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There is no apparent correlation between ground state C M I  bond length in [COC~(N),]~+ 
complexes and the solvolysis reaction rate. 

Key Words: octahedral substitution, Co-CI bond length, chloroam(m)ine complexes, 
reaction rates 
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I .  ACID HY DROLY SlS ( AQUATION) 

Aqueous acidic solutions of [COCI(N),]~' [(N), = any combination of 
five nitrogcn-donor ligands] undergo spontancous thermal wlvolysis 
(aquation) according to Eq. (1): 

[CoCI(N),]'+ + H 2 0  k H  > (Co(N),(OH2)]'+ + C1- ( I )  

In the absence of added chloride ion, this process generally procccds 
to completion, but the reverse reaction (anation)' takes place at high 
chloride ion concentration, and, at intermediate chloride ion concentra- 
tions, an equilibrium is established. 

The rate of reaction is usually measured in acidic aqueous media (pH 
1-3) to avoid any possible contribution from base hydrolysis (OH- as the 
reactant, see later) as there are some [CoCI(N,)j'+ systems that are so 
sensitive to base hydrolysis that even at pH = 3, the major solvolysis path 
is via this process.? Perchloric, trifluoroacetic. triflic and toluenesulfonic 
are the acids of choice, as these anions are gencrally regarded as wcak 
ion-pairing and non-coordinating and will not compete in the reverse of 
(1  ).? The reaction rate is generally independent of [H'] and ionic strength 
i n  the range pH = 1-3 and f < 0.1 M .  

The extent of reaction vs. time can be monitored either spectrophoto- 
metrically or by chloride release titration. The process is generally slow 
at room temperature (e.g., tl,' = 4.5 days. (N)j = NH3), and most reaction 
rate studies have been made at elevated temperatures (50-80°C) and the 
data extrapolated to 25°C using conventional activation parameters (AH" 
and AS'). In many cases, only a narrow temperature range has been 
employed ( I  5-20°C), and an accuracy of better than +2 kJ mol-' in AH* 
and +8 JK-' mol-' in AS* is not justified.' 

2. HG2+-ASSISTED AQUATION 

The rate of aquation can be increased by addition of a chloride ion 
abstracting agent, e.g., Hg(II), to give the so-called Hg2 '-assisted aqua- 
tion reaction [Eq.(2)i5. 

[CoCI(N),]'+ + Hg'+ + H 2 0  - [Co(N),(OH,)]'+ + HgCl' ( 2 )  
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Here, the reaction scheme for the process is usually described by the 
sequence 

[COCI(N)~]~+ + Hg'+ 5 [(N)SCOCIH~]~+ 

[(N),CoC1HgI4+ + H 2 0  !, products 

(3) 

(4) 

Thus kobs for the reaction will be a composite quantity with contributions 
from K and k .  If K can be regarded as constant for all [COCI(N),]~+ 
species, then kH [Eq. (l)] should parallel k [Eq. (4)] provided both solvol- 
ysis processes proceed via a similar mechanism. 

Using the spectrophotometric technique, isosbestic points in the visi- 
ble absorption spectrum for reactions (1) and (2) should be identical if a 
common aqua ion is formed, as both Hg(I1) species are colourless. 
Although the HgCI+ product may also assist in the chloride release 
p r o ~ e s s , ~ . ~  the overall reaction rate can be expressed as 

-d[CoCl(N):+]/ dt = ~,,[COCI(N):+][H~(II)] (5) 

For all [COC~(N),]~' systems studied? plots of kob, (pseudo-first-order) 
vs. [Hg(II)] are linear, with a slope (through zero) of kHg. The use of the 
Hg2+-assisted process allows a greater temperature range to be employed 
(4OOC in favourable cases), as the reaction rate can be controlled by 
[Hg(II)] as well as temperature. 

There are, however, inherent disadvantages in the Hg2+-assisted 
process, as, under pseudo-first-order conditions, high ionic strengths are 
employed (1-2 M) and specific salt effects have been observed.' The 
solubility of [COCI(N),]~+ salts at high electrolyte concentration can also 
be a limiting factor. Nevertheless, with k,, data measured in, or extra- 
polated to, I = 1.0 M HCIO,, there is a good correlation between kHg and 
kH [Eq. (611 at 25°c637: 

( 4 )  log kHg - log k ,  = 4.5 

This free energy relationship between rate constants implies a constant 
A(AG) for the two processes. 

The mechanism of the thermal and Hg"-assisted aquation processes 
has been the subject of considerable spe~ulation.*-'~ Obviously, both 
processes are related, as a water molecule is replacing either C1- or 
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CIHg+ bound to the Co(III), center and it has been shown that the non- 
replaced ligands can exert a considerable influence on reactivity. 

