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The spontaneous cleavage of [(HpN),CoOHCo(NH3)5]5+ (=M5+) in NO</CIOc and NCS-/CIO; follows the rate laws 

respectively. These rate laws are interpreted in terms of formation of reactive and unreactive ion pairs of M5+ with NO3- and 
NCS-, respectively. Considerable amounts of (H3N)5CoY2+ (Y- = NO<, NCS-, and SCN-) arise from anion scavenging by 
coordinatively unsaturated intermediate states in this reaction. The product distribution functions, F([Y-]) = 
[(H3N)sCoYZ+]~/[MS+]0 have been measured and are discussed in terms of alternative modes of formation; scavenging can occur 
either from the second coordination sphere (Le. by intramolecular reaction within an ion aggregate with Y-) or by intermolecular 
reaction of Y- from solution. The reactive species may be the unaggregated reactant (or species aggregated with the background 
electrolyte anion, CIO,) and/or aggregates with Y-. Among the corresponding kinetic schemes, only the one involving Ms+ as 
well as Map', with M-Y" scavenging Y from solution and not from the second coordination sphere, leads to the simplest model 
to give a satisfactory fit. The reactive intermediate states are quite selective for anions (as well as for the N terminus of NCS-; 
the ratio of N/S product is -4), and this is interpreted as arising from a genuine, coordinatively unsaturated intermediate in this 
spontaneous aquation process. 

Introduction 
Recent work on the mechanism of induced substitution on 

Co(II1) pentaammines, such as the nitrosation of 
(H3N)SCoN32+ 2-5 and the mercury-induced a q ~ a t i o n ~ ~ ~ ~ ~  and base 
hydrolysis6-8 of Co(II1) halogenopentaammines, has led to con- 
troversy. Different views are held as to how nucleophiles are 
scavenged by coordinatively unsaturated intermediate states arising 
in the substitution process. The observations are consistent with 
dissociative activation of the leaving group, yet in some cases, the 
kinetics show terms dependent on [Y-].2-5,9 While these terms 
give clear evidence for reactive ion aggregates with the entering 
nucleophile, the criteria for concertedness of the ligand exchange 
are incompletely fulfilled. Analysis of the product distribution 
function, F( [Y-1) = [(H3N)J!oY2+(from scavenging of an- 
ions)]../ [starting material]024 showed that these reactive anion 
aggregates do not exclusively scavenge anions from the second 
coordination sphere as anticipated for concerted substitution. 
Discrepancies between the amounts of anionic competitor sca- 
venged and the relative amounts of reactive ion pairs a t  a given 
competitor concentration were also noted.* On the other hand, 
the product distributions reflect the influence of the leaving group 
and its and this is inconsistent with a discrete inter- 
media te  of sufficient lifetime to equilibrate its immediate envi- 
ronment with the bulk solution. The Debye-Huckel ionic at- 
mosphere of the reacting species is likely to exert its influence 
here. 2,6 

Spontaneous aquation has not been studied in such depth until 
recently. The major reason for this was that, with available leaving 
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Scheme I. Acid-Induced and Spontaneous Cleavages of the 
"Mono-ol" Cation 
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groups, the anion-scavenging products and the substrate were 
hydrolyzed at  similar rates, thus obscuring the (relatively small) 
effective scavenging in all but very few cases. This has now been 
overcome by the recent synthesis of cobalt(II1) pentaammines with 
very fast leaving groups such as CF3SO3-,I0 C104-,11 p -  
02NC6H4SO<,10 and FSo3-.l2 Anion competition proved much 
less effective in spontaneous aquation than in the induced aquation 
reactions.10s12 For this and other reasons, it has been argued that 
spontaneous aquation is a concerted ( Id)  rather than stepwise 
ligand exchange,13 and no discrete, coordinatively unsaturated 
intermediate is involved. 

This paper deals with another case where spontaneous aquation 
is fast enough for straightforward anion competition studies. The 
"mono-01'' cation [(H3N)5CoOHCo(NH3)s]5+ (=M5+)14 un- 
dergoes solvolytic cleavage by an acid-induced pathway and a 
spontaneous pathway (Scheme I) ,  and both give rise to anion 
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Table I. Kinetics of Spontaneous Cleavage of 
((H,N),CoOHCo(NH,),](NO,), in NO;/ClO,- Media at pH 3.3 
(HCIO,), 25.0 i 0.1 "C, and I = 1.0 (NaNO,, NaClO,) 

Rotzinger and Marty 

Table 11. Kinetics of Spontaneous Cleavage of 
[(H,N),CoOHCo(NH3),]C15~H,0 in Cl-/CIO,' Media at pH 3.5 
(HCIO,), 25.0 * 0.1 "C, and I =  1.0 (NaCl, NaClO,) 

1o3kcalcd3 s-' 
mol dm-' S - '  b C 

[NO,- ] ,  1 0 kobsd? 

0.0 4.26 * 0.06 (4) 4.42 4.26 
0.02 4.31 i 0.05 (3) 4.30 4.26 
0.039 4.22 i 0.02 (3) 4.20 4.23 
0.091 4.02 t 0.24 (3) 3.93 4.06 
0.167 3.87 (1) 3.60 3.75 
0.2 3.65 (1) 3.47 3.62 
0.286 3.54 (1) 3.18 3.29 
0.334 3.07 t 0.17 (4) 3.04 3.13 
0.445 2.78 f 0.28 (2) 2.76 2.80 
0.5 2.42 i 0.13 (3) 2.64 2.66 
0.556 2.69 i 0.00 (2) 2.52 2.53 
0.667 2.40 t 0.41 (2) 2.33 2.31 
0.715 2.12 2 1.20 (2) 2.25 2.22 
0.8 2.21 t 0.44 (2) 2.13 2.09 
0.834 2.10 t 0.06 (4) 2.09 2.04 
0.91 1.88 t 0.19 (3) 1.99 1.94 
1.00 1.72 2 0.03 (5) 1.89 1.83 

a Error limits for 95% confidence; number of determinations in 
Values calculated for rate law 1: k ,  = 4.42 X lo- '  parentheses. 

