Inorg. Chem. 1980, 19, 10091013 1009

the ion pair, obtained estimates of the rate of Co(11I)-Me,SO
bond fission in the transition states formed from the free and
from the ion-paired complex ion, concluded that the presence
of Br™ had only a small effect, at most, on the rate of bond
fission, and observed that anation occurs more frequently than

solvent exchange as a result of this bond fission. Since the
rate of solvent exchange is relatively small for the jon pair,
so is the rate of internal return.

Registry No.  Co(NH;)s(Me,SO)**, 44915-85-7; Br-, 24959-67-9.
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In acidic solution cis-Rh(en),(CO3)* slowly loses carbonate in accordance with the two-term rate law kgpg = ko + &;[H*],
for which the rate parameters are as follows: ko = 9.33 X 10 57! at 25 °C, AH*, = 22.8 £ 1.5 kcal mol™!, AS*) = —

& 5 cal deg™ mol™; k; = 1.00 X 1075 M s7! at 25 °C, AH* = 25.0 % 3.6 kcal mol™!, AS*, = 2 + 11 cal deg™ mol™.
The decarboxylation of the intermediate species cts-Rh(en)z(CO3H)(OH2)2"' could be independently studied: k = 0.72
% 0.02 57 at 25 °C, AH* = 19.4 £ 0.3 kcal mol™, AS* = 5.8 & 0.9 cal deg™ mol™. Carbon dioxide uptake by cis-Rh-
(en),(OH)(OH,)?* yielded cis- Rh(en)z(C03)(oH2)+ with k = 69 % 18 M1 s at 25 °C, AH* = 159 % 0.5 kcal mol™,

and AS* = 3,9 £ 1.6 cal deg™* mol™!. At higher pH the corresponding dihydroxo complex gave exclusively cts-Rh(en)z
(CO;)(OH), with the rate parameters k = 215 £ 29 M~ 57! at 25 °C, AH* = 14.6 £ 0.2 kcal mol™, and AS* = 1.1 %
0.7 cal deg™' mol™'. These results are compared with existing rate data on analogous cobalt(III) systems, with emphasm
being placed on the relative metal-ligand bond strengths.

Introduction

The kinetics of carbon dioxide uptake and release by a wide
variety of cobalt(III) complexes have been studied*® in con-
siderable detail, and the mechanism of reaction now seems to
be well understood. All this kinetic evidence indicates that
CO; can only add to a hydroxo ligand and, conversely, car-
bon-oxygen bond breaking takes place in the decarboxylation
of the bicarbonato complex. Furthermore, a linear free energy
relationship exists between the rates of CO, uptake and the
dissociation constants of the corresponding conjugate aquo
acids, which establishes that the nucleophilicity of the hy-
droxide bound to the cobalt(III) center determines the rate
of CO, uptake.

The rates of ring opening of the chelated carbonate ligand
have also been thoroughly investigated™ and shown to obey
a two-term rate expression, K. = kg + ki[H*], where the
latter term involves a rapid protonation preequlhbrlum followed
by the rate-determining cleavage of the cobalt—oxygen bond
to form a monodentate bicarbonato intermediate.’

Limited kinetic data are available for other transition-metal

complexes, namely, for the (carbonato)pentaammine com-
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plexes of rhodium(II) and iridium(III1)!° and for the ring-
closed species cis-(carbonato)bis(oxalato)chromate(III) ion.!!
Nevertheless, these results generally do comply with the ac-
cepted behavioral patterns of the cobalt(III) compounds.

