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Abstract—Base hydrolysis and aquation of trans-[Co(NH;),(NH.CH,)X]** (where
X = Cl, Br and NO;) complexes are reported. Both types of reactions are four to eight
times faster than the corresponding reactions for [Co(NH;);X]*~ complexes. The positive
activation entropies of the base hydrolysis for all the studied trans-[Co(NH,),
(NH,CH3)X]** ions and the stereochemistry of the hydroxo products are indicative of a
dissociative conjugate base, Dcb, mechanism. The steric course of the base hydrolysis
differs significantly from that of the parent penta-ammines. For the aquation reactions, the
activation enthalpies of the rrans-methylamine and penta-ammine complexes are similar,
while the activation entropies are more positive (or less negative) for the former. These
results are interpreted in terms of an I, mechanism.

Although the hydrolysis of amine complexes of
cobalt(IIl) has been extensively investigated,'
some mechanistics aspects concerning these reac-
tions still need to be resolved. Aquation reactions
of the cobalt(Ill) complexes appear to be largely
dissociative in nature, i.e. bond breaking sub-
stantially precedes bond making. Among other evi-
dence, the rate enhancement observed when the
non-leaving groups are changed from penta-
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ammine to pentakis (methylamine) (herein after
called N-methylation) is consistent with the assess-
ment above.* *

Base hydrolysis reactions of penta-ammine-
cobalt(IlT) complexes are generally accepted to pro-
ceed according to a dissociative conjugate base Dcb
mechanism in which a five-coordinated inter-
mediate, [Co(NH,),NH,]**, is formed from the
conjugate base species, which rapidly reacts with
water or any other competing nucleophile to pro-
duce the hydrolysis products.” ** Such reactions are
orders of magnitude faster than the corresponding
aquation or ligand substitution processes. The rate
constants for the base hydrolysis of the penta-
kis(methylamine) complexes are larger than those
of the corresponding penta-ammine complexes.
This observation has been used to support the dis-
sociative conjugate base mechanism.*” However,

1915



1916

there 15 still some controversy over the questions of
whether the process is entirely dissociative, D, or if
it is partly concerted, I4."*""

The base hydrolysis kinetics of the rrans-[Co
(NH,),(NH.CH,)CI]*~ ion has already been
studied,>® but the enthalpy and entropy of acti-
vation were not determined. Here, we report the
base hydrolysis and aquation of rrans-[Co
(NH)(NH,CH)X]** complexes (X =Cl, Br,
NO,), which were prepared according to the
recently reported syntheses,'*"”

Furthermore, the availability of these com-
pounds makes it possible to study the stereo-
chemistry of the base hydrolysis product,
[Co(NH,),(NH,CH;)OH]**. Ideally, a D mech-
anisms requires that the five-coordinate inter-
mediate lives long enough to lose all memory of its
precursor so that the stereochemistry of the pro-
ducts should be independent of the nature of the
leaving group, i.e. if a common transition state or
intermediate exists in the base hydrolysis of cobalt
(Ill)penta-ammines complexes, the configuration
of the hydroxo product should be the same for all
the substrates.

EXPERIMENTAL

Materials

trans-[Co(NH;),(NH,CH)X]X, complexes
(X = Cl, Br, NO,) were prepared as described pre-
viously."® Conversions to the perchlorate salts
were achieved by routine treatment with silver per-
chlorate for X = Cl and Br, and with cold con-
centrated HClO, for X = NO,. The compounds
were identified by chemical analysis and UV-vis
spectroscopy ; all spectra agreed with the literature
data. The 'H NMR spectra proved the isomeric
purity of the rrans-NH,CH; complexes. [Co
(NH;)X}(ClO,), (X = Cl, Br and NO;) were pre-
pared and purified as described previously.™ All
other reagents and solvents used were of analytical
grade.

Aguation

Reaction mixtures were prepared from the
appropriate quantities of the complexes (5-
12x 1073 M), NaClO, (1 M) and aqueous HCIO,
(pH = 1). The aquation Kkinetics were followed
spectrophotometrically at 540, 570 and 500 nm for
X = Cl, Br and NO;, respectively in the thermo-
stated (+0.1°C) optical cell of a Spectronic 3000
diode array spectrophotometer. All reactions
obeyed a first-order rate law. Variation of the com-
plex concentration did not affect the rate constants.
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The reported rate constants, which are average of
4 runs at four different concentrations, were deter-
mined using the Guggenheim method. Activation
enthalpy and entropy were determined from plots
of In(k/T) vs I/ T.

