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The exchange of W-enriched CO with Mn(C0)sBr in hexane solution has been studied, using ir spectra in the carbonyl 
stretching region. The relative specific rate constants for axial and radial exchange were determined by comparing the 
spectra obtained in the kinetic runs with spectra for samples of Mn(C0)sBr containing statistically distributed enriched 
'TO. sec-', is 0.74 times that 
for radial substitution. In the photochemical reaction, using 400-nm radiation at Oo,  there is little or no preference for radial 
over axial substitution. The results rule out intramolecular exchange of axial and radial CO in Mn(C0)sBr. They also 
suggest that  the W O  exchange does not occur through a ligand migration process, with an acyl halide intermediate. The 
results are consistent with a CO dissociative mechanism, with a slight preference for radial CO dissociation. 

In  the thermal reaction a t  24' the specific rate constant for axial substitution, 1.3 X 

The substitution of isotopically labeled CO into Mn- 
(C0)5Br and related compounds has been the subject of 
considerable investigation. Following earlier work2g3 
using 14CO-enriched CO which indicated a substantial 
difference in the rates of substitution for the radial and 
axial CO, infrared s t ~ d i e s ~ , ~  with 'TO and Cl8O showed 
that the rate constants for axial and radial substitution 
are approximately the same.6 Considerations based on 
the principle of microscopic reversibility lead to  the 
conclusion7 that if the rates of CO dissociation from the 
axial and equatorial positions are in fact different, the 
difference must be revealed in the distribution of la- 
beled CO in the product, unless there is an intramo- 
lecular process, rapid with respect to the dissociation 
rates, which results in equilibrium. More recently, at- 
tempts to  synthesize a 13CO-labeled Mn(C0)bBr which 
is relatively enriched in the radial position met with ap- 
parent failure.8 

We set out, first, to establish, with as much quantita- 
tive precision as possible, whether T O  substitution of 
Mn(C0)5Br does in fact proceed with any stereochem- 
ical preference. Second, we have investigated whether 
any difference exists with respect to the stereochemistry 
when the substitution is carried out photochemically as 
opposed to  thermally. 
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Experimental Section 
Materials.-Manganese pentacarbonyl bromide was syn- 

thesized as described previously.s Reagent grade hexane (Math- 
eson Coleman and Bell) was washed with concentrated HzSOa 
and distilled water and passed through a silica gel column and 
over sodium wire. Carbon monoxide of 56YG lac isotopic 
abundance was purchased from Merck Sharp and Dohme, in 
100-cma bulbs. The gas was handled on a vacuum line equipped 
with a Toepler pump to permit metering of the sample into 
bulbs fitted with vacuum-tight stopcocks. After filling with a 
known quantity of labeled CO and mixing with a known quantity 
of natural abundance CO to produce a desired degree of enrich- 
ment, in the range 8-11yo, the bulbs were removed from the 
line and attached t o  the apparatus employed in the kinetic runs. 

Kinetic Experiments.-The apparatus for the kinetic studies 
consisted of a jacketed 90-ml Pyrex cell, Figure 1. The CO at- 
mosphere was continuously recirculated within the closed system 
by a variable-speed Masterflex tubing pump (Cole-Parmer Co .) 
a t  a rate of 8 cm*/min. The reaction temperature was con- 
trolled by using a constant-temperature water bath or by a 
regulated flow of cold N2 gas from a liquid NZ reservoir. The 
thermal reaction was studied a t  several temperatures, but the 
most precise data were obtained a t  24". The photochemical 
reaction was studied a t  O' ,  so that the thermal reaction would 
not interfere. All reactions were carried out in a room illum- 
inated only with a red photographic safety bulb and under an 
atmosphere consisting of only CO and Nz. The radiation from a 
Hanovia 1000-W xenon lamp (976 C-l), passed through an inter- 
ference filter with a peak transmission at  400 nm, was used in the 
photochemical studies. 

The course of the reaction at 24' was followed over a period of 
12 hr (about 40% completion); samples were withdrawn at 30- 
min intervals. Infrared spectral measurements were made 
using a Beckman IR-7 spectrophotometer, frequency-calibrated 
with water vapor, and using 1-mm pathlength, NaCl window 
sample cells. scan speed of 10 
cm-'/min in the immediate region of interest, with a chart ex- 
pansion of 10 cm-l/in. Figure 2 illustrates a typical series of 
spectra taken at various times. Photochemical reactions were 
monitored for about 4 hr (about 60% completion), with samples 
being withdrawn at 15-min intervals. 