We now report a complete kinetic study of the (carbona-
to)bis(ethylenediamine)rhodium(III) system. One reason for
initiating this research was that the known strength of rho-
dium-oxygen bonds should allow us to observe the mono-
dentate (carbonato)aquo complex as a relatively stable species
because ring closure requires the breaking of the Rh—OH, .
bond and must therefore be an extremely slow process.
Consequently, at high pH, the possibility arises that two CO,
molecules may be independently taken up by the cis-Rh-
{en),(OH),* ion. In addition, in the absence of intense light,!2
no detectable isomerization of the cis isomer occurs, elimi-
nating a complicating factor which prevails in the analogous
cobalt(I1I) system.!* Finally, it is of interest to see whether
the increased strength of the metal-oxygen bond plays a role
in determining the nucleophilicity of the hydroxo ligand, as
was proposed for the Rh(NH;)s;OH?* complex.!©

Experimental Section

Preparation of Compounds. cis-Dichlorobis(ethylenediamine)-
rhodium(III) perchlorate was prepared by the method of Johnson and
Basolo!* for the corresponding nitrate salt. Using excess base during
the refluxing period and reducing the final volume of solution to 25%
of its original volume resulted in yields of 30% or more of the cis isomer.
It should be noted that it is essential that the solution be maintained
at its boiling point during the addition of the aliquots of NaOH
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Table I. The Respective pX, and pK; Values for the Acid
Dissociation of ¢is-Rh(en),(OH,),* and cis-Rh(en),(OH)(OH,)**

ionic

strength, M pK, pK, ref
0.5 6.09 8.08 this work
0.01 5.82 7.98 this work
0.02 5.85 7.95 15

solution; otherwise more trans-[Rh(en),Cl,]Cl0O, is formed at the
expense of the cis form. The absorption spectrum (Ap,, (¢) 352 nm
(19%2,1395 nm (192)) is in good agreement with the reported val-
ues.

cis-Hydroxoaquobis(ethylenediamine)rhodium(I1I) perchlorate was
prepared by adding 2.07 g of cis-[Rh(en),CL,]ClO, (5.5 mmol) to
a solution containing 0.3 g of LiOH in ca. 60 cm? of water which was
then heated to 70 °C and maintained at this temperature for 1 h with
continuous stirring. The solution was then cooled in ice,?® and 2.5
g of AgClO, was added (theoretically 2.27 g would be sufficient for
complete precipitation of the free CI'). After the AgCl was filtered
off, the pH of the filtrate was raised to ca. 12 by the addition of LiOH,
whereupon the excess silver precipitated in the form of Ag,O. The
pH of the filtered solution was lowered to ca. 1 by using 70% HCIO,
and the volume reduced on a hot plate to 8-10 cm®. After cooling
of the solution in ice, solid LiOH was slowly added to the well-stirred
solution until a pH of 7 was reached, during which time a pale yellow
precipitate formed. The filtered crystals were washed with a large
volume of ethanol followed by ether and finally dried at 60 °C for
1 h. The complex was recrystallized by dissolving it in a minimum
amount of a warm (40 °C) solution of LiOH and repeating the
procedure outlined above. The yield was 1.36 g, or 57%. Anal. Calcd
for ¢is-[Rh(en),(OH)(OH,)](ClO,4): C, 10.5; N, 12.3; H, 4.2; C|,
15.5. Found: C, 10.5; N, 12.1; H, 4.3; Cl, 15.3. This method is
similar to that described by Pavelich?! for the synthesis of the less
soluble trans-[Rh(en),(OH)(OH,)](C10,),.

The visible/UV absorption spectra of the respective diaquo, hy-
droxoaquo, and dihydroxo species show the following maxima: 318
(174), 271 (148); 323 (199), 283 (155 sh); 329 (184), 280 nm (179
M cm™). The only spectral data available in the literature!®!'422
refer to the products in solution of base hydrolysis reactions of the
cis-dihalogeno parent compound. However, the reported maxima are
in reasonable agreement with those of the dihydroxo complex recorded
here. In addition, the product of the acid-catalyzed aquation of
Rh(en),C,0,* was reported!” to exhibit an extinction coefficient of
123 M~ em™ at 340 nm, which is in excellent agreement with our
value for cis-Rh(en),(OH,),** of 122 M™! cm™ at this wavelength.

cis-Aquo(carbonato)bis(ethylenediamine)rhodium(III) cation was
prepared by dissolving 0.5 g of cis-[Rh(en),(OH)(OH,)](ClO,), in
ca. 20 cm? of 0.1 M HCIOQ, and adding sufficient solid Li,CO; to
bring the pH up to 7. Attempts to isolate this compound in the solid
state invariably yielded a product contaminated with various amounts
of the ring-closed carbonato complex. A single peak in the absorption
spectrum was found at 332 nm (224 M~ cm™).

