
Coordination Chemistry Reviews, I7 (197 5) 253-279 
0 Rlsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

KINETICS AND MECHANISM OF SUBSTXTUTION REACTIONS IN 
COBALT(IH) trans-DCOXIMES 

A.V. ABLOV 
Moldavkwa SSR Academy of Sciences, Institute of Chemistry. Kkhinev. Moldavia (U.S.S.R.) 

X.M. SAMUS 

Kkhinev State University, JGkhinev. Moldavia (U.S.S.R.) 

{Received 12 March 1975) 

CONTENTS 

A. Introduction ....................... 253 
3. Cobait(II1) trans-dioximes aquation reactions ............. 254 
C. Activation parameters for aquation of cobalt(II1) trans-dioximes ...... 263 
D. Cobalt( III) tmns-dioximes-base hydrolysis ............. 268 
E. Cobalt(W) trans-dioximes-anation reactions ............ 274 
References ......................... 276 

A. INTRODUCTION 

Substitution reactions in octahedral coordination compounds of transition 
metals have been the subject of numerous investigations in recent years. Most 
studies were carried out with cobalt(III) ammines [f--5 J . However these 
compounds often undergo changes in spatial configuration during substitution 
reactions. 

In contrast, the cobalt(III) dioximes first described by Tchugaev do not 
change their spatial confiyraticn in the course of substitution [ 61. As shown 
by X-ray investigations these dioximes have a trans-configuration [ 7-121. The 
formal substitution process in dioximes is reduced to the replacement of either 
of the two axial ligands on the X-Co-Y coordination axis since the Co di- 
methylglyoxime (DH), group remains unchanged through the reaction. 

In 1961 Ablov and Sychev 1131 investigated the aquation kinetics of the 
acids H[CO(DH)~X~J (X = Cl, Br, I) in aqueous solution. Later 1141 the 
aquation kinetics of aqueous solutions of H[CO(DH)~(NO,)X~ (X = Cl, Br) 
were studied. It was found that the aquation rate constants for nitrohalogen 
acids are somewhat lower than for dihalogen acids. 

These facts are inconsistent with previous data concerning the stronger 
trans-influence of the nitro group in comparison with,chIoride and bri3mide 
ions [15-17). 

syrtsova 118-213 studying the aquation kinetics of halogen sulphik . 
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cobalt(III) dioximes has observed that halogen substitution by water.on the 
SOs-Co-X coordination axis decreases in the order I > Br > Cl as in the case 
of the cobalt(iI1) ammines. 

In 1967 Halpern and Hague investigated the kinetics of water molecule 
substitution in iodoaquo and nitroaquo dioximes by different anions 1221 in 
water--alcohol mixtures (the pH of the solutions was not varied by addition 
of either acids or bases). These authors observed that under these conditions 
the anation rates of both complexes are about the same. 

We have previously studied the substitution reactions of acid ligands by 
amines on the coordination axis OIN-=Co-I 1171 and shown that in water- 
alcohol mixtures on adding one mole of amine, at room temperature, the 
nitrogrsup is first substituted by amine and then [Co(Amine)(DI-I)sI] is 
farmed, The discrepancy between our data and thorte of Hdpern is related, 
probably, to the different pH values. This variation plays an important role 
in the ~ub$titution of axial ligande by different reagents in cobalt(III) dioximes. 
In particular, it was shown spe~trophotometric~ly [ 231 that at pI=I - 6 
[Co(DII)~I(NO~)] ie converted gradually into [Cs(I-IaO)(DH)eI], but at 
pII k 3 the final aquatien product is [Co(W,O)(DH)a(NO~)]. 

B. CC)BALT(III) ~~u~B-DIOXIMES AQUAWON REACTICNS 

While etudylng the substitution kinetics of halogen by water in halogen- 
aquo dioximos it was establiehed that the aquation ratee decrease in paesing 
from the chlsrs- to the iodo compound [24], that is the reverse order when 
compared with cobalt(II1) amminos. It was suggested that the unusual 8e- 
quence of the halogen aquation rates in tharre compounds is connected with 
the presence of a water molecule in the inner coordination sphere. 

The aquation kinetics of the dioximsa ~Co(Amine)(DH)~X~ , which are 
also nonelectrolytes were ntudied fZ6], The investigation has revealed that the 
rate decreases in proceeding from the chlaro- to the iado complex for the 
compound with the same amine, i.e. the “abnormal” sequence is retained. 
‘It has been found that the aquation rate of [Co(Amine)(DH)eX] (Amine = 
NH3 , C!,HSNI-12, Py) depends on the nature of the amine. The substitution 
proceeds quickly for a compound with a Py-Co-X coordination axis and 
more slowly for the NHS--Co-X coordination axis (Table 1). 

A careful examination of halogen substitution rate dependence on hydro- 
gen ion concentration for [Co(Amine)(DH)aX] has shown (Table 2), that 
there is a region of pH for each complex, where the rate is practically con- 
stant. The rate begins to climb, sometimes considerably when the pH values 
increase beyond this region (See Table 2) [ 25f _ 

The greatest substitution rate dependence on pH is observed for the iodo- 
bis(dimethylglyoximato)---ammine cobalt(III), compared with other dioximes 
studied (Table 2). 

