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Abstract 

Substitution reaction of the coordinated carbonate 
ligand in [Co(COs)(en)z ] 
tion of 1.0 mol dmm3 

+ in alkaline aqueous solu- 
chloride at 55 “c under the 

pesudo-first-order kinetic condition with respect to 
ethylenediamine has been studied, by employing the 
electronic absorption and circular dichroism spectral 
methods for the racemate and the optically active 
isomers. The reaction proceeded stepwise with two 
rate-determining steps. A~-),s,-[Co(CO3Xen)?]’ 
changed via two parallel pathways principally with 
racemization to [Co(OCO,)(OH)(en),] , which sub- 
sequently changed to [Co(en),]” through [Co- 

@CWenWen>21+; where 0COZ2- and en-N 
denote unidentate carbonate and ethylenediamine, 
respectively. Some stereoselectivity was noticed in 
the first base-catalyzed hydrolysis step. A substitu- 
tion reaction mechanism was discussed. 

Introduction 

Studies on the nucleophilic substitution reaction 
of cobalt(II1) complexes with chelate ligands have 
hitherto been centered around aquation, acid or base 
hydrolysis and anation [l] . There have been few 
studies on the substitution reaction of the coordinat- 
ed chelate ligand with another chelate ligand in these 
substitution-inert complexes; although these cobalt- 
(III) complexes are presumed to proceed through the 
dissociative (D), or dissociative interchange (Id), 
mechanism. Moreover, an elucidation of the mecha- 
nism of the cobalt(III) complexes, whose inter- 
mediate is more emphatic, is useful for substitution- 
labile complexes such as the aluminum(II1) group 
[2-41. 

The present paper is concerned with the substitu- 
tion reaction of the coordinated carbonate ligand in 
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the racemic and optically active [Co(CO,)(en),]’ 
complex, with ethylenediamine (en). 

Experimental 

[Wco3Xen)21 Cl was prepared from trans-[Co- 
C12(en)2] Cl according to a literature procedure [5]. 
It was characterized by elemental analysis and 
absorption spectra. Optical resolution was made by 
using (+)5s9-[Co(ox)2(en)]- (ox*-, oxalate) as a 
resolving agent [6]. In this work the resolution was 
carried out by using K2 [Sb2-(d-(t)-tart)2].H20 as 
follows (tart4-, tartrate). A solution containing 
1.09 g of [Co(C03)(en)2] Cl in 40 cm3 of warm 
water (40 “C) was mixed with a solution containing 
1.2 g of K2[Sb2(d(t)-tart)2]*H20 in 7 cm3 of 
water. The resulting solution was cooled in an ice 
bath, ethanol was added until crystals of the less 
soluble diastereomer, (-)5s9-[Co(C0)s(en)2]2 [Sb2(d- 
(+)-tart)*], began to appear, and the aqueous 
ethanol solution was refrigerated for a few hours. 
The precipitated diastereomer was filtered and washed 
with ethanol and ether and then dissolved in a 
minimal amount of water. The resulting solution was 
poured onto a small column of QAE-Sephadex A-25 
(Cl- form) to remove the resolving agent. Elution was 
made with water and the eluate was evaporated 
to near-dryness with a rotary evaporator. The 
product, A-(-)ss,-[Co(C03)(en)2] Cl, was recrys- 
tallized from aqueous ethanol and was characterized 
by elemental analysis and the absorption and circ- 
ular dichroism (CD) spectra. The A-(+)589-isomer was 
obtained from the filtrate of the less soluble 
diastereomer. 

[Co(en)3]Cls*3H20 was prepared according to a 
literature procedure [7]. 

Analytical grade reagents of ethylenediamine and 
hydrochloric acid were used throughout the experi- 
ments. The former was distilled before use when 
necessary. 

0 Elsevier Sequoia/Printed in Switzerland 
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Fig. 1. Absorption spectral change with time of [Co(CO3)- 

(en)z]+. [ [Co(C03)(en)2]+], 1.00 X lo-2 mol dme3; [en], 

2.00 mol dmW3; [OH-], 3.55 X 10e3 mol dm-3;and [Cl-], 

1.0 mol dmm3. 55.4 “C. Time/min.: 1,0;2,40; 3,80;4,240; 

5,360;and 6,540. 