(cis-Carbonato)bis(ethylenediamine)rhodium(III) perchlorate was
prepared by refluxing a solution of cis-Rh(en),(CO;)(OH,)*, prepared
in the above manner, for 1 h. During this time the pH was monitored
approximately every 10 min and readjusted to 7 if necessary. After
cooling of the solution in ice, 10% HCIO, was added dropwise until
the pH ~3. The dropwise addition of ethano!l eventually resulted
in the formation of a fine, cream-colored precipitate which was then
filtered off, washed with ethanol and ether, and dried at 60 °C for
1 h. Anal. Calcd for cis-[Rh(en),CO,]ClO4 C, 15.7; N, 14.6; H,
4.2, Found: C, 15.3; N, 14.6; H, 4.7. The absorption spectrum showed
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Figure 1. UV /visible absorption spectra of the complexes relevant
to this research: —, cis-Rh(en),CO;*; -@-@-, cis-Rh(en),(CO,)-
(OHp)*; -+-+, cis-Rh(en)»(CO4)(OH); ---, cis-Rh(en),(OH,),*;
-X-X, cis-Rh(en),(OH)(OH,)?*; -, cis-Rh(en),(OH),*.

a peak at 327 nm (312 M' cm™).

All other chemicals used were of reagent grade. The UV /visible
absorption spectra were obtained by using a Cary 118 recording
spectrophotometer. The spectra of the various complexes of signif-
icance to this research are presented in Figure 1.

Determination of Acid-Dissociation Constants. The pK values for
the acid dissociation of cis-Rh(en),(OH,),** were obtained at 25 °C
by titration using a Beckman Research Model pH meter. A 2 X 1073
M complex solution was titrated against a 0.1 M NaOH solution.
The pK’s at virtually zero ionic strength and in 0.5 M NaClQ, solution
are given in Table I together with the only available literature values.
The agreement between the corresponding values at low ionic strength
is very satisfactory.

The acid dissociation constant of the cis-Rh(en),(CO;)(OH,)* ion
was determined spectrophotometrically at 330 nm where this species
has an extinction coefficient of 221 M~' cm™, while the deprotonated
form has a value of 300 M~ cm™. As the accuracy of the spectro-
photometric technique is generally quite poor, no attempt was made
to maintain constant ionic strength or to thermostat the solutions.
Under these conditions a value of 8.45 £ 0.16 for the pX was obtained.

Rate Measurements. The kinetics of decarboxylation and CO,
uptake were followed by using a Durrum Model 110 stopped-flow
spectrophotometer. The techniques utilized in conducting such ex-
periments have been adequately described elsewhere.!4¢ The kinetics
of these reactions were always studied under pseudo-first-order
conditions. The observed first-order rate constants recorded here
represent the mean value of at least six kinetic runs. A wide range
of buffer systems were used to cover the entire range of pH values:
phosphate/citrate, 2.2-6.2; phosphate/NaOH, 5.8-7.2; Tris-base/HCI,
7.0~9.0; boric acid/NaOH, 8.6-10.2.

The rates of ring opening of the chelated carbonate in Rh(en),CO;*
were determined on a Cary Model 118 spectrophotometer fitted with
a thermostated cell compartment containing 2-cm quartz cells.

In all cases, the kinetics were followed at 330 nm, while the ionic
strength was maintained at 0.5 M by the addition of appropriate
amounts of NaClO,.