This circumstance probably produces the reversal of the rate sequence at 
pH > 4 observed for [CO(NH~)(DH)~X] . 
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TABLE 1 

The aquation rate constants for 1,6-~CoCI(DH)~(Arnine)I in ethanol (30%bvater (70%~) 
mixture (pH = 4.0, p = 0.1, Ccomptcx = 5 x lo-* mole I-’ anrf t = 50°C) 

Amine NH3 C&I@% w 

it x 106 (see-l ) 18.2 28.8 162 

The data certainly indicate that ~~lbs~ituti~n reactions in cob~t(l~f) di- 
oximes are dependent on the pH of the medium, change in which can affect 
the propagation rate, ligand substitution sequence, and even the mechanism 
itself. The deprotonated cobalt dioxime is accumulated in the solution at 
pH vrrlues close to neutral and its behaviour must differ from that observed 
for ~CoX(D~)~tAmine)~ . Rate confidants ob~ined under these ~ond~tion8 
summariee the values ~h~~~t~rising halogen substitution both in proton&d 
and deprotonated dioximes. In order to examine the substitution reaction 
mechanism, the dependence of the aquation rak) upon ionic strength (I) and 
staric factors was invastigatcd. Invastigation of the dependence of rouction rate 
on ionic sbmgth for fC~Py(l)fi)~X] (X = Cl, Br) has shown that the logarithm 
of the rat0 constant is in a linear relationship to L/,u, the linear plot having a 
positive angular coefficient (Fig. 1). This is accounted for if one accepts that 
the ronctions under investigation take a dissociative mechanism [26, 271. 

Since the influence of steric factors upon rate sometimes permits one to 
obtain information about the mechanism of the process [ 28, 29 J it was of 
interest to study the aquation kinetics for the compounds of the same com- 
position with a more bulky dioxime. For this reason the aquation khletics 
of (C!oX(DfH)z(Aminoj] (X = Cl, Br, I; Amine = NHs, CeHbNHs, Py; DfH = 
H,Co 

-Ii 
-C--%&jwg) were investigated [30] . 

NO- I&H 
When one proceeds from complex compounds with dimethyiglyoxime to 

TABLE 2 

Dependence of the rate constants for substitution of halogen by water in [Co(Amine)- 
(DH)&] on media pH (t = 50” C) 

Complex k x 106 (se&) for pH: 

3.0 4.0 5.0 6.5 

ICdWW2C1J 141 162 286 379 
[Co(C6bNH2)(DW&I I 25.4 28.8 122 132 
ICo(N%)(DH)SIl 11.6 18.2 21.0 27.3 
r~(NH3)(D~)~Il 1.02 1380 
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Fig. 1. Lag k dependence on d&i (pH = 4; t = 6O~O.l”C). Curve 1, fC!oPy(DE&$r] ; Curve 

2, lCoPy(DH)211. 

those with ol-benzildioxime (DfHa) the aquation rate enhances considerably 
with simultaneous decrease in activation energies. For example in ethanol 
(30%)-water (70%) mixture, t = 50°C pH = 4.0 and P = 0.1: 

Complex k x lo6 (see -1 ) 

[~Br(DHhbI 18 
[ CoBr( DTH)2Py 1 305 

E, (k3 mole-’ ) 

99 
74 

The experimenta3 data confirm the presence of dissociative elements in the 
mechanism, if the steric hindrance arising from the replacement of the methyl 
groups in the dioxime molecule by the phenyl radicals is taken into account. 
Keeping the axial groups constant and replacing the equatorial ligands causes 
not only an increase in the halogen aquation rates but. also some other dif- 
ferences. 

With the dimethylglyoxime ammine compounds there is reversion of the 
aquation rate sequence in passing to the neutral pH region, but in the case of 
a-benzildioxime compounds this phenomenon does not occur. 

In some cases the reaction mechanism can be elucidated from the influence 
of the non-labile ligand inductive effect on the reaction rate [31,323. It 
was of interest therefore to study the aquation kinetics for dioximes contain- 
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ing in the inner sphere, aniline and its derivatives substituted in the benzene 
ring. 

Investigation of the reaction kinetics for halogen substi’ttion by water in 
[CoX(DH),NH,CsE-r,-Y] (Y = p-s m-, o-0CH3 ; p; m-CHa ; p-, o-OH; p-f; 
m-Br; p-CI) [33] has shown that the rate constants depend upon the nature 
of the substituent and its position in the benzene ring refative to the amino 
group. 

For dioximes containing p-anisidine, p-aininophenol, and m-toIuidine, 
the rate of halogen substitution by water diminishes from the chloro to the 
iodo complex as is the case with fCofC,H,NH,)(DH),X] _ The activation 
energies increase in the same sequence. Aquation rate constants depended 
upan the axial Xigand in the following order: 

CsHsNH* < m-H3C-CsH4-NH2 < P-H&O-C~H~-NH~ < p-HO-CsH4-NH2 

Inversion of the halogen aquation rate sequence is observed for dioximes, 
containing inner sphere p-nitroaniline, p-iodoaniiine, m-bromoaniline, i.e. 
the substitution rate of the bromide ion by water is larger than that of the 
chloride ion. The activation energy decreases in going from the chioro to the 
bromo complex. 

