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ABSTRACT: The kinetic parameters of the 1:1 chelate complex of 2-acetylcyclopentanone with the
oxovanadium(lV) ion in aqueous solution at °&5 and 0.5 mol dm® ionic strength are reported. A spectro-
photometric study indicates that the species present in solutions of oxovanadium(lV) ion and of
2-acetylcyclopentanone below pH 2 can be formulated as 1:1 complexes of the typeH4O4C . The kinetic

data are consistent with a scheme in which both the enol form of the ligand and the enolate ion react with the
oxovanadium(lV) ion. From a study of the kinetic results over a range of temperatures, subsequent activation
parameters for the chelation procesgdd} andASt, were determined. Some discussions are provided on the basis of
the Eigen—Wilkins theory considering the effect of solvent exchange on the chelation process. Capgfgbtiohn

Wiley & Sons, Ltd.
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INTRODUCTION The most satisfactory model of the aquated oxovana-
dium(1V) cation is one in which four equivalent water

Although the chelation kinetics of metal ions by linear molecules occupy planar equatorial positions around the

1,3-dicarbonylic compounds have been extensively vanadium atom and a fifth water molecule is in an axial

studied:* little work on metal chelate complexes of 2-  position opposite an oxo grodplt is well known that the

acetylcycloalkanones has been reported. axial vanadium-ligand bond is weaker than the equatorial

2-Acetylcycloalkanones are interesting ligands be- bonds, since many six-coordinate oxovanadium(lV)

cause they may exist simultaneously in endo- and complexes release the ligand from the axial position

exocyclic enol forms and in addition intramolecular ~ when heated or dissolved in inert solvetts” Conse-

proton transfer reactions in these ligands are particularly quently, the rates of chemical exchange of the two types

attractive even from a theoreti€alpoint of view. of coordinated sites would be different.

Furthermore, 2-acetylcycloalkanones have become use- Owing to the lack of chelation studies of oxo-metal

ful in current health issuégintermediate in preparation ions with 2-acetylcycloalkanones, we now report a

of HIV inhibitors) and other industrial applicatiofis. kinetic study of the reaction of oxovanadium(lV) with

The uncommon monomeric first-row transition oxo- 2-acetylcyclopentanone in aqueous solution.

metal ions, such as VA, are of substantial interest for

solvent exchange and ligand substitution studies.

Oxovanadium(lV), which forms hundreds of stable EXPERIMENTAL

species with different ligand$, plays a significant role

in the genetic information transfer mechanishi? In Reagent-grade 2-acetylcyclopentanone (Hacpt) (Aldrich)

particular, vanadyl sulphate, has demonstrated insulin-was freshly distilled under reduced pressure. Stock

like effects on glucose metabolism in both animal and solutions were standardized by titration with standard

human trials:>** sodium hydroxide. End-points were determined by the
use of an iterative computer program based on the
method of Gran and Johanssth.

*Correspondence toC. A. Blanco, Departamento de Quica Fsica, Solutions of oxoyanadium(IV) were prepared from
Facultad de Ciencias, Universidad de Valladolid, 47005 Valladolid, VOSQ,*3H,O (Aldrich, 99.99%). Aliquots of these
Spain. lutions were anal ing an ex f standar
Contract/grant sponsoirConsejefa de Educacioy Cultura de la Junta solutions . € e analysed by add g.a excess o S.ta d.a d
de Castilla y Leon. ethylenediaminetetraacetate solution and back-titrating
Contract/grant sponsorfondo Social Europeo. the excess with a standard R/rg solution to an
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Eriochrome Black T end-point. The titration was carried following the experimental procedure indicated pre-

out at pH< 10 in the presence of an aqueous NH  viously.