Results and Discussion

The mechanism for the decarboxylation reactions of a series
of (carbonato)pentaamminecobalt(IIl), -rhodium(III), and
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Figure 2. Plot of kg vs. pH for the acid-catalyzed aquation of
cis-Rh(en),(CO,)(OH,)™* at 25 °C and p = 0.5 M. The dashed curve
represents the theoretical results for complete aquation.

Table II. Pseudo-First-Order Rate Constants for the Acid
Hydrolysis of cis- Rh(en),(CO,)(O}-I,)+ ([Complex] =
107*M; u= 0.5 M; 25 °C)

konsa,® 0

pH g! pH kobsd’a s pH kobsd:a S
0.30  0.737  3.92 0.513% 540 0.218
060 0.713  4.06 0.566% 6.02  0.138
1.30  0.728  4.07 0472 615  0.093
1.60 0711 411 0491 625  0.133P
200 0.699 429 0413 6.48  0.072
204 0751 430 0.409° 705  0.037
3.09  0.719 437  0.400 7.53  0.021

3.28 0.686 472 0324 0.30  0.411%¢
343  0.754 490 0.287. 0.30  0.234b.4
3.63 0696 505 0281% 030 0.121%¢

3.77 0.606 5.22  0.269

a Average error in kgbsd is 3. 9% b No carbonic anhydrase add-
ed. €20°C. 9155°C. ¢9.9°C.

-iridium(III) complexes, as well as numerous other mono-
dentate complexes of cobalt(III), has been well established,' 419
such that the following set of reactions can be assumed to be
operative in the present system, namely:

cis-Rh(en),(CO;)(OH,)* + Ht =

cis-Rh(en),(CO;H)(OH,)** 1/K; (1)
CiS‘Rh(en)z(CO3H)(OH2)2+ g
CiS'Rh(Cn)z(OH)(OH2)2+ + C02 k2 (2)
cis-Rh(en),(OH)(OH,)** + H* =
cis-Rh(en),(OH,),** 1/K; (3)

Indeed, the plot of k.4 vs. pH illustrated in Figure 2 conforms
to this concept of a limiting rate-determining loss of CO, and
shows the typical falloff at higher pH. It should be noted that
identical k. values were obtained by using either a solution
of cis-[Rh(en),(CO;)(OH,)]1CIO, (contaminated with the
chelated carbonato complex which is kinetically stable within
the reaction times encountered here, as will be shown later in
the text) in water at pH =¢7 in one syringe of the stopped-flow
or a solution of cis-[Rh(en),(OH)(OH,)1(ClO,), with an
equivalent amount of NaHCQ,, adjusted to a final pH of 7.

The rate equation for the decarboxylation process which is
compatible with eq 1-3 is as follows

kowsa = kz[H*]/([H*] + K3) 4)
and can be rearranged to the form where a plot of 1 / Kopsg V8.

1/[H*] should be linear, with a slope of K,/k, and an 1ntercept
of 1/k,. Treating the pseudo-first-order rate constants given
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in Table IT in this manner results in an initial straight line up
to a pH of 4.94. The cause of the curvature at higher pH can
be traced to the advent of the reverse reaction—CQO, uptake
by cis-Rh(en),(OH)(OH,)**, as will be demonstrated later
in the discussion—under these conditions, despite the fact that
carbonic anhydrase was added to the initial complex solution
to ensure that the liberated CO, rapidly hydrolyses. However,
it must be remembered that the pK for the hydrolysis of CO,
is 6.06,* thereby ensuring that the bulk of the “free carbonate”
is present as CO, at pH 5. Thus, in those cases where carbonic
anhydrase was not present (see Table II) the k.4 values are
only slightly larger than the rest. Nevertheless, the linearity
of the plot at lower pH values provides for reasonably accurate
values of k; and K, of 0.68 £ 0.02 s and (2.0 & 0.2) X 10°°
M, respectively. The former compares favorably with the
limiting value of K.y, viz., 0.72 % 0.02 5. The dashed line
in Figure 2 represents the theoretical curve obtained by sub-
stituting the above values for k, and K, in eq 4 and clearly
shows that decarboxylation does not go to completion above
a pH of ca. 5. This point will be brought forward later in the
paper.

