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In the base hydrolysis of the title complexes in agueous-organic solvent media (water-ethanol and
water-acetone) to the corresponding hydroxo-complexes the observed rate law is in accord with the
expression:

[OH ] /kons = [OH1/k + 1/KK.

The observed K values (3.5 to 26 M™! at 25°) and the nature of their solvent dependence suggest the
formation of an jon-pair in a pre-equilibrium involving the substrate complex and OH" ion, and not of
a conjugate base. Rate constants (k) for the transformation of the ion-pair to the product increase
with increased proportions of the organic component in the solvent. The nature of the dependence of
k on different solvent parameters indicates significant associative character with OH™ ion acting as the
attacking nucleophile. Activation enthalpy, AH ™, decreases with ethanol concentration; this along
with the observed large positive iopes of ;tkhe log k vs 1/D plots rule out the possibility of H, O acting
as the attacking nucleophile. AH™ and AS™ corresponding to k in different solvent compositions for a
particular complex are linearly correlated. A common mechanism appears plausible for all the com-
plexes in which bond breaking and bond making are synchronous but their relative contributions are
different giving a relatively more associative character to the cobalt(III) and rhodium(IIl) systems
compared to the chromijum(III) system. This view is supported by the magnitudes of the slopes of the
log k vs 1/D, and log k vs Y plots. The dissociation of the M~-NCS bond is probably solvent assisted
due to solvation of the departing ligand as indicated by the linear dependence of AH™ and AST on
different solvent parameters.

INTRODUCTION

Investigations of the influence of solvent on reaction rates of coordination complexes is
an active field,! because correlation of reaction rates with various solvent parameters can
give important mechanistic information.*”> Acidopentaammine complexes of Co(IIl) are
generally believed to react by dissociative pathways, while an associative activation is
commonly ascribed to the reactions of similar Cr(III) and Rh(Il1) complexes.® However,
exceptions are not rare”® and in the course of studies®!! on the base hydrolysis of the
title complexes in aqueous media it was observed that none of these complexes react by a
purely dissociative path.

It was therefore thought worthwhile to study the base hysrolysis of the title com-
plexes in water-ethanol and water-acetone mixtures of various compositions to check the
correctness of our previous mechanistic conclusions and the utility of such solvent varia-
tion studies in the interpretation of mechanism. A few such solvent variation studjes!?
have so far dealt with the base hydrolysis of coordination complexes.
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EXPERIMENTAL

Matrerials and Reagents.

The isothiocyanatopentaammine complexes were synthesised by known methods'®™*S

and their purity was checked by elemental analysis and their electronic spectra.!s:!¢ All
the solvents employed including water were distilled twice before use; other chemicals
used were of reagent grade.

Apparatus and Procedure.

The details of the kinetic procedure are the same as those described elsewhere!®'!': the
rate of release of the thiocyanate ion was monitored spectrophotometrically by its colour
formation with Fe(Ill) perchlorate reagent.'® The absorption measurements were made
using a Carl-Zeiss (VSU-2P) spectrophotometer and stoppered quartz cells of suitable
path length. Observed A. values were found to be somewhat dependent on the solvent
composition and were therefore evaluated in separate experiments for each of the solvent
compositions. During the course of the measurements (up to ca 50% of the reaction)
there was apparently no loss of ammonia and hence the product was [M(NH;); (OH)]%*
in each case.

Resulrs and Discussion

Under the experimental conditions, the dependence of the pseudo-first-order rate
constants (kqps) of the base hydrolysis reactions of the title complexes on alkali concen-
tration in all cases nicely fits the linear relation (/).

[OH] /kops = [OH]/k + 1/KK. ()
TABLE |
Rate constants (k) for the base hydrolysis of [M(NH, ), (NCS)] * in water-organic solvent mixtures.
S Organic 10%k s? a
solvent ’
v/v) M = Cr(IID)© M = Co(tIn)? M = Rh(ID)®
30° 35° 40° 25° 30° 35° 50° 55° 60°
) 0.71 1.30 245 6.00 11.7 232
(1.06)
10 0.02 1.84 3.40 9.00 17.2 333 1.65 3.00 5.58
(1.48)
15 1.27 2.18 3.97 12.3 233 418 2.55 4.57 8.20
(1.97)
20 1.45 2.53 4.38 16.7 300 527 333 568 9.75
(2.55)
25 1.65 2.79 463 236 41.7 66.7 410 6.95 116
(3.23)
30 2.10 330 538 321 52,0 83.0 5.00 8.12 13.2
3.97)