The absorption and CD spectra were recorded 
on a JASCO Spectrophotometer, model UVIDEC-I, 
and a JASCO Spectropolarimeter, model J-5OOC, 
respectively. Hydroxide ion concentration was 
determined (using a Horiba pH meter, model F7-SS, 
with glass and 3.33 mol dme3 aqueous potassium 
chloride calomel electrodes) by defining the 
hydroxide ion concentration of a solution containing 
0.0100 mol dmm3 sodium hydroxide and 0.9900 mol 
dmm3 sodium chloride as -log [OH] s 2.00. 

Runs were made under the pseudo-first-order 
kinetic condition with respect to ethylenediamine 
in the buffered hydroxide ion concentration range 
1 X IO-j-2 X 10e2 mol dmw3 and the temperature 
range 45.2-65.4 “C at 1 .O mol dme3 aqueous chloride 
solution. The solution, which contained more than 
0.5 mol dmm3 ethylenediamine above pH 11, had 
sufficiently high buffer capacity as to the hydroxide 
ion concentration. No measurable changes in the 
hydroxide ion concentration were noticed before and 
after the kinetic runs. The temperature was regu- 
lated at a specified value within kO.1 “C. The reac- 
tions were monitored with absorbance change at 513 
nm for the racemate and with CD change at 530 nm 
for the optically active isomer, from which the 
pseudo-first-order rate constants were calculated. 

Results 

Kinetic of The Racemate 
Figure 1 shows absorption spectra in the d-d 

transition region of [Co(CO,)(en),]’ with time, 
in an alkaline aqueous solution under the pseudo- 
first-order kinetic condition with respect to ethyl- 

enediamine. The absorption spectrum of [Co(CO,)- 

(421’ (A,,, 512 and 360 nm) changes, with two 
isosbestic points at 450 and 420 nm, to an inter- 
mediate spectrum (Curve 4 in Fig. 1). This further 
changes, with isosbestic points at 500, 420, and 355 
nm, to a final spectrum characteristic of [Co(en)3]3+ 

(Ll,,, 470 and 340 nm). This spectral evidence 
can be interpreted in terms of stepwise, biphasic 
substitution reaction kinetics of [Co(CO,)(en),]’ 
through an intermediate complex to [Co(en)3]3+. 
This mechanistic feature was supported by loga- 
rithmic absorbance change vs. time plots, which were 
composed of two linear portions. 

In the case where the first and the second rate- 
determining steps are given by the rate constants, 
k, and k2, with S, I, and P being the starting, the 
intermediate and the final complexes, 

kl k2 
s-r-p, 

the rate equation is expressed as follows. 

A, = Br exp(-k, f) + B2exp(-k2 t) + A, 

B2 = PIo{(EI - +N,)/@I - k2). (1) 

Here, [S]e is the initial concentration of the starting 
complex, ea, en and + are molar absorption coeffi- 
cients of the corresponding complexes, and A, 
and A, are absorbances at the fixed wavelength at 
time t and at equilibrium, respectively. When k2 
is considerably smaller than kl, these two expo- 
nential terms become separated from each other to 
give two linear portions in the In (A, - 4,,) VS. f 
plots. Hence k2 can be obtained from the second 
linear portion of this logarithmic absorbance change 
vs. time plots, and k, from a slope of the In@, - 
B2exp(-k2t) - A> vs. t plots, by using the B2exp- 
(-k2 t) term estimated by extrapolation of the second 
linear portion of the In (A, - LL) vs. t plots. 