s- ' ,  a = 1.4 dm3 mol-'. 
k ,  = 4.26 X lo-' s-',  NO, = 4.4 X lo-' s- ' ,  KNO, = 8.9 dm3 
mol-', K(No,), = 1.6 dm' mol-'. 

scavenging.I5 Here, kinetic and product analysis data on the 
spontaneous cleavage in the presence of different anions are an- 
alyzed in order to determine the intimate nature of the prod- 
uct-determining step. 
Results 

Kinetics. The spontaneous (acid-independent) cleavage of the 
mono-ol cation (Scheme I) occurs in the range pH 3.0-3.5 and 
involves substitution at  only one of the two Co(II1) centers.15 We 
have measured the kinetics spectrophotometrically a t  360 nm in 
N03-/C104- and N03-/NCS- media at  25 OC and I = 1.0 
(NaC104). In this wavelength range, the absorptivity of the 
complex increases sharply, which is detrimental to the precision. 
However, the salts of the mono-ol are not soluble enough to allow 
measurements in the vis region and possible, more distinct UV 
features are obscured by the absorption of the supporting elec- 
trolyte. The main problem was the very poor solubility of the 
starting compound. Attempted measurements in Br-/C104- and 
I-/ClO; media remained unsuccessful, as insoluble salts rapidly 
precipitated. Also in the other mixed-electrolyte media, mixed- 
anion speciesi4 rapidly precipitated, and except where the medium 
contained but one anion, the kinetics were run in supersaturated 
solutions.I6 As a consequence, many irreproducible runs were 
obtained, and the data (Tables I and IIIb) have passed rigorous 
screening for smoothness of the curves D, =At) and for linearity 
of the In ID, - D,I =At) plots for >90% of the reaction. Despite 
these precautions, the accuracy and precision of the present data 
are inferior to those of exemplary studies in the field.]' The 
first-order rate law -d[mono-ol],,,/dt = kobsd[mono-ol],,, was 
followed, and runs in the range pH 3.0-3.5 confirmed the [H'] 
independence of the rates. 

In NCS-/C104- media ([NCS-] = 0 - 1  mol dm-3), the rate law 

Values calculated for rate law 2 :  

(Y- = NCS-) obtains (Table IIIa). The values of the parameters 
are given in Table 111. This rate law corresponds to that found 

~ ~ ~~ 

(15) Buckingham, D. A.; Marty, W.; Sargeson, A. M. Inorg. Chem. 1974, 
13, 2165. 

(16) We find that the reproducibility of the runs was particularly poor when 
spectrophotometric cells with ground-glass stoppers were used. Solu- 
bility measurements on the mono-ol salts appear virtually impossible 
since their solvolysis is quite rapid. 

(1 7)  These problems were not encountered in the acid-induced pathway, since 
the observed rates are much higher and thus faster than precipitation. 

103k,lcd, s- '  
W I ,  1 0 3 k o p ~ , a  

mol dm-3 S -  b C 

0.0 3.96 4.0 4.05 
0.10 3.3 3.10 3.17 
0.20 2.5 7 2.50 2.60 
0.25 2.46 2.30 2.39 
0.40 1.86 1.85 1.94 
0.50 1.65 1.63 1.72 
0.60 1.46 1.46 1.56 
0.75 1.27 1.26 1.37 
0.90 1.09 1.10 1.23 
1.00 1.03 1.02 1.15 

Data from ref 15. Values calculated for rate law 1:  k ,  = 
Values calculated for rate 4.0 X lo- '  s-' ,  a = 2.9 dm3 mol''. 

law 2: k ,  = 4.05 X 10'' s-', k c l =  3.38 X lo- '  dm' mol-', KC1= 
17.1 dm' mol-' ,   KC^, = 2.37 dm' mol-'. 

Table 111. Kinetics of the Spontaneous Cleavage of the Mono-ol 
Cation in the Presence of NCS- at  25.0 t 0.1 "C, I =  1.0, 
and pH 3.3 

(a) In  NCS-/ClO; Media (NaNCS, NaCIO,) 

w s - I ,  
mol dm-' io3kObsd,= S-l i03kcalcd,b S - I  

0.0 4.39 i 0.10 (3) 4.44 
0.0476 4.25 i 0.02 (3) 4.25 
0.1 4.04 i 0.15 (3) 4.05 
0.2 3.78 f 0.15 (3) 3.73 
0.3 3.52 * 0.05 (3) 3.45 
0.4 3.22 t 0.09 (4) 3.21 
0.5 3.04 i 0.14 (4) 3.00 
0.6 2.79 i 0.08 (4) 2.82 
0.7 2.63 i 0.06 (3) 2.66 
0.8 2.48 t 0.12 (3) 2.51 
0.9 2.38 i 0.07 (3) 2.38 
1.0 2.26 I 0.05 (3) 2.27 

(b) In  NO,'/NCS- Media (NaNCS, NaNO,), with NCS- as the 
Background Electrolyte 

lo'kcalcd, s-' 
[NO,-]; 

mol dm- 103kobsd,a s- '  c d 

0.0 2.26 i 0.05 (3) 2.31 2.26 
0.1 2.22 (1) 2.23 2.25 
0.2 2.25 (1) 2.15 2.20 
0.3 2.10 (1) 2.08 2.14 

2.01 2.07 0.4 2.07 (1) 
0.5 1.98 i 0.12 (3) 1.95 2.00 
0.6 1.96 (1) 1.89 1.92 
0.7 1.86 f 0.05 (4) 1.83 1.85 
0.8 1.76 2 0.08 (4) 1.78 1.78 
0.9 1.73 i 0.06 (4) 1.73 1.72 
1.0 1.65 i 0.09 (4) 1.69 1.66 

a Limits of error for 95% confidence limits, number of 
determinations in parentheses. Best fit to  rate law 1:  ko = 
4.44 X 10.' s - ' ,  a = 0.96 d m 3  mol-' ,  R = 0.009. 
law 1 :  k ' ,  = 2.31 X lo- '  s - ' , a  = 0.37 dm' mol- ' ,R = 0.020. 