Base hydrolysis

The kinetics of the base hydrolysis were followed
spectrometrically using complex concentrations of
5-10 x 107* M and ionic strength of 0.15 M (con-
trolled by addition of NaClO,). A Durrum D110
stopped-flow spectrophotometer with a thermo-
stated cell (+£0.1'C) was employed. The obser-
vation wavelength was 535, 500 and 505 nm for
X =Cl. Br and NO,, respectively. Plots of
In(A,—A,) vs time were linear to completion of
reaction.

Due to the ionic strength effect on the rate of the
base hydrolysis reaction,' the rate constant for the
base hydrolysis of [Co(NH;);X](ClO,), complexes
(with X = CI, Br and NO,;) were determined at
25°C for comparison. To this purpose, the same
procedure was employed.

Stereochemistry of base hyvdrolysis

The product distribution on base hydrolysis was
determined at 25°C by treating a solution of trans-
[Co(NH,).(NH.CH,)X](ClO,), (15 mg) in D,O
(0.5 cm?) with NaOD (5x 1077 cm?®, 1 M). After 5
min the reaction was quenched with DCI (5x 107
cm?®, 1 M). The cis/trans ratio was determined from
the '"H NMR resonance integrals of the coordinated
methyl groups. In a similar way, the trans-NH,CHj,
complexes were hydrolysed in D,O-CD,OD and
D,0O-DMSO-d,, (dimethylsulfoxide) mixtures. In
one experiment, the reaction was performed at
45°C. in order to determine whether there is a tem-
perature effect on the steric course of the base
hydrolysis.

In order to test the validity of this procedure,
trans-[Co(NH,),(NH.CH)CI](ClO,), was sub-
jected to base hydrolysis in water. The complex (0.3
g) was dissolved in a mixture of H,O (10 cm?) and
NaOH (1 em?®, 2 M). After 5 min at 25 °C the solu-
tion was acidified (HCIQO,) ; the aqua complex crys-
tallized on adding concentrated HCIO,. It was
filtered off, washed with ethanol and diethylether,
and dried in vacuo. The sample was dissolved in
DMSO-d, (60 mg cm ) in order to obtain the 'H
NMR spectrum. In another experiment, the chloro
complex (0.3 g) was dissolved in HO (10 cm?)
with NaOH (1 cm®, 2 M). After 5 min at 25°C the
solution was acidified with HCIO; to quench the
reaction and the solution was lyophilized. The
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resulting solid was dissolved in DMSO-d, (60 mg
cm™’) and the 'H NMR spectrum was registered.

The '"H NMR spectra were recorded on a Varian
XL-100 spectrometer with tetramethysilane (TMS)
as internal reference.

RESULTS

Aquation

The pseudo-first-order rate constants, k,,, were
determined in the interval 26.7-56.2°C, for X = Cl,
26.7-50.4 for X = Br and 15.3-30.3 for X = NO,.
They were the same in 0.01 M as in 0.1 M HCIO,
and over a two-fold range of initial complex con-
centration. The activation parameters for the trans-
methylamine complexes, as well as the rate
constant, k,,, at 25°C, obtained by interpolation,
are collected in Table 1. The corresponding litera-
ture values for the pentaammine, [Co(NH,
CH,)sCI)** and [Co(NH,CH;);Br]** ions are
included in Table 1 for comparison.*'

The aquation reactions of the trans-methylamine
complexes are five to six times faster than those of
the parent penta-ammines, irrespective of the na-
ture of the leaving group (Table 1). The values of &,
for trans-[Co(NH,),(NH,CH)X]** (with X = Cl
and Br) lie between those for the penta-ammine and
the pentakis(methylamine) complexes. For X = Cl.
AH" is the same for the penta-ammine, the trans-
methylamine and the pentakis(methylamine) com-
plexes. while AS* becomes less negative in that
series. The same behaviour has been reported for
some [Co(NH,CH,);X]** complexes (with X = di-
methylsulfoxide,  dimethylformamide,  aceto-
nitrile).® These trends indicate that the activations
parameters of [Co(NH,CH.);Br]*~ are question-
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Fig. 1. Pseudo-first-order rate constant, k.., vs [OH] for

the base hydrolysis of trans-[Co(NH;) 4 NH,CH;)NO,]**

(M) trans-[Co(NH,),(NH,CH-)Br]** (M) and trans-

[Co(NH),(NH,CH.)CI]** (@), at 30.6°C and ionic
strength 0.15 M (NaCl0O,).

able. Furthermore, reported values for rate con-
stants and AG* are more reliable than values of AH™
and AS* due to error compensation.’