From the temperature dependence of k. at 0.5 M HCIO,
(see Table II), the following activation parameters for k, were
obtained: AH*, = 19.4 + 0.3 kcal mol™! and AS*, = 58 +
0.9 cal deg™ mol™!, These values are compatible with the
general range of values found for the various analogous co-
balt(III) reactions,!? as well as those of the pentaammlne
complexes of Co(III) Rh(I11),'% and Ir(III);¥i.e., AH‘Z
14-19 kcal mol™! and AS*, = —6 to +6 cal deg™ mol-!. Al-
though these energy dlfferences are appreciable, the rate
constants only vary by a factor of 7.5 at 25 °C indicating that
the trends in AH*, and AS*, more or less cancel out. Thus
it can be concluded that changes in bond energies result in
compensating changes in solvation, particularly in hydrogen
bonding of the solvent to the carbonate ligand.! However, the
overriding point is that only C~O bond breakage is involved
in all of these reactions.

One surprising aspect of this reaction is the low pK, value
of 4.70. Although it may be attributed to hydrogen bond
interaction between the cis oriented aquo and carbonato lig-
ands, no enhancement of the acidity of the cis isomer relative
to the trans isomer, or the cis-diaquo analogue, was observed
for the corresponding cobalt(III) complex.!?

At higher pH, where the rate of decarboxylation tends to
zero (naturally, in strongly basic solution base hydrolysis of
the carbonato group becomes important!®), two additional
protonation equilibria must be taken into account:

cis-Rh(en),(CO;)(OH) + H* =

cis-Rh(en),(CO,)(OH,)* 1/K, (5)
cis-Rh(en),(OH),* + H* =
cis-Rh(en),(OH)(OH,)** 1/Ks (6)

In previous publications,!67112-26 K. and K, were assumed
to relate to the deprotonation of the two bicarbonato species
implying the existence ‘of cis-Rh(en),(CO,H)(OH)* as a
nonreactive entity rather than cis-Rh(en),(CO,;)(OH,)*.
Although these two possibilities are kinetically indistinguish-
able, we now tend to prefer the equilibria in the form given
above. On the basis of the considerable amount of kinetic data
available on decarboxylation reactions,!»*6710111323-26 jt jg
apparent that once a monodentate carbonate ligand is pro-
tonated, carbon dioxide is then liberated at a rate which is
virtually independent of the nature of the metal center and
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Table III. Observed Pseudo-First-Order Rate Constants for
Carbon Dioxide Uptake Reactions of cis-Rh(en),(OH)(OH,)** and
cis-Rh(en),(OH),* ([Complex] = 107*M; [CO,] =107* M,
w=0.5M;25°C)

run no, pH

kopsa; s' munno.  pH  kopeg, 57

1 5.45 0.348 18 8.32 1.22
2 5.76 0.336 19 8.40 1.25
3 5.82 0.340 20 8.52 1.89
4 5.88 0.338 21 8.55 1.38
5 6.13 0.353 22 8.65 1.69
6
7
8
9

6.31 0.343 23 8.67 1.51
6.31 0.344 24 8.80 1.61
6.53 0.435 25 8.91 2.07
6.66 0.379 26 8.96 1.69
10 6.81 0.650 27 9.11 2.18
11 7.06 0.906 28 9.13 2.00
12 7.17 0.643 29 9.14 2.55

13 7.33 1.01 30 9.24 2.48
14 7.53 1.30 31 9.31 2.28
15 7.62 1.55 32 9.40 3.57
16 7.94 1.34 33 9.49 3.64
17 8.26 1.32 34 9.90 5.49

the surrounding ligands. Therefore, it seems unlikely that a
—(CO;H)(OH)* species would not also be equally reactive,
even though it may be suggested that intramolecular hydrogen
bonding between these two ligands could reduce the lability
of the bicarbonato ligand. This point will be discussed further
in a forthcoming publication.?’” Moreover, the similarity
between the respective values of pK, and pKj (8.45 and 7.98)
tends to add further support to the idea that both processes
involve the deprotonation of an aquo ligand, especially when
the difference in charge is taken into account.

