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Metal Catalyzed Aquation of Tris(malonato)chromate(Ill)ion.
Kinetics and Mechanistic Study'
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Metal ion catalyzed aquation of tris(malonato)chromate(III) ion has been followed spectrophotometrically
in perchloric acid solution ([H+]=0.05 M) over a temperature range at an ionic strength of 2.0 M. Under these
conditions kopsq=Fkg[H*]4-ky[M2+] where k,psq is the observed first order rate constants for the protons and the

metal ion catalyzed pathways.

Metal ions exert appreciable catalytic effect on the aquation of the complex with

ky following the sequence Cu(II)>Ni(II)>Co(II)>Zn(1I)>Mn(II), which runs parallel to the metal mono-

malonato complex formation constants.

Electrophillic catalysis by metal ions on the coor-
dinated ligands receives much attention in recent years
because of the vital role played by Lewis acids in
biological processes. It is well known that the phos-
phate, carboxylate, amino and imidazolyl groups are
important metal ion binding sites in biological sys-
tems.)) Metal ions promoted hydrolysis of such co-
ordinated ligands in metal complexes serves as a mod-
el for a better understanding of the mechanistic as-
pects of the biological processes. Bivalent metal ions
are required by most enzymes which catalyze phos-
phate transfer reactions.?> However the role of Zn-
(IT) and Cu(II) in promoting the biologically im-
portant decarboxylation reactions of various acids,3-5
amino acids and their esters® have recently been re-
viewed and in all cases promotions of hydrolytic re-
actions requires at least in aqueous solvents the in-
volvement of the catalyzing metal ions and the po-
tentially coordinating sites of the respective acids or
esters.

The results of many investigations” have already
been reported on various reactions of oxalato com-
plexes of Cr(III), but much less informations is avail-
able on the analogous Cr(III)-malonato complex be-
cause of the inherent instability (kinetic and thermo-
dynamic) of the six membered ring of the malonato
system in comparison to the more stable (kinetic and
thermodynamic) five membered ring of the oxalato
complexes.

Some aquation;®? anation,® and isomeriza-
tion”11-13) reactions have been studied and the be-
havior of the malonato complex appears to be some-
what intriguing from that of the corresponding oxalato
complex. In the acid assisted aquation of several
carboxylato complexes of Cr(III) it was reported®-142-9)
that aquation proceeds by a rapid preequilibrium proto-
nation followed by cleavage of the Cr(III)-O bond.
In continuation to our earlier studies'®!®) on the metal
ion catalyzed aquation of Cr(III) complexes!®-18) it
appears worthy of investigation to study the aquation
of the title complex into cisdiaquabis(malonato)chro-
mate(III) ion by bivalent metal ions of first transi-
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A plausible mechanism for the metal promoted reactions is proposed.

tion series.

Here we are reporting the results of investigations
on Mn(II), Co(II), Ni(II), Cu(II), and Zn(II) ion
catalyzed aquation of Cr(mal);3~ and the probable
mechanism of the Lewis acid catalyzed aquations have
been discussed.

The present investigation was undertaken with a
view to examine the i) complexing ability of the chelat-
ed ligand towards the incoming metal ions and ii)
effectiveness of various metal ions in promoting the
hydrolysis of the coordinated malonato ligand to chro-
mium (IIT).

Experimental

Materials and Method. Pure samples of potassium
salt of tris and bis complex anions, K;[Cr(C,H,0,),]-3H,0
and ¢is-K[Cr(C;H,0,),(0OH,),]'® were prepared by methods
described in the literature. The purity of the compounds
was checked by elemental analysis. Metal(II) perchlorate

Complex Cr(%) C(%) H(%)
K,[Cr(C,H,0,),;]- 3H,O Caled 9.82 20.42 2.27
Found 9.90 20.31 2.40

cis-K[Cr(C;H,0,),(OH,),] Caled 15.71 21.76 2.42
Found 15.66 21.60 2.51

solutions were prepared by dissolving the corresponding
carbonates with A.R. grade perchloric acid and after com-
plete ceasession of the effervesence a slight excess of perchloric
acid was added to check any possibility of hydrolysis. The
metal ions and the free acid concentrations were determined
by standard methods.2® Other chemicals used were of
reagent quality.

Experimental procedures are the same as described else-
where.’® Plots of log{(d,—4;)/(4;—A)} versus time (¢)
were linear for at least three to four half lives and passing
through the origin, where Ao is the absorbance of diaqua
species and A; are that at different time interval. The
preliminary spectral observations of the reacting solutions
after digesting for at least ten half lives agrees well with
spectra of the corresponding cis-diaqua product which
further indicates that the reaction is free of any undue com-
plication, which may arise from the subsequent aquation
of diaqua to tetraaqua products.

Results and Discussion

At a constant hydrogen ion concentration the pseudo
first order rate constant, k.., is found to increase
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with increasing metal ion concentration and at a fixed
metal ion concentration, k.., also increases with in-
crease in the acidity of the medium.