NH,CI buffer. Since V3" is air oxidized, the solutions

were freshly prepared prior to use. In the acidic solutions —In(A/el + [HL], — [Brzo]y) = ket +C (2)

used in all experiments, oxidation of prepared oxo-

vanadium(lV) solutions was not noted for at least 1 day. where the term in parentheses corresponds to the keto
The source of hydrogen ions was perchloric acid taytomer concentrationA is the absorbance due to

(Merck) and the ionic strength of reactant solutions was promine at any timet at the observation wavelength

0.5 moldm™, adjusted using NaCIPH,O (Merck). (452 nm),| is the pathlengths = 103 is the absorption
Unless indicated otherwise, all materials were of cgefficient of bromine at 452 nm and [HAnd [Br]o are

analytical-reagent grade and were used without further the total concentrations of ligand and bromine, respec-

DU”ﬂC&}tlon- _ _ tively, at time zero. A plot of the left-hand side of Eqgn.
A Crison Model 2002 pH meter, previously calibrated (2) vs time gives a straight line of slopk. Since

by titrating solutions of perchloric acid with standard kJki = [HE)/[HK] and [HL]=[HE] + [HK], the inter-

sodium hydroxide solutions, was used to read hydrogencepts were used to determine the enol rayie,[HE)/

ion concentration directly. The relative pH accuracy was [HL], which allows the determination of ketonization rate

0.01 pH unit. constants.
UV-visible spectra were recorded on a Hitachi U-3000 At 25°C, it was found thak.=3.5x 10 2 s * and

spectrophotometer. A Spectronic 1201 UV-VIS spectro- y = .15, from which the valuk, = 19.7x 10 2 s * was

photometer, which includes a kinetic resident program, determined. Similar experiments carried out at low temp-

was used to follow the kinetic runs. The reported rate eratures show that the enol fraction decreases slightly
constants are the average of at least two determinationsyyhen the temperature is reduced (ey(5°C)=0.14,

The rate constant of enolizatiok, was studied by a  y(5°C)=0.13).

bromination procedur€’ A small volume (100-20I) The equilibrium constant for ligand ionization [Eqn.

of bromine stock solution was added to 2.5-3.0 ml of a (3)] was determined potentiometrically and at°@5it
previously standardized ligand solution placed in the \as found to be (1.58& 0.05)x 10 mol dm 3.

thermostated cell compartment of the spectrophotometer.
Changes in absorption at 452 nm were recorded at 6 s

KuL _
intervals. Each of the bromine solutions contained HL = H" +L (3)
103 mol dm 3 NaBr in order to suppress hydrolysis of
bromine. where HL represents the undissociated ligand anthe

The ligand dissociation constar,; , was evaluated  enolate ion (common product of ionization of either the
potentiometrically by titrating solutions of the ligand keto or enol tautomer). This overall dissociation constant
having concentrations in the range k@0 3-1.0x KnL can be partitioned between the equilibrium constant
102 mol dm 3 with standard sodium hydroxide solu- Kue andKy, the dissociation constants of the enol and
tions in a double-walled titration cell under an atmos- keto tautomers, respectively:
phere of nitrogen gas. Data treatment was carried out

using the program SUPERQUATS.With this program HK K HY - K- (4)
the dissociation constant of the ligand was determined by g
minimization of an error-square sum based on measured Kie
electrode potentials. HE = H" +E° (5)

where Kyk/Kye = [HE)/[HK] and, taking into account
RESULTS AND DISCUSSION that 1Ky = 1Kk + 1/Kpyg, we have Ky = (1.86+
0.05)x 108 andKye = (1.15+ 0.05) x 10"
The keto—enol tautomerism exhibited by the ligand is  The composition of the complex that oxovanium(lV)
usually represented by forms with 2-acetylcyclopentanone in aqueous solution
was investigated spectrophotometrically using the*Job
ke and Yoe and Jon&% methods. The results obtained
HK K HE (@) indicate a 1:1 stoichiometry.