aMaxincxum standard deviation in k is + 5%. bEthanol, sxcept the values in parentheses which are for
acetone. "Complex, 0.002 M; [OH], 0.01 - 0.25 M. “Complex, 0.002 M; [OH'], 0.01 - 0.06 M.
€Complex, 0.001 M; [OH'], 0.015 - 0.20 M.
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) TABLE 11
Equilibrium constants, K, for formation of intermediates (ion-pairs) in the base hydrolysis
of [M(NH, ), (NCS)] *.
% Organic K.M!
solvent?
w/v) M = Cr(III) M = Co(III) M = Rh(II)
25°% 300 35 4 25° 30° 35° 25°% 500 550 60°
5 11.0 129 158 182 13.7 159 186
( 8.4)
10 126 149 199 223 159 194 222 35 7.2 110 147
(10.5)
15 148 165 21.2 26.2 19.5 211 267 51 9.6 153 163
(12.2)
20 174 18,0 263 345 20.8 222 30.2 69 122 174 20.1
(14.7)
25 19.5 217 290 400 236 250 357 9.5 151 24.0 27.0
(18.7)
30 229 246 35.7 477 26.0 29.7 400 13.2 18.5 31.5 37.0
(19.5)

8Fthanol, except the values in parentheses which are for acetone. bExtrapolated values.

suggesting the formation of an intermediate in a pre-equilibrium (equilibrium constant, K)
followed by its transformation into the product in a rate determining step (rate constant,
k).

Both k and K values have been evaluated graphically using equation (/) under various
experimental conditions (Tables I and II). From the temperature dependence of k under
otherwise identical conditions, the activation parameters, AH* and AS’&, for these reac-
tions have been evaluated in different solvent mixtures using the Eyring equation and a
least squares method (Table III).

The values of K for all the three complexes are practically independent of the nature
of the central metal atom, and in different solvent media lie within the range 3.2 - 26 M at

25° which is in the range of values expected for ion-pair formation in these systems.®>!!
TABLE III
Activation parameters® for the base hydrolysis of [M(NH, ), (NCS)] *.
'(7“’, ﬁ;ham‘ M = Cr(II) M = Co(liI) M = Rh(lI)
AaH” As™ AH* as* AH™ as”
5 953+1.5 -305+50 999=+1.6 84+58

10 928+12 -351:40 970+ 2.0 2161 1049 +23 —-13.8+8.0
15 87.8+2.0 -502=:70 90.7+11 -16.7+3.6 999+ 1.2 —-25.5:4.1
20 83615 -63.1+438 85§7+19 -309:65 940+1.2 41.0=x3.7
25 79016 -773+53 77325 56479 903+0.8 —514+33
30 73.1+04 94916 70611 -763+35 828+16 -73.1:54

8 AH” units are kJ mol™? , AS” units are J K™* mol™*
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FIGURE 1 Log k vs 1/D plots: {A), for Co(IIf) at 30° in water-ethanol mixtures; (B), for Cr(IIl) at
30° in water-ethanol mixtures; (C), for Cr(IIl) at 30° in water-acetone mixtures; (D), for Rh(lIl) at
50° in water-cthanol mixtures.

26

6 +logk

FIGURE 2 Log k vs 1/D plots: (A), (B), (C): for Cr(Ill) at 30°, 35° and 40° in water-thanol
mixtures; (D); for Cr(llI) at 30° in water-acetone mixtures; (E), (F), (G): for Co(IIl) at 25°, 30° and
35° in water-ethanol mixtures; (H), (I), (J): for Rh(III) at 50°, 55° and 60° in water-ethanol mixtures.
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Thus the intermediate is an ion-pair and not a conjugate base, because in the latter case
the equilibrium constant is expected to be much smaller (since the acidity of the ammine
proton in such complexes is very weak with pK, ~ 14).° The nature of dependence of K
on solvent composition also agrees with ion-pair formation; an increase in the organic
component in the solvent increases K, and plots of log K vs 1/D (D = the dielectric con-
stant of the medium)'” are perfectly linear in all the cases (Fig. 1).