York, N .  Y., 1965, p 174. 

The instrument was operated a t  

(5)  R. B. King, "Organometallic Syntheses," Academic Press, New 
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z l.--ilpparatus for conducting the 13CO-exchange re- 
Samples for ir analysis were withdrawn through the 

The needle enters stainless steel needle, equipped with a valve. 
through a serum cap and open stopcock. 

y - 4 0  h r  

'J 
Figure 2.--Infrared spectra in the carbonyl stretching region 

for Mn(C0)sBr + laCO. The bands a t  1958 and 2021 cm-' 
represent '3CO substitution in the axial and radial positions, re- 
spectively. 

Treatment of Data 
A series of Mn(C0)jBr samples of known isotopic 

13C0 content was prepared by allowing a known weight 
of Mn(C0)jBr to remain in contact with a known mass 
of CO of known initial enrichment, for several half-lives, 
until it could be assumed that complete equilibration of 
the ' T O  label between axial and equatorial positions 
had been effected. The relative quantities of CO and 
Mn(CO)SBr were chosen so that final 13C0 contents a t  
each position ranged from the 1.1% which characterizes 
the natural abundance to  about 8 or 9%. The relative 
abundances of the bands due to axial and radial substi- 
tution in these samples provided reference points for 
evaluating the spectra from the kinetic runs. The 
spectra obtained during the kinetic runs were compared 
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with reference spectra containing the same extent of 
' T O  enrichment, as determined by comparing the ab- 
sorbance a t  1958 cm-', due to axial 13C0 with the 
2001-cm-' band due to the nonisotopically labeled 
molecule. The ratio of the absorbances due to radial 
and axial 13C0 substitution in the kinetic runs, R = 
A2021/A1958, was divided by the same ratio R', measured 
from the spectra of reference compounds. A deviation 
from 1 for R/R' thus provides a direct indication of a 
nonstatistical distribution of 13C0 in the product of the 
exchange reaction. Figure 3 depicts the manner in 
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Figure 3.--Variation in RIR' based on observed spectra with 
fractional completion of reaction in the thermal (0) and photo- 
chemical ( 0 )  reactions of Mn(CO)SBr with I3CO. The solid lines 
represent calculated RIR' values based on various assumed ratios 
k,,'kt, as indicated. The experimental data begin from R/R' = 1 
a t  zero time because the reactant contains ~ 1 % ~  natural abund- 
ance I3CO, statistically distributed. This was not included in 
the computer calculations. 

which R/R' varies as a function of time in typical 
thermal and photochemical reactions. 

It is evident from Figure 3 that the thermal reaction 
does not occur with statistical distribution of 13C0 in 
the axial and radial positions but rather that substi- 
tution in the radial position is faster. The same degree 
of preference for the radial position was seen in the 
thermal reaction at temperatures as low as 0". In  the 
photochemical process, on the other hand, the substi- 
tution appears to be essentially statistical. There re- 
mains the problem of interpreting these qualitative con- 
clusions more quantitatively and satisfactorily inter- 
preting the variation in R/R' as a function of time. To 
this end, two different kinetic schemes were evaluated. 

Figure 4 shows a kinetic scheme for the incorporation 

Figure 4.-Model kinetic scheme, including disubstitution, for 
I3CO exchange with Mn(C0)jBr. 
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of 13C0 into Mn(CO)sBr, which allows for disubsti- 
tution. This scheme does not allow for direct intercon- 
version of D and B nor for several other possible direct 
interconversions involving the disubstituted species E 
and C. Species D and B can interconvert in this 
scheme, however, through re-formation of A. The dif- 
ferential equations corresponding to this model are 

dA/dt = -4kc fA  - ktfA + k c ( l  - f ) D  + k t (1  - f ) B  

dB/dt = -4kofB - k t (1  - f ) B  + ktfA + kc(1 - f ) C  

dC/'dt = - k c ( l  - f )C  - k t (1  - f ) C  + 4kcfB + k t fD  

dD/dt = -kc ( l  - f ) D  - k t f D  - 3kcfD + 4kcfA + 
kt(1 -f)c + 2kc(l  - f ) E  

dE/dt = -2kc (1  - f ) E  + 3 k c f D  
The A ,  B ,  etc., refer to the concentrations of the species 
indicated in Figure 4 ,  and f represents the fractional 
abundance of ' T O  in the CO atmosphere. This 
system of coupled differential equations was solved 
using an EA1 Model 580 analog hybrid computer, with 
an 1130 Variplotter recorder output. The time depen- 
dences of the relative concentrations of all five species 
were obtained as a function of various assumed values 
for k, /k , ,  the ratio of specific rate constants for radial 
and axial substitution. 