Figures 2 and 3 show the hydroxide ion and 
ethylenediamine concentration dependences of the 
observed rate constants, kobsdi of the first and the 
second rate-determining steps. The first step depends 
uniquely on the hydroxide ion concentration, whilst 
the second step depends uniquely on the ethylene- 
diamine concentration. The following relations can 
be deduced from Figs. 2 and 3. 

k’ obsd = kh,o +&W-l 

(2) 
k:bsd = &[enl 

Here, k&, k&, and k& denote the rate constants 
for the aquation, the base hydrolysis, and the ethyl- 
enedimaine coordination pathways, respectively. 
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Fig. 2. Relation between kAps2) and [OH-]. (a), k’ 

mol dmm3 ; and [Cl-] , 1 .O mol dmm3. 
obsd and (b), k&d. [ [Co(COs)(en)2]+], 1.00 X lo-’ mol dmA3; [en], 2.00 

Tempf’C: 1,45.2; 2, 55.4; and 3,65.4. 
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Fig. 3. Relation between kAes2’ and [en]. (a), k& and (b), k2 
X 10v3 mol dmh3 ; and [Cl-], 1 .O mol dmW3. 

,,bsd. [ [Co(C03)(en)2]+], 1.00 x lo-’ mol dmP3; [OH-], 3.63 
Temp./“C: 1,45.2; 2,55.4; and 3,65.4. 

These spectrochemical and kinetic results indicate 
that in the first step [Ca(CO,)(en),]’ undergoes the 
base hydrolysis and also aquation, followed by a 

rapid deprotonation of the coordinated water to give, 
in a parallel way, the intermediate complex (presu- 
mably [Co(OCO,)(OH)(en),] , where 0C022- speci- 
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TABLE I. Kinetic Parameters. 

H. Fushimi, K.-I. Okamoto, J. Hidaka and H. Einaga 

Pathway Electronic absorption spectral method Circular dichroism spectral method 

Rate constant AH+ AS+ Rate constant AH* AS* 

(kJ mol-‘) (J mol-’ K-‘) (kJ mol-‘) (J mol-r K-r) 

Aquation (4.30 * 0.21) x 1O-4 a 99.0 + 0.6 -6.5 f 3.7 (1.63 + 0.08) x 1O-4 a 102 f. 1 -6.8 f 6.1 

Base hydrolysis (1.11 f 0.06) X 10e2 b 45.2 + 0.5 -145 f 3 (0.46 c 0.02) x 1O-2 b 51.5 + 1.0 -134 + 6 

Anation (4.26 * 0.21) x lo--’ = 120 * 2 35.2 + 12.2 

a k&s-‘. 1 b 1 -1 dm3 s-’ koH/mol . ‘k&/mol-’ dm3 s-‘. [Cl-], 1.0 mol 55.4 dm-j. “C. 

(+) 

Wavelength lnm 

(-) 
t 

Fig. 4. Circular dichroism spectral change with time of A- 

(-)sss-[Co(C03)(en)21’. [A-(-)ss9-[Co(C03)(en)21+1, 1.00 
X 10m2 mol dmW3; [en], 2.00 mol dmW3; [OH], 3.55 X 

1 0p3 mol dme3 ; and [Cl-], 1.0 mol dme3. 55.4 “C. Time/ 
min.: l,O; 2,40;3, 100;4,2lO;and 5,480. 

fies tentatively a unidentate carbonate ligand), to 
which ethylenediamine coordinates in the second step 
to give [Co(en)3] 3+. 

Kinetic parameters of these reaction pathways are 
summarized in Table I. 

Kinetics of the Optically Active Isomers ‘%sr_t.A = ‘%,o,a + k&a [OK-] 
Figure 4 shows CD spectral changes in the d-d 

transition region of A-(-),a,-[Co(COa)(en),]’ with 
time, under the same conditions as those adopted 
for the absorption spectral studies. The CD inten- 
sity decreased with time, giving isodichroic points 
at 370, 350 and 305 nm, during which no changes in 
the spectral patterns were noticed. The half-life 
of this stereochemical step was of the same magni- 
tude as that of the first step in the reaction of the 
racemate. 

Hence it is concluded that a stereochemical change 
is accompanied in the base hydrolysis and aquation 
step. 

Kinetic parameters of these reaction pathways 
are summarized in Table I. 

Discussion 

The final CD spectrum, however, differed slightly 
from the base line; it was apparently characteristic 
of A-(-)ss9-[Co(en)3] 3+. The same stereoselective 
behavior was also noticed when A{+)ss9-[Co(COs)- 
(en)2]’ was used as a starting complex. 