Base hydrolysis

Under the conditions of these experiments, the
contribution of the spontaneous aquation reactions
1s negligible. Plots of In(A4, — 4, ) vs time were linear
to completion of reaction. The corresponding
pseudo-first-order rate constants (k) was pro-
portional to [OH™] for trans-[Co(NH;),(NH,
CH)X]*™ (Fig. 1) and [Co(NH;);X)*" ions (results

Table 1. Rate constants at 25”C and activation parameters for the aquation of acido(amine)cobalt(111)

complexes

Complex 10°%,, (s 1) AH” (kJmol™")  AS* (J K 'mol™"
[Co(NH.);Cl)* e 1.77 94.2 -39
trans-{Co(NH,),(NH,CH)CI}?+* 8.89 97 —15
[Co(NH,CH,).Cl)]?* ¢ 39.6 95 —10
[Co(NH;):Br]**¢ 5.97 97.0 —19.6
trans-[Co(NH;)4(NH,CH;)Br]**+ # 31.7 97 -3
[Co(NH.CH;)Br)]** ¢ 286 86.1 —234
[Co(NH.):NO, >+ * 24.1 100.3 33
trans-[Co(NH,)(NH,CH,)NO,]*+* 134 99 13

“Data from ref. 1.

" This work. Estimated errors: in k,,+2%;in AH*, +2 kJ mol~';in AS". +4J K" mol .

“Data from ref. 5.
“Data from ref. 22.
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not shown). The slopes of the straight lines yield
the bimolecular rate constant, k. Values of kqy
for the trans-methylamine complexes were deter-
mined in the intervals 16.0-40.0°C for X = Cl,
19.2-40.0°C for X =Br and 21.3-34.5°C for
X = NO,. The activation enthalpy and entropy
along with the bimolecular rate constant, kqy,
interpolated at 25°C, for the rrans-methylamine and
penta-ammine complexes, are listed in Table 2. The
literature values for the [Co(NH,CH;);Cl]** ion
are also shown for comparison (to our knowledge
kinetics studies of the base hydrolysis of [Co(NH,
CH;);Br]** and [Co(NH,CH;);NO;]** ions have
not been reported thus far).

As for the aquation reactions, the base hydrolysis
reactions of the trans-methylamine complexes are
faster than those of the parent penta-ammines. The
rate of enhancement is originated in AH*.

Stereochemistry of base hydrolysis

For aqueous solutions and the solvent mixtures
entered in Table 3, the products of the base hydroly-
sis reactions after acidification are cis- and trans-
[Co(NH,),(NH,CH,)H,0]** ions.

The good resolution of the methyl signals in the
"H NMR spectra of the cis and trans aqua products
makes possible a quantitative evaluation, without
isolation of the products. The spectra of the cis
and trans-[Co(NH;),(NH,CH;)H,0]** ions in D,O
only showed the methyl 'H resonances, due to com-
plete exchange of amine and water protons.'®" A
representative spectrum is given in Fig. 2. The pro-
duct distributions, calculated from the resonance
integrals, are listed in Table 3. The reported values
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Table 3. Steric course of the base hydrolysis of trans-
[Co(NH)4(NH,CH,)X]** ions in aqueous (D,0) mix-
tures at 25°C

cis(%)”
Cosolvent () X=Cl X=Br X=NO,
— i1 13 17
MeOD* 20 12 12 17
MeOD 40 12 12 18
DMSO—d 20 12 14 18
DMSO—d, 40 12 14 18

4% (v :v) of the cosolvent.

9% cis-[Co(NH;),(NH,CH;)D,0]** in the products of
the base hydrolysis. Estimated error in the percentage of
cis-product is 2%. The entries are averages over at least
three independent measurements.

‘MeOD = deuterated methanol.

“DMSO —d, = deuterated dimethylsulphoxide.

are averages over at least three independent
measurements. No significant differences were
found for solvent mixtures listed in Table 3 for each
anionic ligand. The values for X = Cl and Br are
significantly lower than those for X = NO; (Table
3). This trend has also been observed for the frans-
[Co(NH;),(*NH;)X]*™ ions, although the cis/trans
ratios are higher."” The same stereochemical result
was obtained in experiments performed at 45°C.

In the experiments in which the aqua product
was isolated (precipitated with concentrated HCIO,
or lyophilized), the results were the same. These last
procedures are more time consuming and a larger
sample is needed.