Plotting the values of the aquation rate constant logarithms for 1,6- 
[Co(Y-C,H,NH,)(DH),CI] against Hammett oconsknts for benzene ring 
substituents, Y [ 34,351 yields two differen+, straight lines (Fig. 2). Points for 

2- 

Fig. 2. Dependence of the logarithm of the halogen aquation rate constants on Hammett’s 
0 consiaRts. 



Kinetic characteristics of the aquation reaction of I,~.[CO(H~NCGH~Y)( DH),X 1 in ethanol (30%)-waler (70%) mixture (Ceomplrx = 5 x 
LO-” mole I-’ , p = 0.1 and pH = 3.0) 

Complex k x 106 (SW-~) E log2 As+ 106 2 AS+ 

(kJ (50”) (50”) (60”) (60”) 
30” 40” 45” 50” 60” 70” mole-‘) 

8.50 
4.0 

12,s 
7.0 
3.0 

15.0 46.2 
24,o 

4050 

129 345 
152 282 

6.95 21 
144 237 
330 

34.0 84.0 
58.5 184 

12.8 42 
46.1 138 

28.8 103 340 113 13.8 +lO 
12.8 46 190 115 13.7 + 8 

4.02 14.9 50.6 118 13.6 + 6 

49.2 148 98 l.o.9 -37 
22.9 73.3 102 11,6 --19 
10.2 .35.3 106 12.1 -13 

131 360 89 10.4 -46 
67.6 19:, 93 11.7 --21 
16.1 48.3 166 111 13.2 + 8 

920 78 9.6 -62 
481 92 11.5 -34 

65.1 205 99 11.9 -17 
401 85 10.6 -51 
853 1840 74 9.6 -70 

209 88 9.5 -63 
510 77 9.1 -71 

142 412 103 12.8 -9 
460 96 12.2 -20 



the electron donor substituents lie on one of these lines (p = -4.54) while 
points for electron acceptor substituents lie on the other (p = +5.26). 

It can be seen that the rates of acid hydrolysis for the dioximes investigated 
are increased both by good electron donors and by good acceptors_ The occur- 
rence of two branches is probably due to different mechanisms for the sub- 
stitution of halogen by water. As can be seen from Table 3, activation energies 
for electron donor substituents decrease in the order CeHsNHs > 
m-HsCCsH4NH2 > p-H3COCsH4NHs > p-HOCsH4NH2. ‘I’be electron density 
on the nitrogen atom of the aminogroup in monosubstituted derivatives of 
aniline increases in the same order [ 36 1. 

The data obtained for electron a-?ceptor substituents confirm also the 
dependence of activation energies on the axial ligands. For example, E, = 
88 kJ mole- 1 for [Co@-HzNC,H,I)(DH)zCl] and E, = 103 kJ mole-’ for 
[Co(m-H2NCGH,Br)(DH),C1]. 

The change of electron density on the nitrogen atom of the amino group, 
caused by a substituent in the benzene ring, affects the basic properties of 
the aromatic amines. There is [ 35 3 a linear correlation between pK= of mono- 
substituted aniline derivatives and Hammett a-constants. This is shown in 
Fig. 3 for derivatives of interest to us. A plot of the logarithms of the aquation 
rate constants against amine pK, for p-, m- and some o-derivatives yields two 
intersecting straight lines (Fig. 4). It is seen that for dioximes with electron 
donor substituents, Y, the rate constants increase simultaneously with in- 
crease of amine pK=_ For electron acceptor substituents in the benzene ring 
the aquation rate diminishes with increase of amine p&. The dioxime with 
axial coordinate Cl-Co-p-NH,CGH,N02 falls outside this regularity. The 

I 
I 

i44 -G,2 0 0,2 0,G 46 0.8 40 Hammet& 
Fig. 3. ‘l’he dependence of plr, for monosubstituted benzene ring aniline derivatives on 
Hammett’s G constantS. 



Fig. 4. The dependence of the logarithms of the halogen aquation rate con&an’% on pK, 
of monosubstituted benzene ring aniline derivatives. 

experimental data infer that the inductive effect of the unsubstituted axial 
ligand affects the rate and, probably, the mechanism of the aquation reaction 
in our complex compounds. 

The kinetic study of bromide ion substitution by water in a-benzildioximes, 
containing aniline derivatives, has shown (Table 4), that in the case of the 
aniline and p-anisidine complexes the aquation rate constants are larger than 
for analogous dirnethylglyoxime compounds. In the case of the complex with 

axial BrCo--p-NHzCsHqNOz there is a fall in the rate constant. 
Keeping in mind the probable increase of steric hindrance in cr-benziidioximes 

in comparison with d~ethylglyoximes, these experimental data can be ac- 
counted for if we assume that the aquation reactions of complexes with axial 
ligands YC,HBNH2, where Y is an electron donor substituent, are dissociative 
in mechanism, while for YCsH,NHs , where Y is an electron acceptor substi- 
tuent, the aquation reaction mechanism includes an associative step. These 
assumptions were confirmed by investigation of the aquation rate dependence 
upon the ionic strength of the media. 