2.31 X lo- '  s-', KIN,-,, = 2.17 dm' mol-' ,  K ' ( N o ' ) ~  = 0.56 
dm3 mol- ' ,R = 0.011. 

for Cl-/C104- (Table 11) and CH3S03-/C104- media.15 In 
N03-/C104- media ([NO;] = b-1 mol dm-3), rate law 1 was not 
equally satisfactory (Table I). Small, systematic deviations were 
noted at low [NO3-], where accuracy and reproducibility were 
best. The curvature of the plot k0bd-l vs. [Y-] (calculated curve 
according to rate law 2) is shown in Figure 1. The data were 
therefore fitted to the extended rate law 

Best fit to rate 

Best fit to rate law 3: k ' ,  = 2.26 X s- ' ,  k " ~ ,  = 

k0 + kN03KN03[N03-l 

1 + KN03 + K(N~3)2KN~3[N03-12 
kobsd = (2) 
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Figure 1. Kinetics of spontaneous cleavage of Ms+ in NO3-/ClO.,- me- 
dium (25 OC, I = 1.0). Full line: best fit to rate law 2. The best fit to 
rate law 1 leads to an extrapolated value of koW at [NO3-] that is 
distinctly inferior to koW in pure C 1 0 ~  medium. 

Table IV. Fraction of (H,N),CoSCN2+ (FSCN)  and of 
(H ,N),CoNCS" (FNCS)  in the Spontaneous Cleavage of 
[(H,N),CoOHCo(NH,),] '+ a t  25 'C, I =  1.0, and pH 3.3 

0.25 0.025 0.139 5.611 94 
0.5 0.050 0.232 4.61 1 97 

0.048 0.156 3.311 100 
0.75 0.070 0.282 4.0/1 101 
1.0 0.093 0.364 3.911 98 

0.108 0.290 2.711 96 

' Only one Co-0 bond is broken. Data normalized to 100% 
recovery. Mean value: 4.011. 

This rate law does not improve the fit for C1-, NCS-, and 
CH3S03-.18 However, it offers a slight advantage for NO3-. 
Here, the F test19 (which becomes more rigorous for increasing 
numbers of parameters) gave 84% confidence for rate law 2 over 
rate law 1. 

We have therefore sought confirmation for the different be- 
havior attributed to NO3- by investigating the kinetics in 
NO</NCS- media. Again, the fit to the more complex rate law 

k b  + khO,KhO,[NO3-1 
kobsd = (3) 

1 Kho3[N03-1 +- K ~ ~ o ~ ) ~ K h o , [ N O s - l ~  

(where the primed constants refer to NCS- supporting electrolyte) 
was superior, within 90% confidence limits, relative to a rate 
expression analogous to (1) (Tables I and 111). Here, the accuracy 
was better, since the solubility of the mono-ol salts was distinctly 
higher. A reactive ion pair of M5+ with NO3- may thus be 
postulated with more confidence. However, for the following 
discussion of the product distribution, it is useful to demonstrate 

(18) An attempt to tit the Cl-/ClO,-, CH,SO,-, or NCS-/ClO,- data to rate 

(19) "Standard Mathematical Tables", 20th ed.; Cranwood Parkway: 
law 2 resulted in undetermined parameters. 

Cleveland, OH, 1972; pp 591-597. 

0 

y = y c s -  0 & t  
30 

0 .2 .4 .e .E 1.0 Y 

[NCS'] 

Figure 2. Product distribution for the spontaneous cleavage of M5+ in 
NCS-/ClOc media: Y = NCS-, N-bonded (H,N),CoNCS2+; Y = 
SCN,  S-bonded isomer. 

I 
0 .2 .4 .6 .e 1.0 Y 

[NO;] 

Figure 3. Product distribution function for the spontaneous cleavage of 
M5+ in NO</CIOc media: best fit to model l a  (e-), model 2b-1 or 2b-2 
(- - -), and model 2a (-). 

that it would not be safe to rule out reactiue ion aggregates in 
these cleavage reactions. 

Product Analysis. The products of spontaneous cleavage of 
[(H3N)5CoOHCo(NH3)5]5+ were determined for a series of mixed 
NCS-/C104- electrolytes (Table IV, Figure 2). Ion-exchange 
chromatography afforded a 2+ fraction ((H3N)5CoNCS2+ and 
(H3N)5CoSCN2+)Zo and (H3N)5CoOHZ3+. The ratio % 
(H3N)5CoNCSZ+/% (H3N)5CoSCN2+ was determined spectro- 
photometrically.20v21 This ratio (4.0 f 1.0) is subject to con- 
siderable error from the relative inaccuracy with which the ex- 

(20) Buckingham, D. A.; Creaser, I. I.; Sargeson, A. M. Inorg. Chem. 1970, 
9, 655. 