Monochelated complex formation may be regarded
wherek, is the rate constant of enolizatiok, the rate structurally as a coordinated sphere where two molecules
constant of ketonization and HK and HE represent the of equatorial water are replaced by two carbonyl oxygens
keto and enol tautomers of the ligand, respectively. Sincefrom the 2-acetylcyclopentanone, and simultaneously the
bromine reacts instantaneously with the enol tautomer,loss of the proton from the tertiary ring carbon occurs.
first-order bromination is governed by the rate of enol The monochelated complex may be represented as shown
formation, ke, which was determined from Eqn. (2) in approximate terms in Fig. 1.
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[H*]=3.0x107 mol dm™
A

[H*]=2.0x107 mol dm®
x

[H*]=1.0x10* mol dm*®
Figure 1. Structure of chelate complex 5

The equilibrium constant of the monochelated com-
plex, Ky., was evaluated from spectrophotometric
measurements:

K
VO* 4+ HL = VOL' +H* (6)
2
The absorbance change at 300 nm, where the complex
absorbs strongly, is a function of the equilibrium
constant, and the metal, ligand and proton concentrations 1
used:

[HL]o/A = [H']/(IVO*'JeKmL) + 1/ (7) 0

2 3 4 5 6 7

. ) [VO?#)/10° mol dm?
From a plot of the left-hand side of Eqn. (7) against

[H*]/[\/O”], Km. can be readily determined. Several Figure 2. Qbserved rate constants as a function of the f[otal
series of solutions were prepared in which the concentra—conce”ﬂ%t'g” ordox‘?;’a”:d'um(_'vz) (')O” 1""5};50(:' da”qg'on'c

tion of [H'] ranged from 2.0< 102 to 0.10 mol dm™>, strength 0.5 moldm . [Hacpt] =2.0 x mordm

with [VO?"]=3.0 x 10 3moldm 2 and [HL]o=2.0x

10 *moldm 3. The value obtained forKy, was

1.3+ 0.1, which agrees with the results obtained by tautomer and the enolate ion react with the oxometal ion
using Schwarzenbach coefficieAfsFrom this value,  (Scheme 1).

the stability constant of the monocomplgks [VOL ¥/ Applying the steady-state approximation to End
[VOZ'][L ], was calculated from the relationshjp= assuming that VOHE and VOE' are in equilibrium, the
KmL/Ku, giving (8.20+ 0.05) x 10”. rate of complex formation can be expressed as

The complex formation reaction was carried out with
the metal ion concentration in large excess over the v =(k;ky[VO?*"|[HE] — k_1k_o[HT][VOE"]
ligand to ensure pseudo-first-order conditions. Kinetic n N 2112
measurements of complex formation were monitored by + kek_a[HT][VOT][HE] + kike[VO™"]"[HE]
recording absorbance changes at 300 nm. To avoid the — —k gk »|H"||VOHE*" |

appearance of hydroxovanadyl species, kinetic runs were 2+ 2+ +
carried out in solutions>0.01 mol dm in perchloric klk‘ZL;/O JIVOHE™])/(k-alH"]
acid. + ki [VO<T)) (8)

The pseudo-first-order rate constantg,,s were
obtained by fitting values of I, — A) versus time,
whereA; andA., are the absorbances of the chelatesat

after starting the reaction and when the reaction is over, 24+ a 2+ +
respectively. It has also been proved in this study that the VO™ +HE VO +E +H
Kobs Values were absolutely independent of the initial kg

concentration of Hacpt. To study the influence of the k k
VO?* concentration ok, Several series of experiments kop ko -1 1

with constant values of ligand concentration, acidity,
ionic strength and temperature were performed (Table 1).

The dependence &f,son metal ion and hydrogen ion VOHE2+ K VOE+ + H+
concentrations is consistent with a mechanism which
involves a double reversible pathway where both the enol Scheme 1
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Table 2. Equilibrium constants (Kiy, and f), rate constants (kq and

717
k>) and activation parameters [AH# (kJmol~") and ASt (JK~

mol~ "] in the formation of the oxovanadium(lV) monochelate of 2-acetylcyclopentanone

T (K) Ky /1078 p110’ ki/10° (mol~tdm® s ko (mol~tdm®s™) RSS

278.15 1.70 7.75 1.80 2.39 4.09
283.15 1.66 7.90 2.62 2.99 3.34
288.15 1.64 8.00 3.14 3.79 3.99
293.15 1.61 8.08 4.70 5.08 3.19
298.15 1.58 8.20 5.43 5.83 2.69

AH 1 =434+ 4kImol?t
ASt=-13+4JK tmol?