It is seen (Fig. 5) that a straight-line dependence of log K upon t/p is observ- 
ed for dioximes with Ii2NCsH5 and p-HzNCsH,OCHs as axial ligands but 
the rate constants for p-HsNCsHJ and JPH~NC~H~NO~ do not depend upon 
ionic strength. 

In order to further investigate the effect of the axial ligand upon the aqua- 
tion kinetics an aquation rate study of [CoX(DH)zL] was performed where 
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TABLE 4 

The aquation rate constants for ethanol (30Qo)water (70%) mixrures of ~jime~~yIg~yoxirne 
(CcOmp~ex = 5 x 10-4 mole 1-l) and a-benzildioxime (Ccomplex = 5 X lOem mole 1-l) com- 
plexes (t = 5O”C, p = 0.1, pH = 3.0) 

Complex IZX 106 kx 106 
@c-l ) 

Complex 
(set-’ ) 

ICotHzNC$j&)(DfH)2Brl 39.1 rCo(H2NC6~6~(DH)~Br~ 12.8 
[Co@-H2NC6H40CH3 )- [Co(p-H2NC6HaOCHB)- 

(DfHhBrl 148 (DHWrl 67.6 
[Co@-H2NCsH4NO2)(DfH)gBr] 51.2 [Co@-H2NCsH4N02)(DH)2Br] 853 

L = proton containing molecules such as thiourea (Thio) and thiosemicvbazide 
(Thios) [37,38J. F’rom Table 5 it is seen that here too, the nature of the axial 
ligand affects the halogen aquation rates. 

The considerably larger aquation rate constant for the thiosemicarbazide 
complex in comparison with thiourea indicates that the substitution rates 
are affected not only by the donor atom coordinated by the metaI but other 
tigand atoms as well. The data obtained cannot be explained by simple Iigand 
field theory considering the interaction only between the central metal ion 
and the neighbouring ligand atoms. The rate differences for complexes with 
L = thiourea and L = thiosemicarbazide may be related to the presence of 
the hydrazine group in the Iatter molecule. 

This assumption is confirmed by the fact that the aquation rate constants 
for the Co”’ dioximes containing semicarbazide (Scarb) are close to those 
obtained for thiosemicarbazide compounds (Table 5). 

It must be noted that; the aquation rates for complexes with thiourea, thia- 

Fig. 5. i&g k dependence on X/P (pH = 3; t = 5O?O.l”C). Curve 1, [Co@-CH30C6H4NHZ~- 
(DH)~CI);Curve 2, fCo(C6H#Hz)(DH)&l j;Curve 3, (CO(~-XC~H~NH~)(DH)&I j; 
Curve 4, [CO(~-NO&$-~~NH~)(DH)&IJ. 
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TABLE 5 
Aquation rate con&ants for [ CoCl( DH)2L] 
(athanoI [a@%)--water (80%) mixture, pH = 3.0, f~ = 0.5 and t = 25°C) 

Complex 
-_ 

ICoCWHMH20)I 
[CaCUDH)sThiol 
[C!oCI(DH)gThios ] 
[CoCI(DH)$Scarb I 

& x 106 (set-1) 

26.7 
86.1 

4380 
3490 

semicarbazide and semicarbazide also decrease from the chloro to the iodo 
dioxime. The effect of the axial ligand on the aquation rates leads to the con- 
clusion that the rate-determining step includes the elements of dissociation. 
This is supported by the aquation rate dependence upon ionic strength flu). 

The results obtained indicate that in the case of the thiourea compounds 
the activated transition complex formation proceeds via a dissociative inter- 
change mechanism. In thiosemicarbazide and semicarbazide complexes 
reaction occurs by a mechanism with more defined dissociative character. 
Just the same conclusion arises from the steric influence on the rate of halogen 
substitution by water in [CoX(dioximate)L) [39]. 

Study of the aquation kinetics of analogous complexes has shown that in 

0 
0 

I 1 ‘ 

a w fG 
Fig. 6. Lng k dependence on J/J for ~~(~carb)(DfH}2Br] (curve 1) and [Co(Scarb)@3H)2- 
CX3.3HnO (curve 2). {ethanol (2O%jwater (80%) mixture, pH = 3; t = 25iO.lOC). 
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In the case of a dissociative mechanism, the tetragonal pyramidal transition 
state is the most probabie for cobalt(II1) dioximes and in comparison with 
the initial octahedral state, the entropy changes will mainly be associated 
with the soivation of both leaving group and activated complex. The negative 
AS* values are in accord with a more ordered transition state of the complex 
in comparison with the ground state. 

Examination of the interrelationship between AH’ and AS” for cobalt- 
(III) dioximes, containing different axial ligands L, but the same leaving group 
(chloride ion), hasshown (Fig. 7) that there is a straight-line dependence. 
The points corresponding to L = NO;, Cl- f14,24 3 also lie on the same plot. 
The ligands L can be arranged in the following order according to decreasing 
AiYf : Hz0 > NO, > Cl- > Thio > Scarb > Thios. 