(21) The appearance of the S-bonded isomer is in apparent contradiction with 
a report by Wharton and Sykes,22 who did not detect any 
(H3N)5CoSCN2+ among the cleavage products of the mono-ol cation 
at pH 1 in the presence of thiocyanate. Under these conditions, the 
acid-induced cleavage pathway predominates and the corresponding 
linkage isomer distribution may be different altogether, although this 
is not very likely. We note, however, that (H3N),CoSCN2+ is somewhat 
unstable in solutions containing HNCS?' i.e. under the conditions used 
in ref 22. We have therefore kept our solutions at pH > 3 during 
reaction and workup, and a blank experiment on authentic 
(H3N),CoSCN2+ confirmed the absence of detectable S - N rear- 
rangement under these conditions. 

(22) Wharton, R. K.; Sykes, A. G. J. Chem. SOC., Dalton Tram. 1973,439. 
(23) Marty, W., unpublished results. 
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Table V. Fraction of (H,N),COONO,~' in Spontaneous Cleavage 
of [(H,N),COOHCO(NH,),]~' at 25 "C, I =  1.0, and pH 3.3 

Fcalcd 

Rotzinger and Marty 

model 
Fobsda lac 

0.0 
0.1 
0.2 
0.4 
0.6 
0.8 
0.9 
1.0 

O.Ob 0.0 
0.203 0.080 
0.225 0.148 
0.292 0.259 
0.324 0.343 
0.380 0.411 
0.415 0.440 
0.437 0.466 

model 
2 ad 

0.0 
0.203 
0.228 
0.281 
0.336 
0.387 
0.410 
0.432 

model model 
2b-le 2b-2f 

0.0 0.015 
0.157 0.157 
0.237 0.235 
0.320 0.318 
0.362 0.361 
0.387 0.388 
0.396 0.398 
0.404 0.406 

% recovery 

97 
103 
101 
98 
99 

100 
98 

a Only one Co-0 bond is broken. Data are normalized to 100% 
recovery. 
absence of NO,-. R M ( N O , ) ,  = 0.87 dm3 mol-' ,  R = 0.15. 
Model lab gives very similar values for Fcalcd, but R M Y , ~  = 
0.0 i. 0.1. d f =  19 dm3 mol", - 8.7 d m 3  mol-', 
RMM(NO,),+, = 0.69 d m 3  mol- ' ,R  R'(N03) = 0.019. - e = 4.4, R M  = 

0, R M N O ,  = 0.96, R = 0.080. 
0.015, RM(NO, ) ,  = 1.0, R = 0.077. 

No nitrato pentaammine can be formed in the 

d / c =  4.16 d m 3  mOl-',RMNo, = 

Table VI. Fraction of (H3N),CoCIZ+ in Spontaneous Cleavage of 
[(H3N),Co0HCo(NH,),]~+ at  25 "C, I =  1.0, and pH 3.5 

Fcalcd 
[CI-I, model model model model 

mol dm-3 Fob&a l a c  2ad 2b-le 2b-2f 
0.0 O.Ob 0.0 0.0 0.0 0.015g 
0.1 0.186 0.099 0.183 0.147 0.149 
0.2 0.234 0.181 0.242 0.241 0.238 
0.4 0.330 0.306 0.326 0.352 0.347 
0.6 0.406 0.398 0.395 0.416 0.412 
0.8 0.440 0.469 0.453 0.458 0.455 
0.9 0.490 0.498 0.478 0.474 0.471 
1.0 0.474/0.520 0.524 0.501 0.487 0.486 

a Only one Co-0 bond is broken. Results are taken from ref 15. 
No chloro pentaammine can be formed in the absence of Cl-. 
RMC1, = 1.10 d m 3  mol-' ,  R = 0.085. Model l a b  gives very 

similar values for Fcalcd, but  R M y n b  = 0.0 i 0.1. 
mol-' ,  R M C ~ , =  4.8 dm3 m o l - ' , R M c l n + ,  = 0.92 dm3 mol-' ,  

f = 14.3 dm3 

R = 0.031. 
2.6 dm3 mol-', RMc1= 0.015, R M C ~ ,  = 2.0, R = 0.047. 
excluded from the calculation of R. 

tinction coefficient at the isosbestic point could be determined. 
The variation of the ratio bears no obvious relation with [NCS-1. 
Unexpectedly, these ratios are quite different from those found 
for alkaline hydrolysis20 (-0.3) and for the nitrosation of azi- 
dopentaammines ( -0.3).20324 

The cleavage products in N03-/C104- media at pH 3.0-3.5 
were (H3N)5CoN032+ and (H3N)5CoOH2+ (Table V, Figure 3). 
As in the NCS-/C104- media, the aniono complex is formed much 
faster than by subsequent anion substitution in (H3N)5CoOH2+, 
and it must arise during the act of cleavage of the mono-ol. The 
amount of (H3N)5CoON0:+ increases nonlinearly with increasing 
[NO3-], a phenomenon similar to that observed for the NCS-/ 
C104- and the previously inve~tigated'~ Cl-/C104- media (Table 
VI, Figure 4). 

Discussion 
Product Analysis. In previous work,I5 the products of spon- 

taneous cleavage of M5+ in Cl-/C104- media, viz. (H3N)5CoC12+ 
and (H3N)5CoOH23+, were quantitatively determined as a function 
of [Cl-1. It was notedI5 that more (H3N)5CoClZ+ was found than 
expected on the basis of the observed, simple kinetics (rate law 
1) and of a coordinatively unsaturated intermediate with known 
scavenging properties. Nevertheless, no models for the prod- 

e C =  2.9, R M  = 0, RMCl= 1.9, R = 0.051. d / c =  
V a h e  

(24) Buckingham, D. A.; Creaser, I. I.; Marty, W.; Sargeson, A. M. Inorg. 
Chem. 1972, 11, 2738. 