Most notable acceleratory influences are an increase in diamine ring 
size (en < (NH& < tn < bn) in unsym-fac-[C~Cl(dien)(diamine)]~~ (3) 
systems or in steric bulk (NH3 < NH,CH,) for [CoCl(N),I" where 
[COCI(NH~CH~),]~+ aquates 20x faster than [COC~(NH,),]~' at 25°C. The 
latter observation has been taken as indicating an Id  mechanism for 
the process,lS where the steric bulk of the NH2CH3 ligands would assist in 
the repulsion of the leaving group. More difficult to explain on this basis 
is the 7-fold increase in aquation rate'6 of trans-[CoCl(en),(NH2CH3)12+ 
relative to rrun.y-[CoCl(en)2(NH3) j2+ (at 2S"C), as the en rings should 
shield the chloro ligand from the steric influences of the alkylamine. Wc 
notc, in passing, that this rate ratio would decrease to 4-fold if 80°C was 
chosen as the comparative temperature, changing an apparently signifi- 
cant observation into one of perhaps lesser importance. 

This highlights the prohlem of extrapolating mechanistic information 
from a direct comparison of rate constants," and there has been some sug- 
gestion that this practise may lead to more confusion than enlightenment. 

3. BASE HYDROLYSIS 

If the pH of solutions containing [CoC1(N),I2' complexes is raised, a 
base hydrolysis reaction [Eq.(7)] occurs: 

[COC~(N)~]'+ + OH- - [Co(OH)(N),]*+ + C1 (7) 

The rate law for such a reaction is 

-d[ CO( 111)] / dt = koH [ Co(III)] [OH - 3 (8) 

and an SN,CB mechanism [Eqs.(9)-( 1 I ) ]  is widely accepted l8.l9: 

[CO(NH~)(NH~)~] '+ + H,O fast [CO(OH)(NH,)~]?+ (1 1 )  
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The essential requirement for such a mechanism is that at least one 
NH proton be available for conjugate base €ormation in (9). This is not 
usually a limiting factor, and for many [COCI(N),]~' systems there is the 
question of which NH proton is involved in the formation of the most 
labile conjugate base (e.g., cis- or fruns- to the leaving group). Some 
quite labile deprotonation sites may be "dead end" sinks if the resulting 
conjugate base is relatively unreactive. 

[COCI(N),]~' complexes are now being designed with either one, site 
specific or zero NH protons (49). Despite having zero NH protons, the 
R = Me complex reacts with base at a rate proportional to the OH- con- 
centration. Proton exchange at the-CH,-position in the pyridyl arm was 
observed, and amido activation through the pyridine ring is believed to 
be responsible for the OH- dependent rate law.20 

Base hydrolysis rates in [COCI(N),]~' complexes are quite sensitive to 
changes in the structure of the non-replaced (N)5 ligands. Acceleratory 
effects are observed when NH, is replaced by NH2CH,?' when NH, is 
replaced by p ~ , ~ '  and when the sec-NH proton in a polyamine ligand is 
in a "flat" (meridonal) configuration (e.g., 1 or 2 ) . ' 8 3 ' 9 7 2 1 3 2 2  

4. CO-CL BOND LENGTHS 

From time to time in the literature there is the suggestion that the ground 
state M-C1 bond length may be correlated with M-C1 lability.9.'0.'2 

While it has never been seriously suggested that base hydrolysis rates 
should correlate with Co-C1 bond lengths, indeed the contrary has been 
remarked upon,23 and it has been noted that there is a linear free energy 
relationship between koa and kH for [CoX(NH,),]"+ This 
is not unreasonable, as a water molecule must approach the Co center in 
both cases [Eqs. (1) and ( 2 ) ]  to form the Co-OH, (aquation) or Co-OH 
(base hydrolysis) bond, and a constant set of non-replaced ligands 
[(NH&] is involved. 

The question of a correlation between Co-Cl bond lengths and solvoly- 
sis rate is addressed here by a survey of about 70 [COC~(N),]~' complexes 
[(N), = ammine, amine, polyamine, or heterocyclic amine] where single 
crystal X-ray structures are available, together with their measured or cal- 
culated [w. (6)] kH (25°C) or kHs (25°C) values (Table I). Sketches of the 
structures of the [COCI(N),]~' systems are shown in structures (1)-(50) at 
the end of this article. 
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The mean Co-CI distance is 2.26(2) A (n = 83) with a range froni 
2.303(6) to 2.173(5), and the aquatior7 rate varies from (0.4 to 2000) X 

s ’ (25”C), i.e., over almost 4 orders of magnitude. Figure I shows 
a frequency plot for the Co-CI data exhibiting the expected “normal” 
distribution about the mean of 2.26 A. The aquation rates have been 
divided into two groups-slow (lo7 k ,  = 0.21 to 40) and fast ( lo7 kH = 
40 to 2000). The average Co-CI distance for the “slow” group is 
2.262(20) A and for the “fast” group 2.254(30). Figure 2 4hows a plot of 
Co-C1 vs. k ,  (both experimental and calculated), and the slope of the 
least squares best €it line is zero within experimental error. 