The labilizing power of these axial ligands increases in the reverse order: 
Thios > Scarb > Thio > Cl- > NO, > HzO. The axial ligand sequence ob- 
‘;ained coincides with their trams-influence advanced previously on the basis 
of inner sphere substi~tion reaction studies in cobalt(II1) dioximes [16,17, 
401 (with the exception of the nitro group). The discrepancy in the relative 
positions of chloro and nitro groups in these two truns-influence sequence 
may be connected with the presence of protons in the compounds 
H[Co(DH)sCls] and H[Co(DH)s(NOs)s] under investigation. 

The intermiationship between the activation parameters LvI# and AS* 

Fig. 7. 7%~ relation between A& and dSf for aquation reactions of CoL(l3H)&l. 
(L=Thios,Sc~rb,Thio,H~O, Cl [14],NOz (151). 
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TABLE 7 

Kinetic parameters for aquation of 1.6.[CoL(DfH)2X] (pH = 3, p -i 0.5; ethanol (30%)_ 
water (70%) mixture) 

Coordinate k250 x I@= AH* Asf 
-1 (set 1 (kJ moie-l) (J mofe-x deg-1 ) 

scarb--co-c1 4540 93 +23 
Scarb-Co-Br 1240 95 +20 
Thio-Co-Cl 297 99 +19 
Thio-Co-Br 79.0 104 I- 14 
H@--CO-Cl 107 96 + 7 
H20-Co-Br 50.2 100 +1 

(or E and log 2) is called the isokinetic relationship or compensating effect 
in the literature f35). It was first studied for some organic reactions invest- 
igating slight changes in the structure of the reagent and solvent. In recent 
years the isokinetic relationship has been extended to complex compounds 
of the transition metals (Peshchevitskii and Kasakov for Pt” (41,421 and 
Co*** [ 43) complexes). 

Aquation rate constants and activation parameters for complex compounds 
with af-bsnzildioxime, analogous in composition with the dimethylglyoximes, 
mentioned above, are in Table 7. It is seen that the activation entropy in this 
case is positive and diminishes from the semicarbazide comp!ex to aquodi- 
oxime in the order: Scarb > Tbio > H,O. The change in activation enthalpy 
is not large. 

Positive activation entropy indicates a more “disordered” transition state 
than that present in the case of d~ethylglyox~es; this contributes, probably, 
to an increase in aquation rate in passing Tom complexes with dimethyl- 
glyoxirne to a-benzildioximes (compare Tables 6 and 71. 

It may be thought that the difference in the entropy values is due to 
variation in the entropy of the equatorial ligand, being negative for dimethyl- 
glyoxime and.positive for a-benzildioxime. However, it is seen from Table 8 
that the activation entropy for the aquation of the amine-containing 
cr-benzildioximes is negative, and for [Co(Amine)(DI-I)2X] (Amine = 
C6HriNH2, NH3) is positive. It follows from these data (Tables 6-8) that 
the entropy value is affected not only by the equatorial ligand, but also by the 
axial ligands. 

It must be pointed out that while fCo(Amine)(I)fI-&X] and fCoL(DH),X] 
(L = Thios, Scarb, Thio) have similar AM ’ values, the aquation rate constants 
of these complexes are substantially different; for the former compounds 
the rate of the halogen se&se by watzr is considerably lower than might be 
pE$cted from the AH 

= 68 kJ mole-l ; k 
value. For exypleL;t 25”C, [Co(Thios)(DH)2Cl] 
= 4380 X lo- set I and for ECoW-bWW&Vt 

AHf = 67 kJ mole”-l, k = 189 X 10m6 set -‘. The lowervalue of the aquation 



TABLE 8 

Activation parameters for aquation of 1,6-(Co(Amine)(Dioxim)~X] 

[Co(Amine)(DH)2X] hSOO x 10” AH* As* 
(set-I) (kJ moleY1)(J mole-’ 

deg-’ ) 

[Co( Amine)( DfH)zX] Iso0 x 106 AH+ &f 
(s~c-~ ) (kJ mole-*)(J mole-l 

de& 

Py-CwCl 
Py-Co-Br 
Py-CO-I 
C&jN&---Co-a 
C6H6NH2--Co-Br 

H3 N-Co-I 

152 88 -44 
18.0 97 -36 
8.24 112 + 2 

20.8 111 +13 
12.8 113 f 9 
3.02 116 f 5 

18.2 112 + 9 
4.45 116 + 8 
1.02 122 +19 

Py-Co-Cl fasti 63 -97 
Py-Co-Br 805 72 -81 
Pp-C0-I 460 76 -72 
C&jNfi2--Co-Ci 759 71 -87 
C&NH2--Co--Br 39.1 87 -64 
C6HSNH2-Co-X 12.7 93 -50 
H3 N-Co-Cl 1305 67 -93 
H3 N-Co-Br 186 78 -78 
H3 ?&-h-i 130 82 -67 



267 

66 70 80 

Fig. 8. The relation between activation entropy and activation enthalpy for aquation of 
[Co(Amine)(DfH)aX]. (0), Amine = Py; (0). Amine = CeHeNH2; (A), Amine = NHa. 

rate constant for the ammine containing dioxime is connected with a more 
negative activation entropy value (for [Co(Thios)(DH)2Cl] AS* = -60 J 
mole-’ deg-‘, for [Co(NHa)(DfH)sCl] A@ = -93 J mole-l deg-l). 

