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KINETICS AND MECHANISM OF ANATION OF 

THIOCYANATE 
CIS-TETRAAMMINEDIAQUACOBALT(I1I) BY 

MANIK C. GHOSH and PRADYOT BANEWEE? 
Department of Inorganic Chemistry. Indian Association for the Cultivation of Science, Calcutta 7m32, India 

(Received September 9, 1983) 

The anation of cis-~CO(NH,),(H,O),]'+ with NCS- has been studied at 4-60", The reaction proceeds in a 
stepwise manner leading to the formation of cis-ICo(NH,),(NCS),]+. Under pseudo-first-order conditions 
having(NCS~J.=O.OS-O.SM,pH=2.CUand I=O.S1 M(NaCIO,), thefallowingratelawisobeyedforeachstep, 
kabr = 16 + k[NCS-1. where 16 is the rate constant for the reverse (aquation) reaction and k is the second-order 
anation rate constant. The activation enthalpy and entropy values corresponding to k,. I and $I1 paths are 
AH,' = 143 k 7 W m o P ,  AS ' = 141 11 J K-I mol-l, AH,' = I I 1  f 6 W mol-I. AS?529 f 8 J K-' mol'l, 
A&'# = 102 k 7 kl m o P ,  AS) = 3 k S J K-' moP. AH:'' = 91 k 8 kl mol-' andAS.,I1* = -S8 * 7 J K-' mol'L. 
respectively. The first-step reaction rate shows a strong inverse dependence on [H'] indicating that the base 
form of the complex, cis-[Co(NH,),(OH)(H,O)]'+. is some lo3 times more reactive than the conjugate acid 
form, c~-[Co(NH,),(H,O),]If. Within experimental error the second-step reaction rate is found to be pH 
independent in the pH range covered (2.00-3.36). At high ionic strength (I = 2.01 M), ion pairing occurs which 
is revealed from the tendency towards rate saturation at high (NCS'J. The reaction is believed to operate 
through an I, mechanism. 

INTRODUCTION 

Anation reactions of [Co(NH,),H,OJ3+ have been studied for a variety of entering 
ligands during the last few years.'J These reactions are considered to proceed 
through a disssociative interchange (Id) mechanism. Kinetic investigations on 
substitution reactions of the cis-tetraamminediaquacobalt(I1I) complex with either 
mono- or bidentate ligands have, however, rarely been studied except for a few 
recent  report^.^,' In an attempt to better understand the reaction patterns of a 
diaquacobalt(I1I) complex, the present study was undertaken. For a complex like 
this two kinetically distinct steps are expected and the entering nucleophile may 
play some significant role depending on its electron donating or withdrawing 
power towards the substrate. Another interesting feature which could have been 
observed here is the unusually large cis-labilisation effect by hydroxide ion as has 
been detected in several thiocyanate anation reactions of diaquachromium( 111) 
cornplexes.5-6 

EXPERIMENTAL 

Materials 

Cis-tetraamminediaquacobalt(III) perchlorate was prepared following the method 
described in the literature' and its purity was checked by elemental and spectral 
analyses. Recrystallised sodium thiocyanate was used Ionic strength was held 
constant by using appropriate amounts of recrystallised sodium perchlorate. All 
other chemicals were of 'AnalaR'or extrapure grade. All pH measurements were 
made with a digital Beckman pH meter (model 4500). 

+To whom correspondence should be addressed. 
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238 M C GHOSH and P BANERJEE 

Kinetict 

The spectral changes observed during the reaction of cis-/Co(NH,),( H,O),]'+ with 
NCS-did not shoH any isosbestic point over the wavelength range 340 to 660 nm. 
The absorption maximum of the spectrum after completion of the reaction having 
[NCS-] 1 0.05 M was at 510 nm ( E  = 174 M-' cm-') which agreed very well with 
the species cis-[Co(NH,),(NCS),]+. isolated recently by Kanamori.8 The kinetics of 
the reaction were followed at 510 nm in the thermostatted cell-compartment of a 
Pye-Unicam SP8-150 spectrophotometer using matched 1 cm quartz cells. Plots of 
log (.4- - ,4J against time (where A ,  and A ,  stand for the absorbances at the 
completion of the reaction and at time t respectively) clearly indicated an initial 
curvature before becoming linear at high values of t. This behaviour is illustrated 
in the Figure and is reminiscent of that expected for a consecutive reaction 
scheme. It was possible to resolve such plots into two straight lines by the use of 
conventional procedures as described elsewhere9 

t/rnin 
FIGURE I A typical kinetic plot for the reaction of ' .f~-[cocNH,),(H,O),])+ with NCS- having 
Icornplexl = I X 1(k3 M. INCS-I = 0.2 M. pH = 2.00. temp = 60' and  I = 0.51 M (NaCIO,). (open 
circles). .Acdii a t  different times are extracted irom the linear portion of the curve after extrapolation to 
zero lime and  w e d  in the evaluation oi  first-step reaction rate. a s  shown hy t h e  open triangles. 