The present investigation demonstrates that the 
substitution reaction of the coordinated carbonate 
ligand in [Co(CO,)(en),]‘, with ethylenediamine, 
proceeds successively with two rate-determining 
steps; the former essentially characteristic of the base- 

These CD spectral features imply that the first 
rate-determining step accompanies principally the 
racemization into the intermediate complex, with 
some stereoselectivity on the configuration. 

In the case where the starting, optically active 
isomer changes to the enantiomers of the inter- 
mediate complex, the kinetic process can be schema- 
tically expressed as follows. 

Hence the rate constant, k~@,&, for the reaction of 
the A (or A) isomer can be given by eqn. (3): 

ln((m0 - A’%)/(& - mW)} = kA(orA) x t (3) 

where A&, AL?,, and AL are total CD intensities at 
the initial state, at time t, and at equilibrium, respec- 
tively (cf. Appendix). 

A linear relation was found for the In (A& - A/L) 
vs. t plots, from which the observed rate constant, 

k obd,& was calculated for the A isomer. 
Figures 5 and 6 show hydroxide ion and ethyl- 

enediamine concentration dependences of the observ- 
ed rate constants. This stereochemical kinetic process 
depends solely on the hydroxide ion concentration, 
which coincides well with the first step in the race- 
mate. 

(4) 
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Fig. 5. Relation between k&d and [OH] for the optically 

active isomer. [A-(-)sa9-[Co(C03)(en)2 I’], 1.00 X lo-* 

mol dmm3 ; [en], 2.00 mol dmm3; and [Cl-] , 1 .O mol dmP3. 
Temp./“C: 1,45.2; 2,55.4;and 3,65.4. 

catalyzed hydrolysis accompanying the racemization 
for the optically active isomer [8], and the latter 
the anation reactions [9]. Furthermore, our spectro- 
chemical and kinetic results suggest that the inter- 
mediate complex between these two rate-determining 
steps is a racemate in which the carbonate group 
coordinates as a unidentate ligand in the cis position 
to the hydroxide group, le., cis(O)-[Co(OCO& 
(OH)(en)*], because it gives no splitting pattern in 
;JI;] first d-d transition band (‘AIr,jC&)-‘Tr&~)) 

There is only one study, undertaken by Francis 
and Jordan [l l] and concerning the base-catalyzed 
hydrolysis reaction of [Co(COs)(en)2]‘, which 
deserves comparison with the first rate-determining 
step of the present investigation. The authors 
obtained the following kinetic parameters, kobsd = 

kH10 + kon[OH]; kH,o = (4.31 + 0.87) X 1O-4 
s-l, MI* = 89.5(72.4 - 97.5) kJ mol-‘, and AS’ = 
-27.6(-85.8 - -1.3) J mol-’ K-l. koH = (2.74 * 
0.17) X lo-* mol-’ dm3 s-‘, AE# ~92.0 (87.0 - 
97.5) kJ mol-‘, and AS* = 15.1(-2.1 - +33.3) J 
mol-’ K-’ (1 .O mol dmW3 (NaC104), 44 “C), and 
concluded that the chelate ring opening of the 
coordinated carbonate ligand was the rate-deter- 
mining step with C-O bond breaking for the aqua- 
tion pathway. However, Co-O bond breaking for the 
base hydrolysis pathway was found to give a rather 
stable intermediate complex, [Co(OC02)(OH)(en)2], 
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Fig. 6. Relation between k&d and [en] for the optical1 

active isomer. [A-(-)sa&Co(CO3)(en)2]*, 1.00 X -% 
10 

mol dm -3; [OH], 3.55 X 1O-3 mol dmm3; and [Cl-], 1.0 

mol dmm3. Temp./‘C: 1,45.2; 2,55.4; and 3,65.4. 

which rapidly changed to [Co(OH)2(en)2]+ in the 
final state. As for the aquation pathway, the follow- 
ing kinetic parameters merit comparison (kH,o = 