The rate constants are also strongly influenced by the nature of the solvent and solvent

‘compositions. Plots of log k vs 1/D in all the cases studied were found to be linear with

large positive slopes (in H, O-EtOH at 30°; Cr, 120; Co, 233; Rh, 212, using extrapolated
k values at 30°; see Fig. 2).

This result rules out a purely dissociative mechanism and suggests a sort of associative
activation in the transformations of the intermediate ion-pairs to the products. Similar
conclusions are drawn from the observed dependence of k on other interrelated solvent
parameters like (D —1)/(2D + 1), the Y value'® (slopes of log k vs Y plots in H, O-EtOH
at 30°, see Fig. 3: Cr, —0.53; Co, —0.84; Rh, —0.93), the Z value'® and the Et value.?®

Regarding the nature of the attacking nucleophile in the rate determining step, involve-
ment of OH appears more plausible than H,O from the present experimental results,
since AH” decreases with increasing concentration of ethanol (Table 3) in water-ethanol
mixtures which rules out H, O as the attacking nucleophile. Also, for an associative activa-
tion involving an ionic complex and an uncharged water molecule, the slope of the log k
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FIGURE 3 Logk vs Y plots: (A), (B), (C): for Cr(IIl) at 30°, 35° and 40° in water<thanol mixtures;
(D), for Cr(Ill) at 30° in water-acetone mixtures; (E), (F), (G): for Co(III) at 25°, 30° and 35° in
water-ethanol mixtures; (H), (I), (J) for Rh(III) at 50°, 55° and 60° in water-ethanol mixtures.
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vs 1/D plot should be a small quantity.®! If M-NCS bond dissociation is also significant
and synchronous with M-OH, bond formation, its effect should make the slope negative.
Hence the observed large positive slopes of log k vs 1/D plots also rule out H; O as the
attacking nucleophile. However, for an associative activation involving a significant degree
of M-OH bond formation in reaching the transition state, the slopes of the log k vs 1/D
plots should be positive?? and this should decrease with an increase of temperature as has
actually been observed (Fig. 2). Involvement of synchronous M-NCS bond dissociation,
however, may reduce the magnitude of the positive slope due to M-OH bond formation
since a decrease in the dielectric constant influences these processes in an opposite
manner.?! At any temperature, the observed sequence of slopes of the log k vs 1/D plots
(Co > Rh > Cr) (loc. cit.)is therefore suggestive of a significant difference in the relative
degree of M-NCS bond breaking (significantly higher for Cr(I1I)) and M-OH bond making
(considerably more pronounced for Co(II) and Rh(IIl)) in the three different cases
studied. This is in agreement with what has been inferred earlier for these reactions in
aqueous solution.®™!! Slopes of the log k vs Y plots are significantly more negative for the
Co(IIl) and Rh(1lI) complexes than for the Cr(III) complex, thus supporting this view.
Good isokinetic relationships (AH* vs AS™ plots are linear; correlation coefficients ca
0.998) have been observed for each of the three complexes in water-alcohol mixtures of
different composition (Fig. 4).

Experimental evidences have been adduced? in fairly recent years that, depending on
the nature of the system, Iy or I, mechanisms may operate both for Co(IIT) and Cr(III).
Base hydrolysis of [Cr(NH;)s(N3)]* involves a dissociative®® process, but that of
[Co(NH; )5 (S, 03)]" is associative?® in character.

Both AH™ and AS™ values are linearly related with the various solvent parameters
(correlation coefficients ca 0.996) which suggests significant solvent participation as well.
1t is likely that the loss of SCN™ is assisted by solvation which appears to increase with an
increase in ethanol concentration (alkali thiocyanates have a high solubility in alcohol
indicating that thiocyanate ion is highly solvated in alcohol also). The more negative value
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FIGURE 4 AH$ vs AS;E plots: (A), (B), (C): for Co(lll), Cr(IIl) and Rh(III) reactions; (1) - (6):
Aqueous-ethanol media containing 5, 10, 15, 20, 25 and 30 percent (v/v) ethanol respectively.
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of AS¥ (Table 3) observed for the Cr(III) complex agrees with a greater degree of M-NCS
bond dissociation and concurrent solvation of the SCN ion.

The k values are more sensitive to solvent composition when acetone is the co-solvent.

The rate is also faster in the water-acetone solvent system even at the same composition
at which water-acetone and water-alcohol media are practically iso-dielectric.
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