Table 2. Rate constants at 25°C and activation parameters for the base hydrolysis of acido
(amine)cobalt(11]) complexes

Complex kou(s ' M™h AH? (kImol™)  AS*JK 'mol™")
[Co(NH;)Cl** 0.60° 120 154"
trans-[Co(NH,),(NH,CH,)CI)** 4.8¢ 105 1214
[Co(NH,CH;),CIJ** 800° 75.2¢ 71.5¢
[Co(NH,):Br]*~ 3.3¢ 124/ 187
trans-[Co(NH,),(NH,CH,)Br}]** 14¢ 105¢ 1294
[Co(NH,);NO,J* 9.2¢ 118 180/
trans-[Co(NH,),(NH,CH,)NO,J** 59 91.2° 95

“ +10% (this work).

#Data from ref. 23.

“+4 kJ mol™! (this work).
44+8J K "ml™! (this work).
“Data from ref. 24.

"Data from ref. 1.
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1 T 17 17T 1T 1T 1T 1T 711
25 24 23 22 21 20 1.9 18 1.7 16 1.5 1.4

Fig. 2. 100 MHz'HNMR spectrum of the products of

base hydrolysis at 25°C of the trans-[Co(NH,),

(NH,CH;)Br]*" ion in D,O. Chemical shifts in ppm rela-
tive to TMS.

DISCUSSION

In the last decades much evidence has appeared
supporting the dissociative mechanism [eqs (1)-(3)]
for the base hydrolysis of amine complexes of
cobalt(I1D).

k

[COL5X](3"'”+ 4+OH- l:\__\ [COL4(L—)X](Z—;1)+
+HZO (Ka,’/K\x) (1)

[CoLy(L )X]™ " 5 [CoL, (L )P+ + X
2

fast

[CoL,(L7)]** +H,0 - [CoL;OH]** (3)

L = amine and L.~ = deprotonated amine.

It is usually assumed that the formation of the
conjugate base species occurs in the fast pre-equi-
librium (1), followed by the rate-determining step
(2). Under such conditions and in the presence of
excess of OH ™, the pseudo-first-order rate constant,
kons» €an be expressed as in eq. (4).

koo = kou[OH™] 4)
with
kOH = k?, Ku//Kw (5)

In this process numerous factors can intervene
to give variation in rate and the interpretation of
comparative studies is complicated by the fact that,
in aqueous solutions, it is not possible to separate

*We are assuming here that solvational factors are
similar, because we are comparing ions of the same
charge and size.
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stages | and 2 : the measurement of K, for the coor-
dinated amines is precluded in water by the low
dissociation constants (pK, > 15).

The effects of N-methylation on base hydrolysis
is drastic, i.e. rate increases greater than 10° were
observed.”'" The rate enhancement for the penta-
kis(methylamine) ions compared with the cor-
responding penta-ammine ions was explained by
steric crowding in the ground state of the penta-
kis(methylamine) ions, which is relieved in the tran-
sition state by substantially stretching the Co—X
bond. On N-methylation the aquation rate con-
stants also increase, but less markedly™' (20-70
times), probably because the transition state for the
base hydrolysis is more open (i.e. dissociated) than
that for aquation.

For the present series of trans-|[Co(NH;),
(NH,CH,)X]’" ions there is only a modest rate
enhancement of both, aquation and base hydroly-
sis, when one NH,; 1s substituted by a NH,CH,;
ligand (rrans position), as shown in Tables 1 and 2.
This result means that for these complexes the steric
crowding effect is not relevant: a single methyl
group remote to the leaving group should not
involve substantial steric effects at the site.™"*

The following factors could be responsible for
the rate enhancement observed for the base
hydrolysis of rrans-[Co(NH;),(NH,CH,)X]** ions:
(1) variations in proton acidities of the coordinated
amines (K,) and (ii) inductive effect of the methyl
substituent.* Only the second factor can also
account for the rate enhancement on the aquation
reactions.

The ratios kou/k,, (Tables 1 and 2) are 5.4 x 10°,
44%x10° and 4.4x10° for rtrans-[Co(NH;),
(NH.CH,)XJ*", with X = Cl, Br and NO,, respec-
tively. Comparable ratios are found for the parent
penta-ammine complexes  (kou/ka, = 3.8 x 10,
5.5%10° and 3.8 % 10° for X = Cl, Br and NO,
respectively). It appears, therefore, that the trans-
methylamine complexes have the same acidity as
the parent penta-ammine ions (i.e. k/k_, is the
same) and consequently, the rate enhancement
observed in the base hydrolysis is originated in the
k, step, i.e. the presence of a methyl substituent
produces a parallel increase on k,, and k,. Although
k, can be very sensitive to the nature of the other
ligands in the complex (i.e. the nature of the other
ligands affects amine proton lability), if there is a
parallel and cancelling effect on k_,, then k,/k_,
will be constant and the rate increase in base
hydrolysis will not be originated on changes in the
acidity of the complexes.