There is an isokinetic relationship between the activation parameters for 
aquation of 1,6-[Co(Amine)(DfH)2X] independent of halogen (Fig. 8). 

It is interesting to note that for all the dioximes investigated the sequence 
of the halogen aquation rates is: Cl > Br > I. Such a sequence can be ac- 
counted for in terms of Pearson’s theory of soft (class b) and hard (class a) 
acids and bases [44]. The formation of M(a)-NCS and M(b)-SCN bonds 1s 
often used as a criterion of hard and soft acids [45,46]. Since the thiocyanate 
ion in these dioximes is linked with cobalt through the sulphur atom [‘I,83 
the equatorial Co(DH),group is probably a soft acid (class b) in character. 
According to Pearson, soft acids form their most stable complexes with soft 
bases; thus in dioximes the chloride ion must be released faster than bromide 
and iodide. This is the same order as was observed for [Co(CN)SX] 3- [3] 
and the reverse to that observed with [Co(NH,),X] 2* and [Co(en),X,] + 
IL21 - 

However, with the SO:- ion present in the dioxime inner sphere the re- 
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TABLE 9 

Rate constan% for acid and base hydrolyses at 40°C (p = 0.1) 

Complexes hH*0 x 10” 
(see--I ) 

verse sequence of halogen aquation rates (I > Br > Ci) takes place [IS] _ This 
may be due to the ‘*hardness” of the SC@- group as a base, which is confirmed 
by the tendency of SO:- to transform into HSO,. 

D. COBALT( III) tmns-DIOXIMES -- BASE HYDROLYSIS 

It WE indicated above that with pH values in excess of ca. 7 the rate of 
halogen substitiation in dioxime nonelectrolytes increases sharply. This increase 
in rate probably arises through the presence of both the acid and base hydrolysis. 
The base hydrolysis of cob~t(rrr) ammines has been investigated in detail 
[47--52f in contrast to the dioximes which have not been nearly so weft studied 
f53--551. 

Re have studied the kinetics of base hydrolysis of fCo(DEQ2X(Amine)j 
(Amine = Py, NH3, CGH5NH2; X = Ci, Br, I). In the case of pyridine containing 
complexes the reaction rate is independent of the hydroxide ion concentra- 
tion, while for aniline and ammine complexes there is a reaction rate dependen- 
ce on hydroxide ion concentration. The base hydrolysis reaction in the latter 

TABLE 10 

The kinetic characteristics for base hydrolysis of ~,~*[COX{DH)~H~O~ fCcompbx = 5 X to* 
mole Tf, CK~JH 2 5 X lam3 mole 1-l. i-1 = 0.15 (K&304)) 

k X lo3 (I mote--l set-l ) 4% 
(kJ molewx) 

0” 11” 15” 20" 25" 

8.9 33.1 51.b 87.5 74.2 
12.7 47.3 78.0 177.0 87.4 

4.68 10.4 25.3 60.8 Ill.9 
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cases is second-order, similar to that observed for other cobaIt(II1) complexes 
l&21 * 

It follows from a comparison of the base hydrolysis rates that the nature 
of the amine affects the rate constants. Substitution reactions proceed quickly 
for the aniline complex, slower for the pyridine and still slower for the ammine 
compound. 

Acid and hydrolysis rates are compared in Table 9. 
A study of the base hydrolysis of acid aquodioxime, Co(H,O)(DH),X, [ 56 J 

has indicated that for complexes there is a dependence of the rate constant 
upon the alkali concentration, Le. we have second order reactions. The rate 
constants are similar for chloro and bromo complexes but are substantially 
smaller for the iodo complex (Table 10). 

From a comparison of the observed rate constants for the base hydrolysis of 
[Co(H20)(DH),X] with those for aquation of these compoilnds it follows 
that the rate of base hydrolysis is about two orders of magnitude higher than 
the rate of acid hydrolysis (Table 11). The relative increase in rate constant 
for base hydrolysis is considerably smaller than that observed for cobalt(IIIj 
ammines [ 1,2] . 

It was of interest to elucidate the influence of the nature Qf the dioximate 
ion on the kinetics and mechanism of cobalt(II1) dioxime base hydrolysis. 
The complexes [Co(Dioxim)a(HzO:X] where Dioxim = metbylglyoxime (MHz), 
methylethylglyoxime (MEH,), a-benzildioxime (DfHzj and a-furildioxime 
(DfurH,), were investigated. 

The rate of base hydrolysis for 1,6-[Co(H,O)(MH),XJ (X = Cl, Br, 1) was 
studied with different concentraticns of KOH and a second order rate law was 
observed (Table 12). 

It can be seen #at the substitutions of chloride and bromide proceed with 
similar rates, but iodide releases more slowly. The order is the same as that 
observed for halogen bis(dimethylglyoximate) aquocobalt(II1). 