RESULTS AND DISCUSSION 

To get an idea about the [NCS-J dependence on the present reaction. kinetic 
experiments were performed at pH = 2.00 and I = 0.51 M in the temperature range 
40-60". ,4t this pH. protonation of NCS- is negligible and decomposition of HSCN 
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240 M.C CHOSH and  P BANEWEE 

TABLE I1 
Obrened rate constants (kob,) as a function of [NCS-I and  pH 

Tsmp = 40' I = 0.51 M (NaClO,). IDiaqua Complex] = 1 X 10.' M. 

IOz[NCS-]( M) 10'k,,b5i(sec-') 10Jk,,,"( sec-I) 

20 
30 
m 

10 
20 
30 
40 

0 x 3  
1.01 
I 2 2  
I .48 
1.77 
2.03 

k2 = (5.96 i 0.10) X l W J  sec-l M-' 

= (1.20 i 0.10) x sec-' 

0.43 
0 57 
I ox 
1.37 
I 7 7  
I .9' 

k: = (6.27 f 0.27) X l W J  sec-l M-' 

= (0 77 * 0.13) x I0.J sec-1. 

1.09 
136 
1.71 
2 34 
2.92 
. 3 .. $ 7  . 

k2 = (466 i 0.19) X 

hi' = (0.67 i 0.08) X IWJ sec-'. 

sec-' M-' 

2.57 
3.76 
4.91 
5.99 

k2 = (4.65 t 0.13) X IWJ sec-l M-I 

= (0.72 f 0.05) X IWJ sec-' 

4.22 
8 . 4  

l1.W 
15 35 

k2 = (4.30 k 0.14) X lo-! sec-' M-' 

k,," = (0.77 i 0.09) X lo+ sec-' 

1.66 
2.21 
2.56 
2.78 
3.58 
4.22 

1 .00 
I .49 
2.15 
2.49 
3.28 
3.95 

1.12 
1.38 
1.57 
? . I  I 
2.53 
2.98 

1.18 
I .63 
2.14 
2.56 

1.15 
1.73 
1.98 
2.50 

values of k, and k are also listed in Table I. The AH* and AS# values 
corresponding to the k,. k,. k,' and k," paths. evaluated with the help of the Eyring 
equation using the respective anation and aquation rate constants at different 
temperatures are also presented in Table I. 

Sets of kinetic experiments (at 40") with varying [NCS-1 were done at some other 
pH values (2.15-3.36) and the results are shown in Table 11. The data clearly 
indicate ,hat for the first reaction step the base form of the complex 
cis-[Co( NH,),(OH)( H,O)]zt. is orders of magnitude more reactive towards NCS- 
substitution than is the acid form of the complex c~~-[C~(NH,) , (H,O),]~+.  We 
determined the pK, (5.30) of C~S-[CO(NH,),(H,O),]'~ at 40" and at ionic strength 
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THIOCYANATE ANATION KINETICS 241 

0.5 M (NaC10,) by the pH-titration method and it agrees well with that obtained 
by Schwarzenbach" (pK, = 5.69 at 20" and I = 0.1 M). Thus at the highest 
experimental pH (3.36) although 1.2% of the complex is in the base form, more 
than 97% of the observed rate is accounted for by it. Such a strong [Hf]-' 
dependence of k&S for the reaction of cis-~Co(NH,),(H,O),~+ with the conjugate 
base of a strong acid like HSCN indicates the operation of a conjugate 
base pathway. This type of base-catalysed substitution process has been 
encountered by Pavelich12 in the chloride anation of the 
tram-diaquabis(ethylenediamine)rhodium(III) complex. In a very recent study. 
Ramaswamy et a/.: also have noticed a remarkable rate acceleration due to the 
conjugate base [Cr(salen)( OH)(H,O)] (salen = N ,  N '-ethylenebis(salicy1idenimine)) 
toward NCS- and this is believed to arise from the strong sr-donating ability of 
OH-. The extraordinary lability of the aquahydroxo species compared to the 
diaqua complex has also been found for the is~merisation'~ and ammonia 
~ubsti tution'~ reactions of the dihydroxotetraamminecobalt(III) complex. An exact 
parallel in the reactivity trend is also found for the analogous 
aquahydroxobis(ethylenediamine)cobalt(III) ion.lJ The pH dependence of rate for 
the second-step reaction was rather insignificant although a slight decreasing 
tendency of k&*' with an increase in pH was noticed. Since the pK of cis- 
[CO(NH,),(NCS)(H,O)]~+ may be estimated to be higher (cu > 6) than that of the 
diaqua species. the existence of any hydroxothiocyanate species is practically 
negligible in the pH range covered and we may ignore its contribution towards the 
anation process. Moreover, BalP has shown that the intermediate 
cis-[Co(NH,),(OH)(NCS)]+ plays no role in the overall rate process during the 
reaction of dihydroxotetraamminecobalt(I1I) ion with thiocyanate in ammoniacal 
medium. It may be mentioned here that the k, values obtained from the intercepts 
of kbs vs [NCS-] plots for both the steps are subject to large uncertainties. Still, 
these could be treated as more or less pH-independent. This pH independency of 
the reverse aquation path is supported by the earlier studies of Adamson and 
Wilkins" on the aquation of (Cr(NH,),(NCS)]2f. [Co(NH,),(NCS)j*+ and 
f r~ns- [C~en) , (NCS) , ]~ .  The results of thiocyanate and pH variation studies could 
then be schematically represented as follows 