On an individual basis, the Co-Cl distances in ci~-[CoCl(en)~(py)lCl~, 
ri~-[CoCl(en),(NH~Et)]Cl~, [CoCl(tacn)(en)]ZnCI4 and unsjrn-fuc- 

Co-CI frequency distribution 

C H I  dlstance 

FIGURE I A frequency plot for Co-Cl bond distances in [CoCI(Njs]’+ complexes. 
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[CoCI(dien)(bn)]ZnCl, are all about 2.255(3) A. but the lo7 kH values at 
25°C are 2.6, 3.5, 16.3 and 637 SS‘, respectively. 

Factors other than Co-Cl bond lengths, c.g., the approach trajectory 
of the incoming water molecule, are obviously more important in inllu- 
encing the solvolysis rate, and these have been discussed clsewhere.’~‘‘ 
The correlation between kH and k,,, mentioned earlier, implies that 
Hg”-as\isted rates are also not correlated with Co-CI bond lengths. 

5. CONCLUSION 

From an analysis of the published data on Co-CI bond distances and 
solvolysis rates, there appears to be no justification for any proposed cor- 
relation between these parameters. This casts doubt on the suggestion 
that M-CI distances. i n  general, are important in predicting kinetic 
bchaviour in substitution processes. 

STRUCTURES 

endo(synj-(dien)(en) 
(1 1 

Cl 

~nsym-lac-(dien)(en)~~ 

(3) 
sym-fa~-(dien)(en)~~~~’ 

(4) 
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un~ym-fac-(dien)(ampy)-l~~ 
(5) 

exo-mer-(dien)(pn)-B6' 
(7) 

rner-(barnp)(arnpy)-155 
(6) 
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cls-~z-(trien)(NH~)~~ 
(13) 

exoap-(tetraen)( R)78,80 
(17) 

aa- ( te t raen~~~  
(19)  

CI 
(bi~dap-tacn)'~ 

(1 6 )  

342 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
3
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



exoN-aa-Metetraenn 
(21 1 

1 2+ 

endo-T-aa-Metetraenn 
(22) 

endoaa- bispicdien 
(24) 
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CI 1 2 +  

syn-p-Metren(NH3) 
(29) 

1 2+ CI 

f-NMetren(NH,) 
(31 1 

CI 1 2 +  

2.3,2,2,3-pent- 
anti-meso" 

(33) 

antip-Metren(N H3) 
(30) 

Me H 

~-NMetren(NH,)~' 
(32) 

2,2,2,2,3-pent- 
syn-mesosg 

(34) 
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trans-( Ill)-( +,+,-,-)- 
2.5,10,1P-tetramethyl 
-5-aminornethyl~yclarn~' 

(35) 

1 2+ 
CI 

Me 

trans-Z13,2-tet- 
biscyclo hexyl- 
3-Me-3-NHZg2 

(371 

CI 

Me 
2.3,2-tet- 
3-Me-3-NH2-'" 

(3'4 

1 *+ 

Me 

3,2,2,2-tet- 
3-Me-3-NH2-cisg5 

(40) 
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1 2+ 
NH 

I 
Me 

3.2,3,2-tet- 
3-Me-3~NHZ-ckg6 

(41 ) 

1 2+ 

Me 

3,3,3,3-tet- 
3-Me-3-NH2-transg6 

(43) 

Me 

1 2+ 

3.2.3.2-tet- 
3-Me-3-NH2-1 0- 
CO2H-cisg8 

(45) 

CI 

3.3,2,3-tet- 
3-Me-3-NH2-cisg5 

(42) 

Me 

3,3,2,2-tet- 
3-Me-3-NH2-cisg7 

(44) 

1 *+ 

7 2+ 

Me NHz 

1 2+ 
NH 

3,2,3,2-tet- 
3-Me-3-NHZ-1 O-Me- 
1 O-NH2-fransS 

(46) 
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Me 

3,2.3.2-tet- 
3-Me-3-NH3’-1 0- 
Me-lO-NH2-transgg 

(47) 

CI 1 2+ 

R = H ,  R = M e  

(49) 
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