Due to the relatively poor solubility of cis-[Rh(en),-
(OH)(OH,)](ClO,), in solutions containing NaClO,, the rates
of CO, uptake were determined by using the “pH-jump
method”;% i.e., one syringe of the stopped-flow spectropho-
tometer contained a solution of the complex in 0.02 M CO,
(pH ~3.5) while the other contained the appropriate amount
of NaClO, dissolved in a solution of the buffer. The resulting
observed pseudo-first-order rate constants are shown in Table
IIT as a function of pH. It is immediately apparent that
significant CO, uptake occurs at pH 5.45, although, as will
be shown later in the text, the reaction does not proceed to
completion. Nevertheless, this confirms the suggested ex-
planation that the curvature of the double reciprocal plot of
the acid hydrolysis data at pH >5 results from an equilibration
of the system, even in the presence of carbonic anhydrase.

From a knowledge of the values of pK; and pKj it can be
assumed that within the pH range 5.45~7.17 the only kinet-
ically significant complex species present in solution is cis-
Rh{en),(OH)(OH,)?>*. Thus the reverse reaction in eq 2
represents the rate-determining step (k,) for CO, uptake in
this pH region leading, in turn, to the rate expression

Kobsa = k-2K3[CO,] /([H'] + K3) + ko[H*]/([H'] + I%))
7

By use of the values given above for k, and K, and the mea-
sured value of K3 at u = 0.5 M in Table I, k., may be de-
termined for each set of ky,,q/pH data. The mean value of
k_, for runs 3-12 is 69 = 18 M~ s7.. For runs 1 and 2, k.,
values of 125 and 87, respectively, were obtained indicating
that the value of K, may be underestimated. However, under
these conditions, the change in absorbance is rather small due
to the unfavorable equilibrium, such that these values are less
reliable. At pHs greater than 7.2 “k.,” increases, undoubtedly
due to the appearance of the dihydroxo species which is sig-
nificantly more reactive. Although the deviations in k_, are

(27) van Eldik, R.; Palmer, D. A.; Harris, G. M., to be submitted for pub-
lication.
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Table IV, Rate Constants for Carbon Dioxide Uptake by
cis-Rh(en),(OH)(OH,)** ([Complex] = 1073*M; [CO,] =
1072 M; k=0.5M)

temp, °C kobsd> 87 k, M's!?
7.1 0.148 = 0.005 15.9
10.2 0.197 £ 0.003 21.3
15.3 0.309 = 0.003 33.4
19.9 0.488 = 0.001 52.8
25.0 0.829 = 0.009 89.5
29.6 1.35 £0.07 146.

quite large, for a given buffer solution the reproducibility is
vastly improved (ca. £2%), and reliable activation parameters
can be obtained. The temperature dependence of kg, shown
in Table IV, was determined at pH 7.17 because the contri-
bution of the reverse reaction is minimal and [H*] is relatively
small compared to K, thus providing optimal conditions for
estimating k_,. The resulting activation parameters, AH*_,
=15.9 % 0.5 kcal mol™ and AS*_;, = 3.9 £ 1.6 cal deg™! mol ™,
are virtually identical with those of a number of hydroxo-
aquocobalt(III) complexes, suggesting a common mechanism
for CO, uptake in which the nature of either the metal center
or the inert ligands plays only a secondary role in dictating
the rate of reaction. However, it is perhaps surprising that
k_, is significantly slower than the rate of the corresponding
reaction involving Rh{(NH,);OH?* (69 and 490 M~! 57!, re-
spectively), especially as the latter is less basic.®

