implies
that this reaction involves the exchange of coordinated water
at VO2* as a rate-determining step.23 Considering the role
of the proton in these reaction systems, we postulate the
mechanism illustrated in Figure 2 with the assumption that,
in the cases of MIDA and NTA, the proton migration from
the nitrogen atom to bulk water or to the carboxylate oxygen
is not rapid compared to the water-exchange rate.24

Assuming the stationary-state condition for the interme-
diates protonated at nitrogen, we have the forward rate
constant expressed as

k'y =Kok Ok Hy [(k-Y + k-Hy)

The formation constant of the nitrogen protonated interme-
diates (K = k~H:0/k-Y) being low, kH:0 and £-Y may be of
the same order of magnitude and assumed to be much greater
than k~Hy. Then we have

k'y =KooKk™Hy ®)

This equation suggests that, in the reaction of VO2* with
Hmida- and Hanta-, the rate-determining step is not the loss
of the first water molecule from VO2t+, The lower rate of these
reactions is attributable to the k-Hy step.

KosK in eq 9 being the same for NTA and MIDA systems,
the relative rate constant is given by ‘

+ + _ 1-H -
k' nralk mpa =% Hynra/k Hmma

pKa values of the nitrogen-protonated intermediates not being
available, we shall estimate the difference in reactivities
between these two systems from the protonation equilibria of
the ligands. Since, by the coordination of pervanadyl ion to
the carboxyl group, the proton basicity on the nitrogen atom
seems to be affected to the same extent for both ligands, the
value of k"HNTA/k~HMIDA should be parallel to the reciprocal
ratio of the nitrogen protonation constants* of the free ligand,
i.e., Ktimida/ KHnta = 10948/108.92 = 10056, This ratio is about
1 order of magnitude lower than that of the observed rate
constants (k"HNTA/k"HMmIDA = 10!.74; see Table IV). This
difference points to the effect of the attached groups on the
nitrogen atom: one of the free carboxyl groups of NTA being
protonated, the proton basicity of the intermediate involving
NTA should be lower than predicted from the pKa of Hnta2-.
In fact, according to the estimate based on the microscopic
equilibrium, the ~CH2COOH group lowers the basicity of
nitrogen by 2.0 in pKa units as compared with the -CH2COO-
group.2> After all, the difference in the reactivities of NTA
and MIDA is consistent with the reaction mechanism involving
the proton transfer as a rate-determining step (Figure 2).

The value of 10702 being taken for Kos, the rate constant
of the water exchange at VO2* is estimated to be 1082 57! from
the complexation rate constant of VO2* with Hedda~. Since
the value of AHos does not significantly contribute to
AH*EDDA, the activation enthalpy of water exchange at VOz+
is roughly estimated to be 29 kJ mol-1.26 As compared with
other transition metal ions, lower activation enthalpy for this
oxo cation is close to the corresponding value for Cu?t+ (~25
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kJ mol-1),27.28 The similarity of these two ions has already
been pointed out* and attributed to the two labile water
molecules: two axial water molecules for copper(II) ion and
two water molecules trans to oxygen for pervanadyl ion. These
more labile hydrated waters would make the potential energy
of these ions high, thus lowering the activation energy in a
similar fashion.

Considerably lower rate constants have been reported for
the vanadium(V) ion reacting with EDTA (1066[VO2t}.
[Hzedta2-} at 25 °C and [ = 3 M (NaCl04)2; 1044[VO:-
(OH)2-]1[H2edta2-} and 1034[VO2(OH)3"][H2edta2-] at 25
°C and I = 0.5 M (NH4C1)29). In this connection it should
be noted that the basic nitrogens in EDTA are both protonated;
proton migration from nitrogen should play an important role
as in the reaction of MIDA and NTA with VO2+.
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