
Inorganica Chimica Acta, 61 (1982) 207-210 

Dinuclear Complexes of Transition Metals Containing Carbonate Ligands. 
II. Synthesis, Characterisation and Acid Hydrolysis of I_c-Carbonato-bis(pentaam- 
minecobalt( III)) Ion 

KANAYATHU KOSHY and TARA P. DASGUPTA* 

Chemistry Department, University of the West Indies, Kingston 7, Jamaica 

Received December 18, 1981 

207 

lhe title complex has been synthesised from the 
aquopentaamminecobalt(III) ion for the first time and 
characterised by potentiometn’c titration, conduc- 
tometric charge determination and electronic spectra. 
The acid catalysed decomposition of the title com- 
plex has also been studied over the range I < pH < 7 
at I = 0.5 M and 25 “C by means of stopped flow 
technique. The rate determining reaction is Co- 
(NH3)5C03p+ + Co(NH3),0p+ + COz. The ob- 
served pseudo-first-order rate constant is independent 
of acidity for pH < 5. Above pH 5, the rate falls off 
rapidly and asymptotically approaches a small value 
beyond pH 7. lhe data are satisfactorily interpreted 
by the rate law kobs = k,[H’] {([H] + K,) where k, 
is the rate constant for the above reaction and K1 is 
the acid dissociation constant of CO(NH~)~ CO&? 
The values 1.09 s-l and 4.4 X 10-l M found for kl 
and K1 respectively are very similar to the values 
obtained for the acid catalysed decarboxylation of 
Co(NHJs CO; ion [I -41. 

Introduction 

The mechanism of decarboxylation of mono- 
nuclear carbonate complexes has been well docu- 
mented [5-81. However, there seems to be no report 
in the literature on the mechanism of decarboxyla- 
tion of dinuclear cobalt(III) complexes containing 
carbonate as a bridging group. The E.c-carbonato-bis- 
(pentaamminecobalt(II1)) ion is claimed to have been 
isolated in pure state by several workers [9-111 
starting from a cobalt(U) salt. Our attempts to du- 
plicate their methods proved futile. By modification 
of their method we have isolated a completely dif- 
ferent bridged carbonato complex which we have 
reported recently [ 121. After several unsuccessful 
attempts to make the p-carbonato-bis(pentaammine- 
cobalt(M)) salt we have finally prepared the complex 
salt by slight modification of the procedure followed 
by Abidini [ 131. We now report the synthesis and 
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characterisation of this complex salt and also the 
kinetic study of the carbonate bridge cleavage in 
acidic aqueous solution. 

Experimental 

Preparation of Compounds 

Preparation of aquopentaamminecobalt(III) iodide 
A concentrated solution of the aquopentaammine- 

cobalt(II1) nitrate which was prepared by standard 
procedure [ 141, was made in slightly acidic hot 
water and to this solution solid potassium iodide* 
was added in slight excess. The solution was cooled 
in ice for 30 minutes when deep red shiny crystals 
were collected. The purity of the complex was 
checked by visible spectroscopy. 

Preparation of l_tcarbonato-bis(pentaamminecobalt- 
(III)) sulphate tetrahydrate 
The compound was prepared by a slight modifica- 

tion of Abedini’s method [13]. A slurry of aquo- 
pentaamminecobalt(II1) iodide (32.8 mmol) and am- 
monium sulphate (65.7 mmol) in 200 ml of water 
was taken in an amber coloured bottle and cooled 
to 0 “C. Pure dry CO* gas** was passed through the 
solution for a period of 2 hours with slow addition 
of freshly prepared Ag,COa (48.9 mmol) while the 
mixture was stirred vigorously. During the course 
of the experiment a pasty solid was found to deposit 
on the inside of the reaction vessel. The solid was 
periodically scraped off and crushed. At the end of 
2 hour period, the precipitated AgI was filtered off 
from the cherry red solution. To the filtrate about 
250 ml of absolute alcohol was added and stirred 
for five minutes. A dark red oil which separated was 
converted to deep red powder by repeated treatment 

*When HI was used instead of KI only impure solid pre- 
cipitated out. 
**Co2 gas was obtained in cylinder from Jamaica Oxygen 

and Acetylene Ltd., Kingston, Jamaica. 
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with cold alcohol. The solid was found to contain 
some aquopentaamminecobalt(II1) sulphate which was 
separated by repeated crystallisation from water and 
ethanol. The red compound was dried in a vacuum 
desiccator. The purity was checked by microanal- 
ysis.+ Anal. Calcd. for CO~(NH~)~~(CO~)(SO&*~H~- 
0: C, 1.96; H, 6.21; N, 22.88. Found: C, 1.97; H, 
6.17; N, 22.89. 