The observed rate constants for base hydrolysis of monomethylglyoxime 
complexes (hoH ) are three orders of magnitude larger than the aquation rate 
constants jkHa o). This ratio, kOH/kHa o - 103, is smaller than that obtained 
for cobalt(II1) ammines, and an order of magnitude larger than for analogous 
complexes with dimethylglyoxime (Table 13). Hence the increase in rate of 

TABLE 11 

Rate constants for acid (pH = 3) and base hydrofysis (Cso~ = 5 X 10m3 mole 1-l ) of 
1,6-[CoX(DH)z(HzO)] in water solution at 20°C. 
c complex f 5 X lo4 mole 1-l. p= O.l.5 (KzS04) 

Complex k x lo5 (set-l) kobs x lo6 (set-‘) 
Aquation Base hydrolysis 

CCoWDHhHaOJ 1.46 106.2 
CCoWW2H201 0.06 15.2 





27x 

TABLE I3 
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WJ -- 

I 

-0,1 0 to,2 + 0,4 6* 

Fig. 9. The dependence of Iog(r’rsbG/kH,o) on Taft’s CJ* for [Co(&O)(Dioxim)2Br] at 
20~0.1” C. Dioxirn = R--C-G---C 

AOH ko- 

HB; point 1, R = CzH,; point 2, R = CH,; point 3, 

R = H. 

constants for [C0(H~0)(Dioxim)~X], Dioxim = R-C 
k&-7,““” (R= 

H, CH, , C&H,) and Taft’s CT* will be related, Investigation has shown (Fig. 9) 
a straight line dependence between kg ksbg/kH, o and (I*. 

As indicated by the data obtained the base hydrolysis of dioximes 
[ Co(HzO)(Dioxim)zX] proceeds via a conjugate base mechanism and the 
ability of the coordinated dioxime to detach a proton plays a dominant role 
k conjugate base formation. 

Conjugate bases of the cobalt(III) dioximes were isolated in crystalline 
form by Tchugaev [SO], in contrast to cobalt(II1) amine, for which the 
existence of the conjugate base is only hypgthetical. An X-ray study of 
[Co(D,H)Py,l .2H20 was undertaken and proved the presence of a deproton- 
ated dioxime in the complex [6l]. 

Study of the base hydrolysis of halogen bis(~-benz~dioximate~aquocob~t- 
(III) has also shown in this case that the value of the rate constant is in accord 
with the inductive effect in the dioxime substituent series (Table 15): 
C&Is < CHs < H < CsHs 1621. 

F’rom Table 15 the base hydrolysis rate constant for bromo bis(a-furil- 
diox~ato)aquocob~t(~I~) is seen to be much larger than for the complex 
containing monomethylglyoxime. afthougb furjldioxime and methylglyoxime 
are similar in their acid properties (pK, (MHz) = 9.74; pH, (DfurHz) = 9.80). 
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TABLE 15 

Observed rate constants for base hydrolysis of [Co(H~O](Dioxirn)~X~ in water so!utim 
at 0” C fp = 0.15 (KN03), CxoH = 5 x UP mofe 1-l ; C&-~, = 5 X IO4 mole 1-l 1 

Possibfy the d~crep~~y ‘between dioxime pk& and base hydrolysis r&e 
constant is related in this case to a aterie factor. Probably, the values of the 
base hydrolysis rate constants for a-benzi.ldioxime complexes larger than 
predicted from the inductive effect of C,H, , are also due to a steric effect. 

The influence of a steric factor on the rate is in accord with the dissociative 
mechanism for the base hydrolysis reaction investigated. The straight line de- 
pendence of fog kDdjfs vs. 4~ ia in favour of this mechanism. 

Thus the mechanism of base hydrolysis for non electruiyte dioximes in- 
volves conjugate base formation ~6th subsequent release of haiogen via 
dissociation of the conjugate base. It may be represented by the following 
scheme: 

(a) For rCoCAmine)CDioxim)zXf 

fCo(Amine)(Dioxim)~X] o f OH? 3 fCo(~ine)lDiox~)fDioxim-H)XJ k 

The proton equilibrium is set up quickly. The following further reactions are 
possjbie: 

ICo(Amine)(Dioxim)(Dioxim-H)X~-~ ~Co~Amine)~Dio~~)~Diox~-~)~ * 

[Co(Amine)~Dioxim)(FZfoxim-H)] + 

(b) for [Co(E120)(Dioxim)2X] 

[CofW20)(Dioxim)2X] + OH- S’ 

[Co(Dioxim)z(OH)X J - + OH-- 3 

+x- 

II20 fast [Co(Amine)fDioxim)20HJ 

fCo(Dio~im)~(OH)X] - 

fCo(Dioxim)(Dioxim-H)(OH)Xf ‘- 

[Co(Dioxim)(Dioxim-H)(OH)X] 2- 2 [Co(Dioxim)(Dioxim-II)(O 

+X- 





chloride ions are dependent upon the concentration of the entering group. 
The rate constants of reactions mentioned above can be character&A by 

the equation 

k obs = kr [Y- 1 + k-x 

where k, is the second order rate constant of anation (the slope of linear 
graph kobs = f( [y-’ ] ); k_l is the aquation rate constant (the intercept of 
k obs = f( [y-l ); [y- ] is the reagent concentration (Fig. 10). The value of the 
aquation rate constant for the bromo aquo complex (- 110X 10e6, set-’ 
at 3O’C) calculated from Fig. 10, is in satisfactory agreement with the cor- 
responding value obtained earlier [ 243 _ 

The interaction reactions of thiocyanate and iodide ions with bis(dimethyl- 
glyoximate) diaquo cobalt(II1) cation is assigned to the second type of reac- 
tion. Diacid dioximes are their final products and they are practically irrevers- 
ible. 