In the higher pH region (8.0-9.2), the following series of
equations must be considered together with eq 6:

cis-Rh(en),(CO;H)(OH)* =

CiS'Rh(Cn)z(OH)2+ + C02 k3, k_q3 (8)
cis-Rh(en),(CO;H),* =
CiS'Rh(en)z(OH)2+ + 2C02 k4, k..4 (9)
cis-Rh(en),(CO;)(OH) + H* =
cis-Rh(en),(CO,H)(OH)* 1/Kg (10)
cis-Rh(en),(CO;),” + 2H* =
ClS'Rh(en)z(CO3H)2+ 1/K7 (1 1)

It is important to note that within the time scale of these
reactions, as well as those at lower pH, no detectable ring
closure by the monodentate carbonate ligand was observed.
Furthermore, the oscilloscope traces showed that decarbox-
ylation was significantly slower than CO, uptake for runs 3-31
so as not to interfere with the kinetics of the latter. Presum-
ably, the subsequent loss of CO, by the complex is a conse-
quence of the slow hydrolysis of the free CO,, and its rate is
determined by the latter, which is itself a function of pH.

Assuming, for the moment, that reaction 9 is not operative
under the prevailing experimental conditions, the following
rate equation can be derived for eq 6 and 8:

Kopsa = k-3Ks[CO,] /({H*] + K5) + ks[H*]/([H*] + (Ke))
12

which under the experimental conditions (pH range) concerned
reduces to kqpa = k_3Ks[CO,]/([H*] + K;). If the reaction
is indeed second order in CO,, k_; must be replaced by k_,
{CO,]. Application of eq 12 to the raw data in runs 17-29
in Table 111 results in a mean value for k_; of 215 % 29 M~!
s7!, In order to determine the exact molecularity of this re-
action, we varied [CO,] over the range 0.004-0.02 M, while
the complex concentration was maintained at 3 X 107* M.
These results are presented in Table V. With the exception
of the value obtained at [CO,] = 0.004 M, the second-order
rate constants, k_s, are very consistent, with a mean value of
52.6 £23 Mg at9 °C, thereby establishing the reaction
to be first order in [{CO,], or, in other words, eq 9 and 11 need
not be considered here. At the lowest [CO,], the change in
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Table V. The Dependence of the Rate Constant for Carbon
Dioxide Uptake by cis-Rh(en),(OH),' on Carbon Dioxide
Concentration ([Complex] =3 X 10"*M; 9.0 °C; = 0.5 M)
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Table VII. Rate Constants for the Acid-Catalyzed Aquation of
cis-Rh(en),CO, ([Complex] = 1073 u=0.5 M)

[H*], 10%opgds
M st

[CO,l1, M pH kobsds S k,oM1g? temp, °C 10%,, 5! 10%,, M5!
0.004 9.04 0.209 + 0.018 57.9 49.0 0.50 3.18 1.65 £ 0.06 3.1+0.2
0.008 9.00 0.359 + 0.019 50.3 0.40 2.96
0.010 8.86 0.431 + 0.021 50.2 0.25 2.35
0.012 8.97 0.591 + 0.004 52.9 0.10 2.04
0.016 8.95 0.747 + 0.036 55.6 0.05 1.77
0.020 8.89 0.930 + 0.012 53.8 54.5 0.50 6.36 3.8+ 0.5 4.7+ 1.6
¢ Calculated according to eq 12. 8;2 gg%
0.10 4.44
Table VI. Rate Constants for Carbon Dioxide Uptake by 0.05 3.61
cis-Rh(en),(OH),’ ([CO,] = 107* M; [Complex] = 107> M; 60.0  0.50 8.95 5.6+ 0.3 6.4+1.0
pH8.86;u=0.5M) 0.40 7.99
temp, °C kobsds S ko, M5 8%3 gg;’
9.0 0.431 + 0.021 50.2 0.05 5.65
14.2 0.685 £ 0.009 79.8 65.0 0.50 18.8 11.3£2.0 17.7 £ 6.6
19.0 1.06 £ 0.03 124 0.40 18.2
25.0 1.76 + 0.07 205 0.25 19.4
30.0 2.81 + 0,05 327 0.10 13.2
0.05 10.2
absorbance was considerably smaller than in the other ex- 703 050 314 16.2:24 36378
periments. This suggests that the [CO,] of 0.004 M is not 8'32 ;‘5";
sufficient to force the reaction to go to completion, which 0.10 21.1
accounts for the significantly higher value of “k_;”; i.e., kqpea 0.05 15.9

= ky + k_3[CO,].