1.2 x 1o-4 s-r, AH* = (75 + 13) kJ mol-l, and 
AS* = (-63 + 38) J mol-’ K-’ (0.1 - 0.3 mol 
dmd3 (-), 25 “C), which had been obtained by 
the acid-catalyzed aquation study [ 121. Conver- 
sion of the above rate constants to those at 55 “C 
and their comparison with the rate constants found 
by the present investigation reveals a good agree- 
ment with one another when differences in the sol- 
vent medium (especially co-existence of large excess 
of ethylenediamine over the cobalt(II1) complex in 
the present investigation) are taken into considera- 
tion. Slight differences in the magnitudes of the 
thermodynamic parameters found in previous studies 
and those found in the present investigation suggest 
that the mechanism of the base hydrolysis pathway 
in the present reaction system deviates from a 
rigorous dissociative one, and has somewhat dissocia- 
tive interchange characteristics. Thus it is stated that 
the first base-catalyzed hydrolysis step in the present 
ligand substitution reaction is limited by the disso- 
ciative carbonate chelate ring opening. 

There are three possible geometrical configurations 
in the carbonate chelate ring opened five coordinate 
transitional species; a square planar configuration 
with (LV)~(O) basal plane and N donor atom at the 
apical position (I), a trigonal bipyramidal contigura- 
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tion with (Ma trigonal basal plane and 0 and N 
donor atoms at the apical positions opposite to each 
other (II), and a trigonal bipyramidal one with 
(wz(O) basal plane and two N donor atoms at the 
apical positions (III). The species I brings about 
in the successive step solely configurational reten- 
tion, the species II solely racemization, and the spe- 
cies III both configurational retention and conver- 
sion to the tram-(O) isomer, which can be ruled out 
in the present investigation. Our kinetic parameters 
for the racemate and the optically active isomer and 
the CD spectral evidences in the first kinetic step can 
be reasonably interpreted in terms of a mechanism 
in which the transitional species I converts to the spe- 
cies II followed by its change to [Co(OCO,)(OH)- 
(en) 1. This deduction comes from the facts that 
AH’ and AS* determined by the absorption spectral 
study are in fairly good agreement with those obtain- 
ed by the CD spectral study, whereas k& and kk,o 
obtained by the latter study are somewhat smaller 
than those obtained by the former study. Along with 
this principal process, however,.direct change of the 
species I to the intermediate complex as an auxiliary 
process is also practical because configurational selec- 
tivity was noticed, to some extent, by the CD spectral 
study. 

It is uncertain whether a water molecule coordi- 
nates directly to the ring opened, transitional species 
in alkaline aqueous solution of the order of 10e2 
mol drne3 buffered hydroxide ion concentration. 
By considering the basicity of the coordinated water 
molecules [ 131 and the dissociative characteristics 
of the aquation pathway, three routes may be 
possible; coordination of a water molecule to the ring 
opened, transitional species followed by a rapid 
liberation of a proton from it (I’), interaction of the 
ring opened, transitional species with a water mole- 
cule to form [Co(OCO,H)(OH)(en),]‘, from which 
a proton is rapidly liberated (II’), and preliminary 
dissociation of a water molecule in the vicinity of 
the primary coordination sphere of the cobalt(M) 
ion to give OH, which then coordinates to the ring 
opened, transitional species (III’). In the aqueous 
solution specified above, where the carbonate ion 
is fully deprotonated, the concentration ratio 
[OH] /[Hz01 does not exceed 2 X 10m4 even 
under the highest estimation. Furthermore, the 
ligand field strength of Hz0 is higher than that of 
OH for the cobalt(II1) ion [14] . Hence it may be 
safely stated that the route I’ is the most plausible 
for the present ligand substitution reaction. 

Contrary to the first kinetic step, there have 
been no studies, until the present, related to the 
second anation step. The independence in kzbsd 
of the hydroxide ion concentration, but the depen- 
dence on the ethylenediamine concentration by the 
relation, kzbsd = k&[en] , and also the significance 
of the kinetic parameters related to k&, reveal that 

the second kinetic step proceeds again with the 
dissociative characteristics and with no conjugate 
base formation for the second transitional species. 
Further, the reaction rate is limited by the coordina- 
tion of ethylenediamine to form either [Co(OC02)- 

(en-Me421’ or [Co(OH)(en-ZV)(en)2] 2c, which 
is followed by a rapid liberation of carbonate or 
hydroxide group to complete chelate ring formation 
of the unidentate ethylenediamine (en-N) to 
[Co(en)a] 3+. 