In Fig. 11(a) the dependence of log (fH+]_- fH*],)f(]H*],- fH’tt) on 
time for anation of the diaquo cation by thiocyanate ion is presented. It is seen 
that some points fall in one straight line, and some in another. This indicates 
different substitution rates for the first and second water molecules. 

The observed rate constants, activation energies and log 2 are summarised 
in Table 17. 

The difference observed in anation rates (Table 19) can be related to the 
different nature of the entering group, the different labilising power of the_ 
axial ligand or to both factors. It should be noted that the rate increase on 

Fig. 10. The dependence of k,b on reagent concentration for reaction 
+ Br-. t = 30*0_1”c;~ = 0.5. 
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TABLE 17 

The kinetics characteristics of substitution of the first and second water mok!cuks in I$- 
[CO(DH)~( I&0)3 1’ by thiocyanate ion 
(Ccomplex = lo- mote i-l, CKNC~ = 10-l mole I-‘, I_r = 0.1) 

Reaction h& x lo6 (se=-‘) E log2 

(kJ 
30” 40” 45” 50” mole-l) 

ICo(DHfz(HzO)z I+ l NCS 518 1462 2718 3616 87 11.7 

kz~_ X lo6 (set-‘j 

30" 40" 45" 5o" 

[C%J(DH)~(H~O)(NCS)] + NCS- 230 636 1359 1831 89 11.7 

passing from the nitro to the iodo complex is in accord with results obtained 
earlier from investigations of the inner-sphere substitution reactions in acid 
media [16,171_ 

However, a Iiiiting rate was not reached even with very large concentra- 
tiorzs of the entering group. 

Interaction between the diaquo cation and iodide ion may be characterised 
with the kinetic lines, presented in Fig. 11(b). Only the entrance of the second 

1 
I a 1 I I 

fi-700 3uuo 5uuu 7000 9ml t,sec 

Fig. ~1.~edep~ndenceofIog(fH+1,-[HiIa)~f[H+i~-~H*It)o~~~~fo~~~a~~i~~ 
of <‘qquo cation Gfi (a) NCS-, p = 0.1; (b) I-, fl= 0.5; t a 3O*O.l”C. 
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TABLE 18 

The kinetic characteristics of substitution of the second water molecule by iodine ion in 

1>6-fWDHMH,O),l’ 
fG%XlD~X = 10S3 mole I-‘, CKJ = 10-l mole Imf, p = 0.5) 

Reaction k &s x 106 (set--1) 

25’ 30” 35” 40” 

E log 2 

(kJ 
mole-l ) 

~W~W2(H20)21'++1- 507 967 1635 2725 85 Il.6 

iodide ion can be estimated quantitatively because it is faster than the sub- 
stitution of the first water molecule (Table 18). 

The second order rate constants for substitution of the second water mole- 
cule in the diaquo cation have been calculated from kobs/Creagent and are 
summarized in Table 19 with Nague and Halpern’s date [22] for anation of 
nitroaquo dioxime. 

It is also noted that the observed rate constants kl, kl’ also in this case 
depend on the reagent concentration, but, in contrast to reactions with 
chloride and bromide ions, this dependence is less clear cut, for example 

C xNCs = IO-’ mole I-‘, c complex = 10e3 moleT1 

%S = 3.45 X 10m4 set-i, k= obs = 2.37 X lo-” see-’ 
c KNCS = 5 X 10-l molel-l, Ccomplex = low3 molel-l 

k:bs k 9.21X 10M4 set-l and kt$, = 4.84 X 10m4 set-l 

Considering the second order rate constants for the substitution of the 
first water molecule in diaquo cation with different nucleophiles /Table 20) 
it can be concluded that the nature of the entering group does not practically 
influence the anation rate of the dioxime under investigation. Comparatively 
large values of the rate constant for I+ resulted from the substitution of the 
second water molecnle, as seen above. From the nondependence of the 
anation rate constants on the nature of the entering group it can reasonably 

TABLE 19 

Coordination axis k X lo4 mole-l set-l (30°C) 

Entering group 

I NCS NO2 

I-%--OH2 
NCS-Co-OH2 
02N--Co-OH2 

o Hague and Halpern’s data. 

96 
23 

3.5 Q 



TABLE 20 

Second order rate constants for substitution of the first water molecu!e in 1,6-C Co( DH)2- 
(H20)2 ]* with different nucteophiles (30” C) 

k x LO4 (1 mole-1 set-l) 

o Extrapolated from [ 63]_ 

* Kate constant at 45” C 1641. 

Reagent 

KC1 KBr KI KNCS Py = Thio b 

8.88 16.1 44 18.4 20 27 

be suggested that substitution of the first water molecule is dissociative in 
mechanism in these cases [ 1,2 1. 

It follows from all these experimental data that irrespective of the reaction 
type studied (aquation, base hydrolysis, anationf the most probable substitu- 
tion reactions mechanism for transdioximes is dissociative. 
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