On the basis of Kaesz and coworkers' analysis4 of the 
ir spectra in the CO stretching region of ITO-labeled 
Mn(CO)jRr, we can assume that species C, D, and E 
contribute to  the absorption due to radial substitution, 
whereas species B and C contribute to the absorption 
due to axial substitution. The relative absorbances a t  
the respective frequencies due to each species depend 
on the product of concentration and extinction coefi- 
cient Thus we can write 

The extinction coefficients of the bands due to the di- 
substituted species are probably very similar to those 
for the monosubstituted compounds at  the peak heights 
of the bands, but these may be shifted a few reciprocal 
centimeters from the maxima which characterize the 
monosubstituted compounds. On this account the ex- 
tinction coefficients of the bands due to disubstitution 
may be less a t  2021 and 1958 cm-I than for the mono- 
substituted species. We have nevertheless chosen to  
assume that they are the same, because this places an 
upper limit on the value which the calculated R can 
attain for a given ratio kc/kt  and thus leads to  the most 
conservative interpretation of the experimental data. 
It should be emphasized that the contributions of the 
disubstituted products are very small, especially in the 
early stages of the reaction, so that the kinetic analysis 
is not critically dependent on their inclusion, let alone 
on what assumption is made regarding their relative ex- 
tinction coefficients a t  the measurement frequencies. 

With these assumptions 

The theoretical value for R', the ratio of absorbances 
for the thermally equilibrated samples, is of the form 

RI = E'd(D + C E ) e q u i l  

eab(B + C)equil  
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The relative concentrations of all the species a t  equilib- 
rium are calculated from simple statistical considera- 
tions. We then obtain 

In this expression, the value used for R '  is that  appro- 
priate to  the extent of overall 13C0 incorporation a t  
each point in the calculation. Thus, from the cal- 
culated concentrations of the various species as a func- 
tion of time (the analog computer output) we generate a 
calculated R/R' as a function of time for a given ratio 
k c / k t .  Figure 3 shows two calculated curves and for 
comparison a set of data obtained from the thermal 
reaction. The agreement between the theoretical and 
experimental curves is quite satisfactory. The results 
indicate that the maximum value attained by R/R' is a 
good measure of the ratio of k c / k t .  

The kinetic scheme depicted in Figure 4 is possibly 
deficient in not providing for a direct interconversion 
between several of the labeled species, most especially 
between D and B. Such an interconversion might 
occur in the following way. Suppose that any one of 
the T O  groups dissociates from D, leading to a five- 
coordinate species, M ~ ( C O ) S ( ~ ~ C O ) B ~ ,  and suppose 
further that  this species is capable of intramolecular ex- 
change among the CO groups in the short time i t  exists 
before combining with a "CO to form Mn(C0)4(13CO)- 
Br. The labeled CO might then appear a t  either the 
axial or radial position. If i t  appears a t  the radial posi- 
tion, the net effect is no reaction. If it appears a t  the 
axial position, the net effect is a direct conversion of D 
into B. Unfortunately all the possible interconver- 
sions could not be accommodated on the analog computer 
when all five species shown in Figure 4 were included. 
It is, however, possible to test effectively the impor- 
tance of such interconversion by considering only the 
monosubstituted species. Figure 5 shows the kinetic 

P 

Figure 5.-Model kinetic scheme, involving only monosubstitu- 
tion, for '3CO exchange with Mn(C0)jBr. 