Detailed analysis of the results indicates that the
dissociation of the title complex follows a two term
rate law:

kobsa = ki[H*] + K,[M?], (1

where k; represents the specific rate constants for the
acid catalyzed pathway and £, is the catalytic rate
constant for the metal-ion-catalyzed process. Using
the least squares method, values of k,[Ht*] and £,
have been evaluated from the linear plot of &, ., versus
[M2+] (¢f. Fig. 1). The present k; values agree well
with that reported earlier.*® Values of k., at 40
°C for all the metal ions are given in Table 1. Values
of k; and £, corresponding to H* ion and different
metal ions catalyzed path and the corresponding ac-
tivation parameters are given in Table 2.

The metal ions exert a substantial catalytic effect
and a possible mechanism for the metal ion catalyzed
pathway is summarized in Fig. 2.

The mechanistic feature of the above mentioned
process is thought to involve a rapid pre-equilibrium
step to form an ion pair or a binuclear bridged com-
plex followed by the cleavage of the first Cr(III)-O
malonate bond in a slow rate determining step. Very

TaBLe 1. METAL(II) CATALYZED AQUATION OF
TRIS(MALONATO)CHROMATE (III) 10N AT 40 °C
AND AT IONIC STRENGTH 2.0 M
[Complex]: 2x10-3M; [HCIO,]: 5x10-2 M

102[M2+] 103 kopsa/min—t
moldm™  Mny(IT) Co(II) Ni(II) Cu(Il) Zn(II)
2.0 13.94 14.21 14.43 14.84 14.06
4.0 —  15.42 16.42 16.78  —
5.0 15.35  — — — 15.81
6.0 — 17.18 18.02 18.61 —
8.0 — —  19.76 20.64 17.73
9.0 — 1872  — — —
10.0 17.46  —  21.56 22.26 18.87
12.0 18.55 20.84 22.87 24.42  —
14.0 — — — —  20.63
15.0 19.83  — — — —
18.0 — — — —  22.97
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recently Kida et al.?!) isolated and characterised some
tetranuclear bridged complexes of 1 where M"=Co-
(I1),Ni(IT). From this it appears that the electron
rich carbonyl oxygen can form bonds with catalyzing
aquo metal ion centre in the transition state which
enhances the ring opening of the malonate ligand as
shown in Fig. 2. In view of the above findings the
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Fig. 1. Dependence of k,psq on the metal ion concen-
trations at 40°C, I=2.0M (NaClO,).
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Fig. 2. Probable mechanism for the metal ion cata-
lyzed aquation of [Cr(mal);]3~ ion.

TABLE 2. VALUES OF kg, FOR PROTON AND DIFFERENT METAL ION CATALYZED PATHS AT DIFFERENT
TEMPERATURES AND THE CORRESPONDING ACTIVATION PARAMETERS AT u=2.0 M
Acid: 5x10-2 M; Complex 2x10-3 M

108 kopy® /s~ M1

Temperature
K Ions H+ Mn?+ Co?+ Niz+ Cuz+ Zn2t
303 1.06 0.17 0.47 0.54 0.67 0.35
308 2.15 0.42 0.75 0.94 1.08 0.63
313 4.28 0.79 1.12 1.43 1.63 0.99
AH*[k] mol-1 109.2 118.9 67.2 73.5 67.6 80.2
AS*/J K mol-t 9 +55.0 +72.7 —89.5 —67.6 —86.1 —50.0

a) 0(keas)=+5%. b) 6(AH*)=+2.5k] mol-%
and for other metal ions it represents k,.

c) o(AS*)==%5.5] K mol-1,

N.B. For H*, k., stands for &
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formation of a bridged complex is quite probable in
the transition state of the metal catalyzed pathway
for the present system.

The kinetic scheme for the aquation of the title
complex are as follows.

a) Acid catalyzed pathway was discussed earlier.14®)

b) Metal ion assisted pathway:

K
Cr(mal)g*~ + M2+ = [Cr(mal)y--M2+]
_,COO-
mal = CHZ ky | slow
\COO- |
(ky=k;- K,) Products.

The catalytic rate constants k, is related to K, and
k'y by the relation
ky- K,
b= KT .
Under the present experimental conditions K,[M?2+]<1
as evident from the linearity of the plot of kg, vs.
[M2+] even at highest metal ion concentrations. Hence
Eq. 2 reduces to

ky = kK,

The activation parameters corresponding to £, values
involve both rate constants and equilibrium constants.
The overall rate constants for the metal catalyzed
process follows the sequence Cu?+>Ni%+>Co?+>
Zn?t>Mn2*, which follows the Irving-Williams nat-
ural order of stability,?? of the catalyzing metal mono-
malonato complex. The activation parameters clearly
reveal that the metal ion catalyzed aquations with
lowest activation enthalpies have more negative en-
tropies of activation whereas for reactions of high
enthalpy of activation have positive entropy of ac-
tivation. The parrallel increase of both AH* and
AS* clearly suggests the applicability of kinetic com-
pensation law.28)  Further a linear correlation between
logk, and log K, (K, =the formation constants of
the monomalonato complexes) clearly reflects the dom-
inating effect of K, on the metal catalyzed pathway.

We thankfully acknowledge the assistance offered by
Professor D. Banerjea, Calcutta University, India re-
garding laboratory facilities and other critical sug-
gestions in writting the paper.
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