L 
0 .2 .4 .6 .8 1.0 M 

[c 1-1 
Figure 4. Product distribution function for the spontaneous cleavage of 
Ms+ in CI-/CIO, media: best fit to model l a  (e-), model 2b-1 or 2b-2 
(- -), and model 2a (-). 

uct-determining step(s) were proposed, and it is the purpose of 
this paper to present a more detailed discussion of this mecha- 
nistically significant aspect. The discussion will include the above 
data (Y- = CI-),l5 as well as newly determined data for Y- = 
NO3-. We will use the following notation: COY for (H3N)5CoYZ+, 
CoOHz for (H3N)5CoOH23+, and M-Y, for [(H3N)5CoOHCo- 
(NH,),].Y,,@")+ (ion aggregates of M5+ with n anions Y-). The 
product distribution function, F([Y]) = [CoY],/[M], (Y = NO<, 
C1-; Tables V and VI), depends on the number and nature of the 
intermediates as well as on the mechanism and has been analyzed 
in terms of several models for product formation. 

Our models for product formation differ in the number of 
reactive species considered. First, only one species, e.g. M or M-Y, 
could lead to COY. The corresponding models shall be given a 
symbol starting with the number 1 .  Alternatively, two species, 
e.g. M and M.Y or M.Y and M.Y2, could lead to COY in parallel 
pathways. The corresponding symbols shall begin by the number 
2. Models with more than two reactive species are inconsistent 
with all kinetic data, unless the rate laws are deceptively simple 
(see below).25 Thus, the number of reactive species is not limited 
a priori or by undisputable experimental evidence. We are 
therefore left with the pragmatic approach to search for the model 
implying the smallest possible number of reactive species that 
leads to a satisfactory fit, consistent with the experimental pre- 
cision. 

Anions Y can be scavenged from solution, or they can enter 
the first coordination sphere while already dwelling in the second 

( 2 5 )  A rate law of the form (2) may reduce to the simpler form ( l ) ,  if 
numerator and denominator accidentally contain a common factor: 

kobsd = 1 + K y [ Y ]  + K y K y 2 [ Y l 2  
ko(1 + b W I )  - - k o +  kYKY[Yl - - 

( 1  + a [ Y ] ) ( 1  + b [ Y I )  
kll 

1 + a [ Y ]  

where k y  = bko/(a + b) ,  K y  = a + b, and Ky2 = a b / ( a  + b) .  By 
analogy, a rate law with three reactive species (free mono-ol, ion pair, 
and ion triplet) could lead to accidental cancellation of two factors in 
the numerator by two out of three denominator factors: 

k0 

1 + a [ Y ]  

where ky = ko(b + c ) / ( a  + b + c) ,  ky2  = kobc/(ab + bc + ac),  KY = 
a + b + c, Ky2  = (ab  + bc + a c ) / ( a  + b + c) ,  and Ky3 = abcf (ab  + 
be + ac).  

k d l  + b[YI) (1  + cWI) 
( 1  + a [ Y ] ) ( l  + b [ Y ] ) ( l  + c [ Y ] )  

=- 
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Scheme 11. Summary of Potential Cleavage Pathways for the 
Mono-ol Cation, Where MY,* Are Coordinatively Unsaturated, 
Steady-State Intermediates 

COY COO$ COY COY C&++CoY COY CoOH, 

sphere. The first is an intermolecular reaction, and its rate law 
is d[CoY]/dt = kya*MYn[MY,*][Y-] (n = 0, 1, ... ; the asterisk 
denotes the dissociatively activated, reactive species; see below). 
Models considering this mode of product formation will be sym- 
bolized by the letter a. If the entering anion Y is captured from 
the second coordination sphere, the rate law of this intramolecular 
step is d[CoY]/dt = kyb*MYa[MY,*] (n = 1, 2, ...), and these 
mechanisms will be designated by the letter b. For a given number 
( 2 2 )  of reactive species there are many possible combinations of 
individual steps of type a or b. 

Before presenting the individual models, we wish to point out 
one serious limitation. The shape of the product distribution 
functions F( [Y-1) cannot generally be analyzed in terms of ab- 
solute numbers (n) of associated anions in the reactive ion ag- 
gregates M-Y,. This arises from the present practical impossibility 
of determining product distributions at very low [Y-1. However, 
the relative numbers of anions in a pair of reactive species and 
also the reaction order with respect to [Y-] (=0 or 1) can be 
determined. 

The final product distribution functions F( [Y]) characteristic 
of each model are obtained by integrating the differential rate 
law of product formation at  t - a. All possible models can be 
treated as particular cases within Scheme 11. The consistency 
of this scheme with the kinetics will be examined in the following 
section. Different models for product formation can be derived 
depending on the relative reactivities of M-Y, (n = 0, 1, 2, ...) 
and on the reactivity of M.Y,* with Y from solution and from 
the second coordination sphere, respectively. 

Models with One Reactive Species. If only one reactive species 
is assumed, then there are two principal possibilities: models l a  
and lab. Model l a  allows for the intermolecular pathway kyaNyn 

model la 
M-Y, n=O, 1, 2. ... 

COY CoOH, 

model lab 

M-Y, n-1. 2. ... . a.MY. 

COY COY C O O H ~  
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only, whereas in model l a b  the intramolecular pathway kyb,MYn 
(scavenging from the second coordination sphere) is considered 
simultaneously, along with kyasMYa. None of these models leads 
to an acceptable fit (Tables V and VI). 

A third model (model 1 b), where scavenging of Y occurs ex- 
clusively from the second coordination sphere (through an in- 
tramolecular process), would lead to [COY],,, independent from 
[Y]. This is at variance with the results (Table IV) and will not 
be discussed further. 

model l b  

Models Involving More Than One Reactive Species. If we allow 
for several reactive species that are related to each other by 
addition or loss of one associated anion in a preequilibrium, we 
have Scheme I11 (n = 0, 1, 2, ...). If scavenging of Y is inter- 
molecular, only the kya pathways contribute to the formation of 
COY and expression 4 for the product distribution functions is 
obtained. 