scheme in which the interconversion described above is 
explicitly included. For the particular process de- 
scribed, k: has the value kc(3kc + k , ) / 4 ( k c  + k t ) .  Using 
this scheme and the procedure described above, we 
have calculated R/R' for k , /k t  = 1 .35 ,  both with and 
without the direct interconversion. The results are 
shown in Figure 6 along with the experimental data. 
It is evident that  the direct interconversion via the pro- 
cess described leads to  a better agreement with experi- 
ment a t  longer times, in the sense that the decrease in 
R/R' with time is more realistically produced. This 
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Figure 6.-Comparison of calculated R/R' curves with experi- 
mental results, represented by the data points, for ' T O  exchange 
with Mn(CO)6Br, employing the model kinetic scheme shown in 
Figure 5,  with (broken line) and without (solid line) provision for 
direct interconversion of B and D. In both cases kJkt = 1.35. 
The solid line is essentially superimposable on the line for k,/kt = 
1.35 in Figure 3, indicating that provision for disubstitution has a 
negligible effect on the results. 

result suggests that  the five-coordinate intermediate 
produced by dissociation of CO does exist for a suffi- 
ciently long time to  undergo intramolecular scrambling 
of the remaining CO groups. A similar conclusion 
about the intermediate in dissociation of the amine 
ligand from Mo(C0)jNHCsHlo was reported recently'O 
on the basis of rather different evidence. 

As a further test of the kinetic scheme, we assumed 
a value of 20 for k c / k t  and assumed that there is an 
intramolecular process which could make k ,  of com- 
parable magnitude with k, .  One such process is a 
twist about a pseudo-threefold axis between the axial 
and two radial CO groups.' Values of k ,  ranging from 
0.5k,  to 4.0kc were tried. The purpose of the exercise 
was to determine whether such a rapid intramolecular 
process might not produce low apparent values of R/R', 
even though the ratios k , /k t  were high. In all cases, 
however, the calculated R/R' curves did not remotely 
resemble the experimental results. 

Finally, by following the absorbance changes in the 
1958-cm-l band to completion of the reaction, it was 
possible to calculate a value of 1.3 X sec-I. for k t ,  
the first-order rate constant for substitution at  the 
axial position, a t  24". The thermal reaction was also 
studied a t  0". The same relative values were found for 
axial and radial exchange, and the value for kt was 
determined to  be (1.5-1.6) X lo-' sec-l. The two 
values for k ,  give us a rough estimate of 28 kcal/mol for 
the activation energy. 

Discussion 

Mn(C0)jBr + 13C0 + Mn(CO)a(l*CO)Br (1) 

The reaction is studied in hexane solution, in a closed 
system consisting of an atmosphere of CO, continuously 
bubbled through the solution to ensure saturation and 
to ensure that the isotopic composition of CO in the so- 
lution remains in equilibrium with that in the gas res- 
ervoir during the reaction. The total quantity of 
gaseous CO employed was in considerable molar excess 
with respect to  the quantity of Mn(CO)sBr, which 
meant that  the isotopic composition of the gas changed 
only slightly during the portion of the reaction actually 
studied. 

The presence of CO in the solution also served to  
suppress the dimerization reaction 

The reaction under study in this work is 

~ M I I ( C O ) ~ B ~  __ Mnz(C0)sBrz 4- 2CO (2 
(10) D. J. Darensbourg, M. Y .  Darensbourg, and R.  J. Denenberg. 

J .  Amev. Chem. Soc., 93, 2807 (1971). 

which occursll in the absence of added CO. The ki- 
netics of this reaction have been studied.12 Although 
several questions with respect to the equilibrium be- 
tween parent compound and dimer remain, it seems 
most likely that dimer is formed via the same dissocia- 
tive step which leads to 13C0 incorporation. When the 
dimer is present in only small concentrations, therefore, 
it  cannot significantly influence the observed kinetics 
regardless of how rapidly it may undergo 13C0 ex- 
change.13 The necessity of maintaining a substantial 
concentration of CO to suppress the dimerization reac- 
tion meant that  we could not determine the rate law for 
reaction 1. The substitution of Mn(CO)sBr by other 
ligands has, however, been studied ;12,14 the rate was 
found to be first order in Mn(CO)sBr and zero order in 
substituting ligand 

rate = kl[Mn(CO)jBr] (3 ) 
We assume that the same rate expression applies to the 
13C0 substitution. The results of a very substantial 
body of kinetic studies that CO as a sub- 
stituting ligand follows the behavior observed for other 
ligands such as phosphines, etc. Angelici and Basolo14 
observed a rate constant for substitution of Mn(CO)6 
Br by As(CeH5)3 in cyclohexane of about 5 . 5  X 
sec-l, after correction to 24". In  terms of the rate 
constants we have been discussing this should be 
4kc + k,. Our data correspond to a value of about 
8 X 10-s seeM1 for this sum, in reasonable agreement 
with the earlier result. The rough estimate of 28 
kcal/mol which we obtain for the Arrhenius energy is 
also in good agreement with Angelici and Basolo's 
value of 30 kcal/mol, with chloroform as solvent. 