Materials 
All the chemicals used were reagent grade. Distil- 

led water, made from a Corning distillation unit, was 
used for preparative work. Ultra-pure water obtained 
by de-ionising ordinary distilled water using the Milli- 
Q Reagent grade water system++ was used to make 
up solutions for physical measurements. The carbon 
dioxide gas from the cylinder was dried by PsOs 
before using. 

The visible and ultraviolet spectra were obtained 
with a Unicam SP8-100 recording spectrophoto- 
meter. The infrared spectra were recorded on a 
Perkin Elmer 735B spectrometer with KBr disc. 
The conductance measurements were made on a 
Cambridge Instrument Co. Ltd. conductivity meter 
using a cell of known cell constant. The pH titrations 
were carried out using an Orion Digital pH meter 
model 701 and Markson combination electrode. 

The decarboxylation reactions were studied at 
an ionic strength of 0.5 M (NaC104) and over the 
acidity range 1 < pH < 7. The rate measurements 
were made on a Durrum Model 110 stopped flow 
assembly [ 151. For pH > 2 McIlvaine [ 161 phos- 
phate-citric acid buffer was used. The observed 
pseudo first order rate constants were calculated in 
the usual way from the semilogarithmic plots of the 
data obtained from the exponential oscilloscope 
traces, and are reported as a mean of at least four 
knietic runs. 

Results and Discussion 

The p-carbonate-bis(pentaamminecobalt(II1)) sul- 
phate (referred to as dimer in this section) is highly 
soluble in water and produces a deep red solution. 
The visible spectrum shows two absorption bands 
x i(maX) = 505 nm (E = 138 M-' cm-‘, rTlg -+ ‘Ai,) 

and h2(shoulder) 350 nm (E = 152, 1T2B + ‘Al,) 
which are consistent with the data expected for Ns- 

Co-O-Cl: chromophore. The extinction coefficient 

TMicroanalysis was done by Dr. Ellen Pascher, Mikroanal- 
ytisches Laboratory, Buschstrasse 54, Bonn, West Germany. 

t+Milli-Q deioniser was purchased from Millipore Co., Bed- 
ford, Mass. 01730, U.S.A. 

of the binuclear compound at Xi is significantly dif- 
ferent* from an equimolar mixture of Co(NHs)s- 
CO: and Co(NHs)sH203+. This observation elim- 
inates the possibility that such a mixture is being 
confused with the dimer. An aqueous solution of the 
dimer has a pH of 6.47 at 25 “C while the equimolar 
mixture of Co(NHs)sH203+ and Co(NHs)sCO; pro- 
duced a pH of 5.73. A highly alkaline value should 
be expected for a mixture of Co(NHs)sOH+ and 
Co(NHa)sHCOg+ as the latter is unstable [5] and 
decomposes to Co(NHs)sOH’+ and C02. However, 
the dimer is believed to have been produced during 
the synthesis by the condensation of (NHs)sCoCOs- 
H2+ and (NHs)sCoOH2+ as follows: 

2+ ._k (NHs)sCoHCO:’ + OHCo(NHs)s - 
(NH&Co--OC02-Co(NH&+ + H20. 

This reaction occurs when a high concentration of 
CO2 is maintained in the solution. The visible spec- 
trum is also in accordance with such a mechanism 

t171. 
The bridging nature of the carbonate in the dimer 

has been demonstrated by its infrared spectrum. The 
vibrational frequencies obtained for the dimer are in 
perfect agreement with the C-O frequencies obtained 
for another well characterised n-carbonato complex 
of cobalt(W) [3] (see Table I). pH titrations have 
been used to study the stoichiometry of the reactions 
of bimolecular species with acid in comparison with 
its counterpart Co(NHa)sCOi. It has been found 
from the titration curves that the ratio of mol of H+ 
to mol of cobalt is 0.99 for the dinuclear complex 
and 1.90 for the carbonato pentaammine complex 
ion. Thus the dinuclear complex needs 1 mol of H+ 
per mol of cobalt(II1) for decarboxylation while the 
mononuclear carbonato complex needs 2 mol of H+ 
per mol of cobalt(II1). If the dimer is treated with 
excess dilute acids, brisk effervescence of CO2 is 
observed and the visible spectrum of the acidic solu- 
tion reveals two new peaks at 490 and 340 nm re- 
spectively, showing that all the complex is quantita- 
tively converted into Co(NHa)sHz03+. These observa- 
tions enable us to write the stoichiometric equation: 

(NHs)sCoCOsCo(NH&+ + 2HsO+ --f 

2Co(NHs)sH203+ + CO2 + H20. 