F([yl)a = + 1 
1 + c[Y] 

4 Y I  + 
[yl + (RMY.+la)-l [yl + (RMY,,+:)-l 

Another product formation scheme can be envisaged, where 
ion aggregates M-Y, (n = 1, 2, ...) are reactive and form COY 
by an intramolecular pathway. However, at least at low [Y], free 
M must also be present, and if it forms COY, then the species M* 
must capture Y exclusively by an intermolecular pathway. Thus, 
in Scheme 111, M-Y, = M, M-Y,* = M*, M-Y,,! = M-Y, etc. 
For M*, the rate constant of intramolecular reaction with Y is 
zero, whereas for all anion aggregates M-Y, M.Y2, ..., the rate 
constants of intermolecular reaction are zero. The corresponding 
product distribution function is shown in ( 5 ) ,  parameters c and 
d being defined as in (4). 

[YI 
F([Y1)a'b = 1 + 

c[Y] + d[YI2 + ... 

Formulas 4 and 5 have been derived by assuming an ion ag- 
gregation preequilibrium situation and steady-state concentrations 
of the reactive species, M*, MY*, ..., MY,*. 

In formulas 4 and 5 ,  the factor [Y]/(1 + c[Y] + d[YI2 + ...) 
expresses the influence of the relative rates of formation of the 
reactive intermediates on the product distribution; it is common 
to models a and b. The terms in large parentheses describe, one 
by one, the product-determining steps of all reactive intermediate 
states. 

From the general expressions (4) and (3, limiting expressions 
can be derived, depending on the relative magnitude of the various 
terms in the factor [Y]/(1 + c[Y] + d[YI2 + ...).26 If all but 
one M.Y, species are either very unstable or much less reactive 
than the others, or both, then eq 4 reduces to the expression for 
model l a  (see above). In particular, if for n = 0, 1 >> c[Y], 
d[YI2, then M5+ is the only product-forming species, or if for n 
= 1, c[Y] >> 1, d[YI2, then M-Y is the only product-forming 
species, etc. 

(26) The values of RMYn cannot influence the magnitude of F([Y]) inde- 
pendently from the parameters c, d,  ..., for kinetically unimportant 
pathways cannot affect the product distribution functions, even if the 
corresponding RMY, values are quite large. 
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Scheme 111. Product Formation Pathways (n  = 0, 1 ,  2 , .  . .) 

Rotzinger and Marty 

COY COY CoOH2 COY 

If two species, M-Y,* and M.Y,+'*, are assumed to form 
products via an intermolecular pathway, then the expression given 
in model 2a applies, provided 1 + c[Y] >> d[YI2 (for n = 0 , f  
model 2a 

= c) or c[Y] + d[YI2 >> 1 (for n = 1 a n d f =  d/c).  In model 
2a, two reactive species, differing in composition by one associated 
anion, scavenge Y from the bulk solution. However, from the 
shape of the product distribution curve alone, it cannot be said 
what the absolute composition of the two species is; M and M-Y, 
M-Y and M.Y2, etc. may be the product-forming species. 

Similarly, eq 5 may reduce to one of the expressions for one- 
particle models (see above). Thus, for n = 0 and 1 >> c[Y], 
d[YI2, (5) reduces to the formula for model la .  If c[Y] >> 1, 
d[Y12 (for n = 1) or d[Y12 >> 1, c[Y] (for n = 2), eq 5 simplifies 
to the expression for model Ib. 

If two reactive species are involved, and if product formation 
is intramolecular, wherever possible, then eq 5 may reduce to one 
of two different expressions: (i) If M and M-Y are reactive, then 
scavenging of Y by M* is intermolecular, but M.Y* reacts via 
an intramolecular pathway. Thus, if 1 + c[Y] >> d[YI2, eq 5 
reduces to the expression shown in model 2b-1. (ii) If both 
model 2b-1 

product-forming species are ion aggregates (M.Y,* and *, 
n = 1, 2, ...), product formation is exclusively intramolecular. For 
c[Y] + d[YI2 >> 1, eq 5 reduces to the expression shown in model 
2b-2, where, e.g., for n = 1, f = d/c ,  etc. Again, n remains 
generally unknown from analysis of F([Y]). 
model 2b-2 

The data have been fitted to models la ,  lab, 2a, 2b-1, and 2b-2 
(Tables V and VI).27 Clearly, model 2a gives the best fit for Y- 
= C1- and NO3- (Figures 3 and 4). Furthermore, in model 2b-1, 
RM E 0 for both C1- and NO3-, and it is difficult to see why M* 
should not give any COY if it is assumed to be reactive. The values 
RMyb E 0.015 in model 2 b 2  (for a 4+ charged species) and RW,b 

0 in model lab, for C1- and NO3- also appear unreasonably 
small, as scavenging from the second sphere might be expected 
to be quite efficient. Existing literature R data for 4+ charged 
species are much higher (see below), and this also argues against 
model 2b-2.28 

(27) Combinations between models 2a and 2b (simultaneous scavenging from 
the second sphere and from solution, either by the same or by different 
reactive intermediate states) do not lead to significant new cases. The 
first case has been discussed, and the second is tantamount to model 
2b-1 with M* and MY* as the reactive species. Thus, all significant 
two-species models have been examined. 