To minimize the number of assumptions necessary 
in' reducing the infrared spectral data to relative rate 
constants, we have based our analysis of the data as 
much as possible on reference spectra for I3CO-enriched 
samples of Mn(CO)sBr known to be completely equili- 
brated. On the basis of these results, we can therefore 
stipulate precisely the ratio of absorbances of the 2021- 
and 1958-cm-I bands, Figure 2, due respectively to 
radial and axial 13C0 substitution. Comparison of 
spectra for the reacting system with reference spectra 
tells whether the substitution is proceeding with 
different rate constants for the axial and radial sub- 
stitutions. If the specific rate constants are the same, 
clearly the spectra will be identical with reference 
spectra corresponding to the same overall degree of 
isotopic labeling. If, on the other hand, radial sub- 
stitution proceeds more rapidly than axial, the 2021- 
cm-l band will exhibit an absorbance relative to  the 
1958-cm-l band in excess of that  shown in the refer- 
ence spectra. I n  this sense, the spectra can give us a 
quite sensitive answer to the question of whether the 
substitution is strictly statistical. If it is not statistical, 
however, the quantitative degree to which it is not can 
be ascertained only by careful measurements of absorp- 

(11) E. W. Abel and G. Wilkinson, J .  Chem. Soc., 1501 (1959). 
(12) F. Zingales, M. Graziani, F. Faraone, and U. Belluco, Inovg. Chim. 

Acta, 1, 172 (1967). 
(13) G. Cetini, 0. Gambino, G. A. Vaglio, and R. P. Ferrari, Iizorg. Chem., 

8 ,  1371 (1969). invoked the dimerization reaction for Re(C0)sX to  account 
for a higher ra te  of 'aCO exchange a t  lower CO concentrations. On the 
assumption tha t  dimer formation is rate controlled by CO dissociation from 
Re(C0)6X, however, the explanation fails. 

(14) R. J. Angelici and F. Basolo, J .  Amev. Chem. Soc., 84, 2495 (1962). 
(15) R.  J. Angelici, OvganometaZ. Chem. Reu., 3 ,  173 (1968). 
(16) F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Reactions," 

2nd ed, Wiley, New York, N. Y. ,  1967, p 578. 
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tions including corrections for overlap and by com- 
parisons with similarly analyzed reference spectra. 
The manner in which this has been done is detailed in 
the Experimental Section. The important point is that 
we have proceeded in the most empirical manner 
possible, placing maximum reliance on comparisons 
with reference spectra, to avoid all unnecessary as- 
sumptions about extinction coefficients, etc. 

The quantity R/Rf  is a measure of the degree to 
which the substitution deviates from statistical. It 
represents the relative degree of radial 13C0 enrich- 
ment a t  any stage in the reaction, as compared with an 
equilibrated reference sample possessing the same ex- 
tent of enrichment in the axial position. If there is a 
difference in the specific rates for axial and radial sub- 
stitution, R deviates from 1 in the early stages of the 
reaction, but with the passage of time i t  must approach 
1, as both axial and radial positions become completley 
equilibrated with respect to the CO present. From the 
results shown in Figure 3 and reproduced in other runs, 
it  can be said that the radial substitution rate is faster 
by a factor of about 1.35 than the axial rate. I n  the 
photochemical process, on the other hand, the axial and 
radial substitution rates appear to  be the same within 
experimental error. The photochemical process is 
more difficult to  study quantitatively, because Mn- 
(CO)5Br decomposes to  a significant extent under the 
irradiation conditions, t o  produce a brown insoluble 
material, even though the solution contains a large 
molar excess of CO. Nevertheless, it  is quite apparent 
from the spectra that the relative axial to  radial sub- 
stitution rate is different in the photochemical and 
thermal reactions. This result suggests that the intermed- 
iates i n  the two reactions are not identical. Possibly the 
Mn(C0)4Br intermediate in the photochemical reaction 
is formed in an excited state of sufficiently long lifetime 
to persist during the interval before reaction with a CO. 