The rate of hydroxide ion exchange in cis- U)- 
c, [Co(OH)2(en)2]’ has been determined to be ks$ = 

3 X lo-’ s-’ with AH* = 115 kJ mol-r and AS* = 
54.4 J mol-’ K-i (0.3 mol dmm3 (NaOH) + 0.5 
mol dmm3 (NaC104), 25 “C) [ 151. This rate constant 
is larger than that of the unidentate carbonate ligand 
elimination of [Co(OC02)(OH)(tren)] to give [Co- 
(OH)2(tren)]’ of k& ocoz = 8.2 X low6 mol-’ dm3 
s-i with AH* = 103 (corrected value, 113) kJ mol-’ 
and AS* = -4.2 [16] (corrected value, 39.3 [17]) 
J mol-’ K--l (1 .O mol dmV3 (NaC104), 25 “C) and that 

of ken -oco2 = 3.26 X lo-* mol-’ dm3 s-’ with AH* = 
116 kJ mol-’ and AS* = 45.6 J mol-’ K-l (1.0 mol 
dmP3 (NaC104), 35.1 “C) [ 171, even when differences 
in chelate ring structure and temperature are consid- 
ered (tren, 2,2’,2”-triaminotriethylamine). Hence, 
we may state that the hydroxo group dissociates 
preliminarily before coordination of the unidentate 
ethylenediamine as the second rate-determining step, 
followed by a rapid liberation of the carbonate 
group [l I] and the chelate ring closure to give 
[Co(en)3] 3+. 

In conclusion, the substitution reaction of the 
coordinated carbonate ligand in [Co(C03)(en)2] + 
under the pseudo-first-order kinetic condition with 
respect to ethylenediamine in alkaline aqueous 
solution, proceeds successively as follows; [Co(CO,)- 
(en)2]’ changes, in the first kinetic step by the base- 
catalyzed hydrolysis reaction mechanism with the 
dissociative characteristics, to the intermediate cis- 

(O)-[Co(OCO2)(OH)(en)21 complex, which then 
changes in the second kinetic step by unidentate 
coordination of ethylenediamine with the dissociative 
characteristics to the second intermediate [Co(OCO& 
(en-N)(en)2]’ complex, followed by a rapid chelate 
ring closure to form [Co(en),]“‘. Racemization 
takes place principally in the base-catalyzed hydro- 
lysis step for the optically active isomer, but stereo- 
selectivity is kept to some extent during the ligand 
substitution reaction processes. 
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Appendix 

Following rate equation, initial and boundary 
conditions, materials balance, and CD intensity rela- 
tions can be given, e.g., for the A isomer as the start- 
ing complex, based on the scheme in the text. 

-d iSA] ,ldt = kA [SA] t (A-1) 

t = 0; [sA]t = [sA]O, [IA]t = h]t =o (A-2) 

t = =‘; [SA] t = 0, [lA]t = [IA], [I,dt = [r,] w (A-3) 

[&]O = [sA]t + [rA]t + [r,]t = [IA], + [IA], (A-4) 

aE, = &A[sA]t + kA[~A]t + Adh]t (A-5) 

m_ = ‘%,,[~A]_ + ~A[M._, (A-6) 

&A = -&A (A-7) 

From eqns. (A-S) - (A-7), eqn. (A-8) can be derived. 

& - m_ = &A [SA] t + &A{( [IA] t - [IA] ,) - 

- m1t - L&c)~ (A-8) 

When the deviation from the completely racemized 
state of the intermediate complex is sufficiently 
small, as in the present investigation, then the term 
[ZJt - [ZA]_ can be equated to [ZAlt - [Z*]_ in 
a good approximation for the kinetic treatment. 
Hence eqn. (A-8’) can be obtained. 

]sA]t = (ut - ~_)/&A (A-8’) 

Inserting eqn. (A-8’) into eqn. (A-l), solving the 
resulting rate equation under the initial and boundary 
conditions and rearranging the expression thus 
obtained, gives us eqn. (3). 