Another striking evidence for the dinuclear nature of 
the complex was obtained from conductometric 
measurements using the Onsager equation: h, = X, - 
B& as modified by Feltham and Hayter [18] for 
complex ions. In the equations X, and X, are the 
equivalent conductances at concentrations C and zero 

*The extinction coefficient of the binuclear compound is 
138 M-’ cm-’ at 505 nm whereas a value of 126 was found 
for an equilibrium mixture of Co(NHs)sCOl and Co(NHs)s- 
Ha03+ at the same wavelength. It is also worth noting that 
the experimental mixture has an absorption maximum at 
502 nm. 
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Complexes Frequency (cm-‘) 

V3a Vl 
b 

v2c "4 

[(NHJ)~C~(~‘-~H)&OH)(~~XX.I~)C~(NH~)~ 1 so4 1270 1050 830 620 

1340,148O 750 
1600 

[(NH3)sCo(wCO,)co(N~~)s] (~0~)~ 
1268 1050 850 630 

1337,147o 720 
1620 

respectively. The value of B which can be obtained 
from the slope of the plot h, vs. & indicates the 
charge of the complex ion. Such a plot (as shown 
in Fig. 1) of the dimer gives a slope of 562.5. This 
value is in reasonable agreement with the value of 
525 obtained [18] for a 4:l type of electrolyte. 

The pseudo first order rate constants (obtained 
from stopped-flow experiments) for the decarboxyl- 
ation of the dimer at 25 “C are presented in the form 

of a kobs vs. pH plot in Fig. 2. Below pH 5, kobs is 
constant at 1.09 s-’ except for some experimental 
scatter. In the range of 5 < pH < 7 there is a rapid 
decline in the rate to reach a low value at pH -7. 
This observation is very similar to what is observed 
in the comparable study of carbonatopentaammine- 
cobalt(M) ion [5]. Clearly the same type of pre- 
protonation/CO, release mechanism is operative here, 
according to the reactions: 

0 

(NH&Co-0-lj-0-Co(NH&+ + H30+ Fast 

(NH3)5Co-HCO:+ + Co(NH3)sH203+ (1) 

2+ (NH&Co-HC03 3 (NHs),CoCO; + H+ (2) 

(NH&Co-HC03 2+ L (NH3)sCoOH2+ + CO2 (3) 

(NH3)&o-OH’+ + H+ Kz, (NH3)5Co(H20)3+ (4) 

The corresponding rate equation is 

k ohs = kl [H+l I( P+l + KJ 
This equation can be further written as 

l/k,, = l/k1 + KJk,[H+l 

A replot of the data in Fig. 2 in the double reciprocal 
form of the above equation where the limiting value 
k &.s = kl at high acidity is taken as 1.09 s-l (an 
average of all the k,, values below pH 4) gives a 
straight line. The slope of the straight line yields a 
value of K1 = 4.40 X lo-’ M (pK1 = 6.4). The solid 
curve of Fig. 2 was calculated by use of these kl and 
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Fig. 1. Plot of equivalent conductance, h, YS. C’p at various 
concentrations, C. 
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Fig. 2. Observed decarboxylation rate constant for (NH&- 
Co(rC03)Co(HN3)!+ as a function of pH at 25 “C and I = 
0.5 M. 

K1 values. Both of these constants are in excellent 
agreement with those obtained by Dasgupta and 
Harris [5] . 

Although the decomposition of the dimer in acid 
solution is very fast (eqn. l), in neutral solution the 
dimer remains stable for about 24 hours. This sug- 
gests that the equilibrium 

(NH3)sCoC03Co(NH3):+ + H20 + 

Co(NH3)sHCO:+ + Co(NH&OH’+ (5) 

favours the dimer formation. However, an equilibri- 
um mixture of Co(NH3)&O; and Co(NH3)sH203+ 
at pH 6.5 does not produce [19] any appreciable 
quantity of the dimer. This means the reverse reac- 
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tion in eqn. 5 is slower than the decomposition* of 
Co(NH,)sHCO:+. Hence during the synthesis of the 
dimer a continuous passage of COz is necessary in 
order to build up an appreciable concentration of 
Co(NH3)sHC03 2t in the reaction mixture, and this 
will in turn force the above equilibrium to the direc- 
tion of the dimer formation. 

Finally, it is interesting to note that the bridged 
carbonate in the dinuclear complex p-carbonato- 
bis-(pentaamminecobalt(II1)) behaves like reactive 
mononuclear carbonato complexes of cobalt(II1) 
whereas the carbonate in the complex ion p-carbon- 
ato-di-p-hydroxo-bis(triamminecobalt(II1) and in 
other related p-carbonato complex ions we recently 
prepared [20] are effectively inert to acid hydrolysis. 
This is, however, in contrary to the recent observa- 
tions [21] made on some Cr(II1) and Rh(II1) com- 
plexes where the bridged carbonate behaves almost 
like a bidentate carbonate in mononuclear complexes 
[22]. A detailed study on the nature and reactivity 
of binuclear complexes containing carbonate ligand 
is in progress in our laboratory. 
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