The observation of different radial and axial sub- 
stitution rates in the thermal reaction requires that any 
intramolecular exchange of axial and radial CO in Mn- 
(CO)5Br a t  room temperature be slow with respect to 
the overall rate of exchange with laCO. 

The fact that  the specific rate constant for radial ex- 
change is larger than for axial rules out the formation 
of an acyl halide intermediate as an important pathway 
for the 13C0 exchange. Assuming that such an inter- 
mediate would be formed v i a  ligand migration and 
under the influence of attacking ligand, axial substi- 
tution and total radial exchange rates should be in the 
ratio 1 :2, as observed for CH3Mn(C0)5.17 In terms of 
specific rate constants, this would mean that k, = 0.5kt, 
whereas k, is observed to  be 1.35kt. The present re- 
sults are consistent with a mechanism involving dis- 
sociation of CO from Mn(C0)SBr to form a five-coor- 
dinate intermediate which is probably fluxional in the 
short time before it encounters a CO to form product. 
In  terms of the principle of microscopic reversibility, 
the slightly faster rate of radial exchange reflects a 
slightly lower free energy of activation for dissociation 
of a radial C0.18319 It should be emphasized that flux- 

(17) K.  Noack and F. Calderazzo, J. OvganometaL Chem., 10, 101 (1967). 
(18) The  slight preference for radial CO dissociation is consistent with 

the results of molecular orbital calculations for Mn(C0)sX compounds.19 
The  nature of the CO dissociation process is so poorly understood a t  present, 
however, t h a t  correlations with ground-state properties cannot be made with 
much confidence. 

(19) R. F. Fenske and R. L. DeKock, Inovg. Chem., 9, 1053 (1970). 
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ional behavior or lack of it in the five-coordinate inter- 
mediate can have no effect whatever on the distribution 
of labeled CO in initially forming species D and B.? 
The proof of this is outlined in the Appendix. Once 
lsCO is incorporated in the molecule, however, i t  may 
be intramolecularly exchanged between axial and radial 
positions upon dissociation of one of the other CO 
groups, as described above. The present results sug- 
gest that  the five-coordinate intermediate, whatever its 
symmetry, is fluxional. 

Appendix 

Let a species A be capable of undergoing a reactive 
process (e.g., dissociation of a CO) along two distinct 
pathways to  form intermediates A1° or Azo 

k i  
A + Ai0 

ka 
A --f Azo 

We assume that AI' possesses a lower free energy than 
Azo and that the free energy barrier for interconversion 
of AI' to  Azo is Gi*.  A10 and Azo are assumed to 
undergo processes which convert them into AI* or A2*, 
respectively. These processes might, for example, con- 
sist of combination with 13C0. A schematic free energy 
diagram for the system is shown in Figure 7. We do 

Figure 7.-Schematic free energy diagram for formation of 
intermediates capable of leading to distinct products AI * and 
A2*. 

not specify whether G i '  or AGlz is large or small. A 
large value for G i  * corresponds to  the case in which the 
intermediates do not interconvert (nonfluxional) . A 
small GI*, conversely, corresponds to a case in which 
the intermediates are rapidly interconverting. The 
free energies of the intermediates may differ considerably 
or may be the same, as in the limiting case in which 
only one intermediate exists ( G i *  = 0,  AG12 = 0 ) .  

The rate of formation of AI* is of the form dA1*/ 
dt = kR1 [AI' ] [L*], where [L*] represents the concentra- 
tion of labeled species. A similar expression applies to  
the formation of Az*. We are interested in the ratio of 
these rates 

But if we assume that the intermediates are in ther- 
modynamic equilibrium with the ground-state reactant, 
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in consonance with the postulates of absolute reaction 
rate theory, we have 

Thus the relative rates of formation of the experi- 
mentally distinct products (in our case, stereospecifi- 
cally labeled as axial or radial) are determined only by 
the relative rates of formation of the intermediates. 