COY CoOH2 

The distinction between M* and M-Y* from M.Y* and M-Y2* 
in model 2a as the product-forming intermediate states can be 
attempted by comparing the R values with those for other reac- 
tions. For the scavenging of NO3- in the Hg2+-induced aquation 
of (H3N)5CoC12+ (where (H3N)#2oC1.Hg4+ is involved), the 
mechanistic equivalent of model 2a-2 gave R = 1.06 dm3 mol-'.2 
Similarly, azide scavenging by the 4+ charged, reactive inter- 
mediate in the base-catalyzed cleavage of the (&)-cis,cis- 
(en)2NH3CoNH2CoNH3(en)25+ dimer gave RN,  = 0.6 1 dm3 

For the reactive, 4+ charged mono-ol species M.Y*, the R 
values (model 2a) are similar for Y- = C1-, NO3-: RMci = 0.92 
dm3 mol-' and RmO, = 0.69 dm3 mol-'. They resemble the above 
literature values. For the unassociated mono-01, RM = 4.8 dm3 
mol-' in CI-/ClO,- and RM = 8.7 dm3 mol-' in N03-/C104-. 
There appears to exist no comparison in the literature for these 
last two figures. In conclusion, this comparison supports M* and 
MY* as the reactive species.30 

The main result of this study is quite unequivocal: the reacting 
mono-ol species scavenge nucleophiles from the bulk solution and 
not from the second coordination sphere. This result may be 
disappointing to partisans of an Id mechanism for spontaneous 
aquation of cobalt(II1) pentaammines. On the other hand, the 
high selectivity for anions (relative to neutral ligands) may be 
disturbing to adherents of a stepwise (D) mechanism. However, 
the positively charged, bulky leaving group, (H3N),CoOH2+ is 
likely to exert some influence on a possible coordinatively un- 
saturated intermediate through its relatively slow diffusion from 
the center of reaction and by its ionic atmosphere. The effect of 
the ionic atmosphere can explain the much more efficient anion 
scavenging compared with more lowly charged substrates with 
fast leaving groups (1.3-3.3% (H3N)&oC12+ in HC1 (1 mol 
dm-3),'0 against 48% for the mono-ol in NaCl (1 mol dm-3)). 
Again, this difference is not due to scavenging of nucleophiles from 

mol-' .29 

One reviewer has proposed the following, alternative intramolecular 
reaction scheme for COY formation: 

M l t  f'( M.y4' M.YZ3* - ... 

Here, the intermolecular scavenging of Y by M* is ruled out a priori. 
The corresponding product distribution function corresponds to eq 5 with 
R ,  + 0: 

F([YI) = 

+ - + ...) 
This analysis suffers from the impossibility of examining whether such 
intermolecular scavenging does exist or not. Our model 2b-1 leaves this 
possibility open; in fact, the best fit to this particular model leads to RM 
N 0. At any rate, this additional model does not lead to a better fit than 
model 2a at a two-species level. 
Rotzinger, F. P.; Marty, W. Inorg. Chem. 1983, 22, 3593. 
This is also sup orted by the rate data, where !Q, the rate constant of 
unassociated MPt, makes a considerable contribution at all [Y] studied. 
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the second coordination sphere in the mono-01. In this context, 
the observed preference for N-bonded thiocyanate is of interest. 
In previous cases, a preference for the S end was found and 
interpreted by a very short lifetime of the five-coordinate inter- 
mediate, where desolvation of SCN- was the ratedetermining step 
in product formation. In the case of the mono-01, it appears that 
the intermediate state lifetime is sufficiently long for developing 
a distinct selectivity. 

The possible participation of the C104- inert electrolyte anion 
in product formation deserves attention. Perchlorate ion may be 
captured during the cleavage process, giving rise to formation of 
known" (H3N)sCoOC1032+ ion. This species is very reactive and 
some anion competition occurs during its spontaneous aquation." 
The efficiency of C104- capture during cleavage of the mono-ol 
cation is not presently known, but the capture of NO3- (Fobad = 
0.437 in 1 M NO3-) or of C1- (Fob,, = 0.497 in 1 M C1-) may 
provide a reasonable estimate. The extent of capture of C1- in 
spontaneous aquation of (H3N)5CoOC102+ is known to be small 
(3% (H3N)5CoC12+ in 1 M HCl)." Thus, only <1.5% of the 
(H3N)sCoC12+ ions are expected to arise from C104- capture in 
mono-ol cleavage and subsequent Cl- capture  in 
(H3N)sCoOC102+ aquation. Analogous data for NO3- are not 
available, but the fact that F([Y]) values for Y = C1-, NO3- are 
qualitatively analogous and quantitatively similar argues against 
a major involvement of C104- capture in the formation of 
(H3N)5CoON022+ and (H3N),CoC12+ in the cleavage of the 
mono-ol cation in NO3- or C1- media. 

Kinetics. The rate data (Tables 1-111) are accommodated by 
Scheme 11, where consecutive ion aggregation preequilibria are 
involved. For Y = NO3-, in C104- and in NCS- media, the ky 
path makes a small contribution (Tables I and IIIb) that is near 
the limit of detection, due, in part, to experimental difficulties. 
No ky path is detected for NCS-, C1-,15 and CH3S0<15 in C1Oc 
medium (rate law 1; Tables I and IIIa), a t  least for the sponta- 
neous-cleavage data alone. 

The data were analyzed in terms of an approximation, where 
possible ion association with the supporting electrolyte (C104- or 
NCS-) is assumed to be constant. However, Y- most likely 
competes with C10, or NCS- in aggregate formation, and [ClOJ 
and [NCS-] vary within as wide limits as [Y-1. Thus, K y  and 
Ky2 do not simply correspond to equilibrium constants of the type 
represented in 

[(H~N)SCOOHCO(NH~)~(CIO~)~](~-~)+ + Y- KY 
[ (H3N) ,COOHCO( NH3) 5. Ye( C10q)n-1](5-n)f + C104- 

(n = 1, 2, ...; several species with different values of n are possibly 
coexisting), since one Y- may replace more than one C104- or vice 
versa. Only the kinetics at [Y-] < 0.1 mol dm-3 are uninfluenced 
to an acceptable approximation by the variation of [C104-]. In 
this range, however, the ion aggregation effect on the rate is too 
small for a proper determination of the rate law. The data in the 
range [Y-] = 0-1 mol dmP3 may thus result in a mechanistically 
misleading rate expression. A deceptively simple or a spuriously 
complex rate law may arise from the simultaneous variation of 
[Y-] and [C104-]. For Y- = C1-, CH3S03-, and NCS- in C10, 
medium, the observed rate law is likely to be deceptively simple.2s 
For NO3-, the more complex rate law (which may still be de- 
ceptively simple) obtains. 