K, 

[ C O W 3  14 (OH)(H, 0)l 2+ f H* [Co(NH3 14 (H2 0 > 2  I 3' 7 
J 

[ C O ( N H ~ ) ~  (OH)(NCS)]' f NCS- No reaction 
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242 M C CHOSH and P RANERTEE 

The value of K,  at 40" is 5.01 X 10P. Since \H+] >> K,. the second order rate 
constant ( k , )  for the l i n t  step anation path at varying [ H f ]  can be expressed as 
shown in ( 2 )  

k,  = k . 4 ~  + k;\K1[Hfj-' (2)  

The values of kXH and k,\ computed from the experimental data at 40" are 
k-4H = X.47 X 1W5 s-l M-l and k,4 = 3.15 X lo-' s-I showing the ratio 
kA/kAH = 3.71 X lo3. 

With increasing concentration of NCS- ion. no  rate saturation was observed. 
Hence the bimolecular rate term k does not provide us with compelling evidence 
for the reaction to proceed through a dissociative path. But for bimolecular 
processes having very low ion-pair formation constants. a dissociative interchange 
mechanism is not entirely inconsistent. In order to ascertain whether any 
ion-pairing preequilibriuin is present or not some kinetic experiments were 
conducted a t  30". I = 1.01 M. p H  = 2.00 k 0.01 and  varying the [NCS-] from 0.2 to 
2.0 M: the results obtained are collected in Table I. Plots of b b S  vs [NCS-] clearly 
indicate a tendency towards rate saturation at higher (NCS-] in addition to a small 
intercept. The experimental results for each step are consistent with rate equation 
(3).  rearrangement of which gives ( 4 )  

The computcd k, and KIP wlues l*  for both steps are presented in Table I. The KIP 
values are comparable t o  the corresponding values of NCS- (KIP = 0.43)19 and  N,- 
(KIP = 0.L6)zo in the suhstitution reactions of [Co(NH,),(H,0)J3+. From the above 
consideration our assumption that the thiocyanate substitution process in our  
system actually operates through an  Id path is justified. B a l P  has also claimed that 
the rate determining step for the thiocyanate substitution in the 
dihydroxotetraamminecobalyII1) complex in moderately basic medium involves 
outer-sphere complexation between the aquahydroxotetraamminecobalt(II1) cation 
(as the reactive species) and  the thiocyanate anion. The reaction is believed to 
occur through an  Id path whereby the activated state is achieved by a substantial 
weakening o f  the Co-OH, bond followed by coordination of the immediately 
avail able ligand. 

The AH,# and AH,# \ .dues obtained(see Table I)  are comparable to the AH'value 
obtained by Ashley t'f for the thiocyanate substitution of a, 0, y, 6 -tetra(4-N- 
methylpyridyl)porphinediaquacohalt(III) ion. The  fact that AHz# is a little lower than 
AH,# is consistent with the greater electron-withdrawing power of NCS- in the 
intrrmt.diatr aquathiocyanato species than H,O in the diaqua species,22 causing the 
second step reaction to be a little slower. The AH,# values obtained for both the steps 
and the AS,,"# value are cornparable to the AH' and AS* values obtained by Adamson 
t'r ui..17 for the aquation of the [CO(NH,),(NCS)]~+ ion. The strong cis labilisation by 
OH- obsened  for the first reaction step possibly arises from the positive ASIZz1 
whereas the less positive value of AS2# indicates that the water-for-thiocyanate substitu- 
tion a t  the cobalt(II1) centre is s t e r e~re t en t ive .~~  
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