We assert, therefore, that for the compounds
studied here the rate enhancements informed on
both reactions are mainly due to inductive effect of
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the methyl substituent. It is conceivable that the
methyl group influences the release of the leaving
group X, donating negative charge to the cobalt.
This supposition is presently being investigated by
ESCA spectroscopy and some preliminary results
on the trans-[Co(NH;),(NH,CH,)CI}(ClQ,), com-
plex* have shown a decrease of the actual cobalt
charge relative to the [Co(NH,),CI)(ClO,),
complex.

The base hydrolysis reaction of the rrans-[Co
(NH;),(NH,CH;)X]*" ions, with X = Cl, Br, NO,,
is faster than that for the corresponding penta-
ammines and slower than the base hydrolysis for
the pentakis(methylamine) complexes. This effect
is originated in AH” rather than in AS®. The large
and positive AS* values observed for all the penta-
ammine complexes studied are consistent with the
conjugate base mechanism, irrespective of whether
the bulk of the positive AS” for the overall hydroly-
sis arises from dissociation of the leaving group
(reaction 2),” or from the deprotonation of starting
complex (reaction 1).’

The existence of a penta-coordinated inter-
mediate, [Co(L),(L7)]*", of the base hydrolysis of
penta-ammine cobalt(IIT} complexes is still being
discussed.'** One way to probe the existence of
energy minima (i.e. genuine intermediates) en route
to products is the demonstration of stereochemical
properties independent of the source of the inter-
mediate. The product distribution of the base
hydrolysis of the rrans-[Co(NH;),(NH,CH,)X]**
(X = Cl, Br, NO;) ions in various aqueous mixtures
is independent of the nature of the solvent, but there
is a small leaving group effect (see Table 3). The
same behaviour was observed for the parent penta-
ammines.'” In this case the percentage of cis-[Co
(NH;).(°"NH:)H,0]** product of the base hydroly-
sis of trans-[Co(NH;),("*"NH;)X]** ions was 46 for
X = Cland Br, and 49 for X = NO,."” We conclude
after Buckingham'” that the results do not prohibit
the formation of a penta-coordinated cobalt(1I1)
species for all substrates, but they require its lifetime
to be so short that it captures a solvent molecule
before bond angles can equilibrate,””** i.e. before a
relative stable configuration is reached.

It is interesting to note the drastic effect of the
methyl group on the steric course of the base
hydrolysis. In order to account for the almost equal
cis/trans product distribution of the base hydrolysis
of trans-[Co(NH;)("NH)X]** (X = CL, Br, NO,)
ions, Nordmeyer'® proposed a trigonal bipyramidal
structure for the five-coordinate intermediate, formed
from a conjugate base with the amido group cis to
the leaving group. On the other hand, more reten-
tive steric courses, like those observed in the present
work, can be explained in terms of a penta-coor-
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dinated intermediate, formed from a conjugate base
with the amido group trans to the leaving group.'
The assumption of a reaction route via frans depro-
tonation has some experimental support.'®*

The faster aquation reactions for the trans-
[Co(NH,),(NH,CH,)X]** ions compared with
those for the parent penta-ammines 1s originated in
AS*. A good correlation between AS* and AV* has
been reported ° for some penta-ammine and penta-
kis(methylamine) complexes, where the leaving
group was dimethylsulfoxide, dimethylformamide,
acetonitrile or chloride. The AH” values for the
penta-ammines and the pentakis(methylamine)
complexes were found to be very similar and both
AS™ and AV* values were more positive (or less
negative) for the latter. Accordingly, the authors®
suggested a more dissociated activated state for the
pentakis(methylamine) complexes, i.e. less par-
ticipation of the incoming water molecule in the
transition state for those complexes. In this line,
the trend in activation parameters for aquation
from [Co(NH),);X])**. to trans-[Co(NH;).(NH,
CH,)X]*" and to [Co(NH,CH;)sX]*" indicates no
mechanistic disparity, but merely a trend towards
less participation of the incoming water molecule.
Variation of the non-leaving groups does not seem
to require relevant changes in the aquation mech-
anism.
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