For the mono-ol cation, the values of K y  increase in the order 
Y- = C1- < NO3-. Systematic studies on ion-pair formation 
constants of cobalt(II1) ammine species do not include 5+ charged 
cations. However, data on [ (H3N)5C~X]Y2 (X = RCOO-, R = 
alkyl) a t  high ionic strength show that the order of stability of 
aggregates with different anions Y varies little with X. The 
stabilities increase in the order Cl- < Br- < I- < NO<, i.e. inversely 
to the expected order of electrostatic i n t e r a ~ t i o n . ~ ~  The sequence 
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C1- < NO3- is also found in the mono-ol. There, a t  least the 
consecutive ion-pairing constants, KNo, > K(NO,)z are in keeping 
with electrostatically controlled ion aggregation. The absolute 
values of K y  (and Kyz)  turn out to be much smaller than antic- 
ipated for a 5+ charged ion, and undoubtedly this is due to 
competing ion aggregate formation with supporting C104- or 
NCS-. 

Despite obvious ambiguities, the kinetic data give a qualitative 
overall view of the mechanistically important species and pathways. 
The results are  in qualitative agreement with the more 
straightforward, independent analysis from the product distribution 
functions, at least in the case of Y- = NO). Thus, both M5+ and 
M-N034+ (or, less likely, a homologous pair of higher ion ag- 
gregates) were found to be reactive in the kinetics as well as from 
the product distribution function. The close analogy between the 
product distribution functions for Y- = NO3- and C1- leads us 
to believe that the rate law for Y-  = C1- is deceptively simple. 
Experimental Part 

Materials. [(H3N)SCoOHCo(NH3)5]C15~H20 was prepared14Js and 
checked for purity as described. The chloride salt was precipitated three 
times with saturated NaNO, in 2% acetic acid to give [(H,N),CoOH- 
CO(NH,),](NO,)~ free of C1- and [(H,N),CoONO,] (NO,),. All other 
chemicals were reagent grade quality (Fluka or Merck) and were used 
as received. Deionized water was distilled before use. Electrolyte solu- 
tions (NaC104, NaNO,, NaNCS) were filtered through Millipore mem- 
brane filters before use. 

Kinetics. Kinetics and product spectra were measured on a Varian 
Techtron 635 spectrophotometer. For the kinetics studies, 0.5-2 mg of 
[(H3N)5CoOHCo(NH3)s](N03)5 was dissolved in dilute HClO, (1 0 cm3, 
pH 3.3) and mixed with the appropriate electrolyte of twice the final 
concentration. The prethermostated mixture was then transferred into 
a thermostated quartz cell (5 or 10 cm) in the spectrophotometer. 

Product Analysis. [(H,N)sCoOHCo(NH,)s] (NO,), (8-35 mg) was 
dissolved within less than 20 s in dilute HC104 (10 or 50 cm3, pH 3.5), 
and an equal volume of a solution of NaN03/NaC104 of twice the final 
concentration was added at once. A fraction of the mono-ol salt crys- 
tallized. The reaction was carried out in heterogeneous suspension (25 
OC, stirring) for 1-3 h. The reaction mixture was then diluted fivefold 
and adsorbed on to Dowex 50W-X2, 200-400 mesh in the Ht form. 
HCIO, (1 mol dm-,) eluted (H,N),COONO?~ (eso2 = 56.3 dm3 mol-' 
cm-I), and H2S04 (2 mol dm-,) eluted (H3N)5CoOH2+ (€492 = 47.7 dm' 
mol-' ~m-l ) .~*  The fractions were analyzed spectrophotometrically, and 
a small correction for aquation of (H,N),CoONOZ+ during reaction and 
workup was made by using k = 2.4 X lo-' s-I ( I  = 0.12, 25 OC).,, 

[(H,N)SCoOHCo(NH,)S]C15~H20 (46-60 mg) was dissolved directly 
in 20 cm3 of NaNCS/NaClO, (pH 3.5, HC104, Z = 1.0, 25 "C). After 
ca. 10 half-lives, the reaction mixture was diluted fivefold and adsorbed 
onto Dowex as above. HC104 (1 mol dm-,) eluted the mixture of 
(H3N)SCoNCS2+ and (H3N)&oSCN2+. The sum of the two was de- 
termined by measuring the optical density at their isosbestic point (ess5 
= 55 dm3 mol-I cm-I). The two components were determined by using 
f288SCN = 15600, e288NCS = 1232, e512NCS = 161, and ~ 5 1 2 ~ ' ~  = 74 (all in 
dm3 mol-' cm-I).,O (H,N),CoOH?+ was eluted and determined as 
above. 

Curve-Fitting Procedures. For the rate data and for the product dis- 
tribution functions, the calculated parameters were obtained by a non- 
linear least-squares procedure where the expression zJ'wbd - 
f(j3k,x,)]2 was minimized. In the expression, fro" are measured values 
of the functions,f(&,x,) are calculated values of the functions, where & 
are the function's parameters, or estimates thereof, and x ,  are the vari- 
ables. The calculations were done with use of a locally written program. 
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