In particular, it  does not depend on whether the inter- 
mediates are a single species or two distinct species. 
It also does not depend on whether the intermediates 
are capable of rapid interconversion in the event they 
are distinct, nor does it matter whether they have the 

e- G R l + / k T  

e - G R & / k T e  - A G d k T  
R = k R l e A G l i / k T  = 

~ R Z  

Multiplying top and bottom by e-Ga'/kT gives us 

ki e - G R i ? = / k T e -  Go+/kT 
- _ -  

= e -GRi+ /kTe-AGi i /kTe-Go+/kT  kz same or different free energies. 
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The kinetics of oxygen-18 exchange between water and the carbonate species obtained by dissolving NaHCOa in water 
and by dissolving (SH~)SCOCO~-  in water have been measured. Both systems were studied in the pH range 7.2-8.5 a t  
20, 26, and 30" a t  an ionic strength of 1 M (PiaC104). The results of this study confirm a previous proposal that the rate 
of exchange in the complexed system is controlled by the hydration rate of carbon dioxide. 

The kinetics of the exchange of carbon-14-labeled 
carbonate ion and carbonatopentaamminecobalt(II1) 
has been studied by ,%ranks3 and by Lapidus and 
Harris4 The results were interpreted assuming that 
the rate-controlling equilibrium was 

(NH3)sCoC03H2+ + HzO (NHa)iiCoOHz3+ + HC03- (1) 

This interpretation has been reexamined recently by 
Dasgupta and Harris5 by using the rate and equilibrium 
data which are now available for reaction I ,  and it was 
found that the rate of reaction 1 was about 66 times 
greater than the observed exchange rate. It was sug- 
gested then by Dasgupta and Harris that the rate- 
controlling reaction involves hydration of COZ, accord- 
ing to the reactions 

(2 ) 

(3 1 
By using the known rate constants for these reactions 
Dasgupta and Harris compared calculated exchange 
rates to those measured by Stranks. The calculated 
and observed rates agreed well a t  the higher pH values 
but the experimental rate appears to increase more 
rapidly with increasing acidity than predicted by the 
COZ hydration rate. It was suggested5 that the origi- 
nal pH measurements may be in error. The only 
alternative would be that the pentaamminecobalt(II1) 
species catalyzes the hydration of COZ. 

COz 4- HzO I_ HzCOa 

COz + OH- If HCOI- 
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In order to test the COZ hydration mechanism, the 
rate of oxygen-18 exchange of (NHB)5C~C03+ and of 
uncomplexed carbonate species has been measured 
under the same conditions in this work. If the same 
COZ hydration step is rate controlling in both systems, 
then the same rate constants should describe the oxy- 
gen-18 exchange in both. 

Experimental Section 
Reagents.-The preparation and characterization of the car- 

bonatopentaamminecobalt(II1) nitrate have been described 
previously.6 Reagent grade sodium bicarbonate, 707, per- 
chloric acid, sodium perchlorate, and Z-amino-2-(hydroxymethyl)- 
1,3-propanediol (THM) were used as supplied. The oxygen-18- 
enriched water, initially 1.58 atom 7G oxygen-18, was obtained 
from Bio-Rad Laboratories. This water was used as supplied 
and was recovered for reuse by vacuum distillation, followed by 
distillation from alkaline potassium permanganate a t  atmospheric 
pressure in an all-glass apparatus. Deionized water of normal 
isotopic content also was distilled from alkaline permanganate. 

Exchange Kinetics .-For each kinetic run an isotopically en- 
riched solution and an unenriched buffer solution were prepared 
by dissolving 0. l i  g of THM in 5 ml of either oxygen-18-enriched 
water or unenriched water. Each solution was titrated to the 
required pH with 1.0 M HClOd and then diluted to volume 
(10 ml) with either enriched or unenriched water. 

For the carbonate exchange studies the reaction solution was 
prepared by dissolving 1.08 g of XaC1O4 and a weighed sample 
(about 0.015 g) of NaHC03 in 1 ml of unenriched buffer solution 
in a 10-ml volumetric flask.' This solution and the appropriate 
enriched buffer solution were equilibrated a t  the required tem- 
perature before diluting the sample to volume with enriched buf- 
fer solution. At appropriate times 0.8-ml samples of the 
reaction solution were syringed into a nitrogen bubbler con- 
taining 0.5 ml of 70% HClOa. The CO:! evolved was dried and 
collected as described elsewhere.8 

(6) D. J. Francis and R. B. Jordan, kb id . ,  89, 5591 (1967). 
(7) The contribution of the buffer t o  the ionic strength actually changes 

with p H  so tha t  the ionic strength of the reactant solution varied from 1.0 M 
a t  p H  7 to  0.89 M a t  p H  9. 
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