AHot =430+ 1 kI mol?
AST=-130+4 JK mol?

Since [VOHE '] = [VOE][H "J/K, Eqgn. (9) is obtained
for the observed rate constant:

kika[VO?"] 4 K_1K_a[H"] + kok_a[H][VO?]
+ kiko[VO?]? + k_ak_o[HF]?/K
+ kik 2[VO*|[HT]/K
K_a[H'] 4+ ki[VO?']

I<obs =
(9)

Considering that the&_, pathway is diffusion con-
trolled* it is reasonable to assume thkt JH"]>
ki [VO?*] and that the terms havirlg , in the numerator
will be large compared with the other terms. Applying
these approximations to Eqn. (9), Egn. (10) is obtained

for Kops

k o[HT
fovs = kolVO?] k1 + 2L 1)
Taking into account that
k
k1= 51 (1)
Ko=k LN (12)
I(ML
the following equation may be derived:
Kobs = k2<[v02+] +y[H+]) +ﬁ (13)
BKHL B

Equation (13) illustrates th&t,,s values are independent
of the initial concentration of Hacpt as was found
experimentally. The observed rate constant from Eqn.
(13) now contains only two unknown parametéssand

k.. In order to calculaték; andk,, the equilibrium and
kinetic data obtained at 2& were fitted to the above-
mentioned equations. Using a NAG Fortran Library
routine, values ok; and k, were determined at 2&
(Table 2). The ‘goodness of fit' as denoted by the
corrected residual sum of squareRSS, Eqgn. (14),

Copyright0 2000 John Wiley & Sons, Ltd.

clearly demonstrates that the data are well described by
the Scheme 1.

\Nt(kobs_ kcalc)2 1z

_ 100/2=
RSS= 100l =i —

(14)

The observed linear dependence betwdgr, and
proton concentration shown in Eqn. (13) may be justified
from data in Table 1. Accordingly, for a series of kinetic
runs where [H] is constant, a plot dypsagainst [VG ']
should be a straight line. This was verified in all cases
with excellent correlation coefficients. Thg and ky
values obtained from the slopes agree fairly well with
those obtained from the overall fitting, as was expected.

In order to confirm the proposed mechanism and
calculate the activation parameters associated witkithe
andk, pathways, a full kinetic and thermodynamic study
was carried out in the range of temperatures shown in
Table 2. Consequently, the kinetic and equilibrium data
obtained at every temperature were fitted to Eqn. (13).

The rate constantls; andk, obtained from the NAG
fitting, which satisfy the Arrhenius law and Eyring
equation, allowed us to determine tiAHt and ASt
corresponding to each process (Table 2).

The general order of reactivity of the various forms of
p-diketones appears to be enolate isenol tauto-
mer> keto tautomef. In the case of Hacpt the keto
tautomer is unreactive, which is probably due to the
inability of the metal to stabilize the proposed precursor
complex?® and complex formation occurs exclusively by
reaction between the enol tautomer or enolate ion and the
oxo-metal ion.

The rate of the reaction of V& with the enol
tautomer of Hacpt is considerably lower than might
reasonably be expected on the basis of the Eigen—-Wilkins
mechanisnt®?’ According to this, the rate constant
for complex formation would be given by = % ks Kos,
Where% is a statistical factor representing the probability
that a ligand will enter in a particular coordination site
vacated by a solvent moleculé~500 s* is the
oxovanadium(lV) rate of solvent exchange at an
equatorial sité and K is the outer-sphere association

J. Phys. Org. Chen2000;13: 713-718
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constant. This association constant for reaction ofVO

C. A. BLANCO AND C. ARROYO

rate-determining step leading to an intermediate of

with an uncharged ligand has been estimated to beincreased coordination number.

0.3mol*dm®2® The reduction in rate compared with
‘normal’ reactions is, however, considerably less than the
three orders of magnitude observed for reaction Gf"Ni
with the enol tautomer of 4,4,4-trifluoro-1-(2-thienyl)bu-
tane-1,3-dioné&®
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