The temperature dependence of k_3 was studied at a pH of
8.86 and at [CO,] = 0.01 M. The results are given in Table
V1. The activation parameters are as follows: AH* ; = 14.6
% 0.2 kcal mol™ and AS* , = 1.1 £ 0.7 cal deg™' mol™!, These
parameters are virtually identical with corresponding values
for the analogous reaction with cis-Rh(en),(OH)(OH,)**, The
ratio k_;/k_, is ca. 4, whereas the statistical factor is only 2.
However, the similarity in the activation parameters does not
allow one to draw any definite conclusions as to the significance
of the larger factor involved.

A final comment on this reaction concerns the CO, uptake
data at pH >9.2, i.e., runs 32-34. Here the absorbance in-
crease becomes progressively smaller, while the secondary
step—a decrease in absorbance—becomes faster such that no
real “infinity value” for the CO, uptake reactions is obtained.
Thus the apparent k_; values become increasingly larger. This
effect may be traced to the rapid rate of base hydrolysis of
CO, which competes with the CO, uptake by the dihydroxo
complex.

The observed pseudo-first-order rate constants for the hy-
drolysis of cis-Rh(en),CO,* in acidic solution are listed in
Table VII. This results can be adequately described by the
two-term rate equation

kobsd = kO + 7‘1[H+] (13)

The temperature dependence of k. yields the following ac-
tivation parameters: AH*, = 22.8 & 1.5 kcal mol™!; AS*, =
-5 % 5 cal deg™ mol™!; AH?*, = 25.0 % 3.6 kcal mol™!; AS*,
=2 =+ 11 cal deg™! mol’l, respectively.
The recently established mechanism®?S for ring opening is
illustrated by the equations
cis-Rh(en),CO;* + H,0 —
cis-Rh(en),(CO;)(OH,)* ko (14)
cis-Rh(en),CO;* + H* = cis-Rh(en),(HCO;)**  1/K,
- (15)
cis-Rh(en),(HCO,)?* + H,0 —
cis-Rh(en),(CO;H)(OH,)** &, (16)

whereby the protonated complex in eq 15 remains six-coor-
dinate. As the linear rate equation (13) holds for the data in

Table VII, one must conclude K| is a large quantity, with the
bulk of the total carbonato complex being in the deprotonated
form within the [H*] range studied. This is in keeping with
earlier findings.?¢

The extremely slow rate of ring opening found for both
reaction paths is due to the fact that Rh—O bond breaking is
now involved. Thus, a value of 9.33 X 1078 s7! for k; (ex-
trapolated to 25 °C from the data in Table VII) is similar in
magnitude to rate constants found for the hydrolysis of other
oxygen bound ligands, e.g., NO;~ and SO, as well as for the
water exchange of Rh(NH;);OH,>*2® The resistance of
cis-Rh(en),CO;* to acid catalysis, compared to most analogous
cobalt(IIT) complexes,?? can be assigned®? to a higher value
expected for K; which is also the consequence of stronger
Rh—-O bonding. In keeping with this assignment, AH*, is
considerably larger than the corresponding values generally
reported for similar cationic cobalt(III) complexes, viz., 10~18
kcal mol™.2%* The AS*, values for these cobalt(III) reactions
are usually negative but vary significantly in magnitude.2?2*
The resulting variations in k; have been ascribed to the effects
of the different charges on the cobalt(III) substrates and their
related solvation changes, as well as to the degree of steric
hindrance imposed on the carbonate ligand by the “inert”
ligand /s.2324
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