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Scheme 11. Summary of Base Hydrolysis and Chloride 
Anation Reactions 

O H -  6-[Rh(tren)Cl ( O H ) ] '  ki- [ R h ( t  ren)Cl $' 

i H30'1 O H -  k 3  I OH- 
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--T 3' "- B-[Qh(tren)Cl (H,0)]2t [Rh(tren)(OHZ)zl 
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bands. For the complexes whose d-d band extinction coef- 
ficients can be determined accurately, it can be seen that the 
intensities here are greater than those observed for the 
analogous bis(ethy1enediamine) complexe~.~ The intensity of 
a d-d band is increased by the absence of a center of symmetry 
in the ligand field,'* so the known distortions induced by the 
tren ligand should cause the new complexes to have higher d-d 

intensities than the analogous ethylenediamine complexes. 
In summary, the base hydrolysis reactions of [Rh(tren)C12]+ 

and a- and B-[Rh(tren)Cl(OH)]+ can be interpreted in terms 
of dissociative mechanisms. Hydroxide ion causes a dramatic 
increase in the rates of hydrolysis of the dichloro and a- 
chlorohydroxo species but a lesser effect on the 8-chloro- 
hydroxo ion. The chloride anation of [Rh(tren)(OH2)2]3+ 
leads to the formation of 8-[Rh(tren)C1(H20)12+, which in 
turn anates to the dichloro ion. These reactions are summa- 
rized in Scheme 11. Finally, the base hydrolysis and anation 
studies have led to a viable pathway for the synthesis of some 
new Rh(II1)-tren complexes which contain acido ligands. 
These compounds have been isolated and characterized. 

Registry No. [Rh(tren)C12]+, 56026-84-7; o-[Rh(tren)Cl(OH)]+, 
75766-27-7; ,9- [Rh(tren)Cl(H,0)]2+, 67 179-21-9; [Rh(tren)(OHZ),l3+, 
757 17-78- 1; 8- [Rh(tren)Cl(OH)]+, 757 17-79-2; [ Rh(tren)Iz]I, 
75717-80-5; [Rh(tren)ox]C104, 75717-82-7; [Rh(tren)Br2]C104, 
75717-84-9; [Rh(tren)(N,),]Cl. 75717-85-0; [Rh(tren)(NOz)2]N03, 
75717-87-2; [Rh(tren)Cl,]Cl, 67124-80-5; C1-, 16887-00-6. 
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The kinetics of ammoniation of [R~I(NH~)~B~](C~O,) ,  and [Rh(NH,),NO,] (CIO4), were studied at constant ionic medium 
of 0.20 m in the temperature ranges 15-35 OC and -30 to +2 "C, as a function of the acidity of the solution. [Co(N- 
H,)SNO,] (C104)2 was included for comparison. The base-catalyzed reaction of the rhodium(II1) ammines follows the 
conjugate-base mechanism. Separate activation parameters were obtained for the acid-base preequilibrium and the 
rate-determining step. The decrease in entropy of activation for the latter on going from cobalt(II1) amines (AS' = 100 
J K-' mol-') to the rhodium(II1) ammines (AS* = 0) is in line with the outer-sphere activation model, proposed earlier, 
and the expected more associative character of rhodium(II1)-substitution reactions. A comparison of aqueous and liq- 
uid-ammonia parameters for the conjugate-base reactions also proves the rate-determining step to be solvent dependent. 
A spontaneous, Le., base-independent, solvolysis reaction could be detected only for [Rh(NH3)SBr] (C102)2. The activation 
parameters found in this case (AIP = 59 kJ mol-], hs = -1 32 J K-I mol-') indicate a pronounced degree of solvent assistance. 

Introduction 
The conjugate-base (CB) mechanism'-3 operative in octa- 

hedral amine complexes of chromium(III), cobalt(III), ru- 
thenium(I1) and -(III), rhodium(III), and iridium(II1) gen- 
erally involves a combination of a rapid acid-base preequi- 
librium (eq 1) and a dissociative rate-determining step (eq 2) 
(omitting charges). 

K c B  
NH,(L,M)X r NHl(L4M)X + H(solv) (1) 

In contrast to water, ammonia gives the possibility to s e p  
arate the processes to obtain activation parameters for both 

reactions 1 and 2.4-6 Results on cobalt(II1) complexes have 
led to the surprising conclusion that fGr reaction 2 not the 
expected lowering of NP but the very favorable AS* is the 
rate-enhancing factor compared to spontaneous solvolysis. This 
result has previously been worked out by one of us in an 
outer-sphere model4 in which the entropy increase associated 
with the liberation of the leaving group into the second sphere 
is responsible for a large part of the reactivity of the conjugate 
base. For consistent volume profiles for the CB mechanism 
to be drawn up, the phenomenon of dielectric  saturation'^* due 
to the high electric field of the Co3+ ion had to be invoked. 
This effect is thought to diminish for the metal complex both 
the increase in partial molar volume (and consequently en- 
tropy9) connected with the reduction of the effective charge 

(1) Basolo, F.; Pearson, R. "Mechanisms of Inorganic Reactions", 2nd ed.; 
Wiley: New York, 1967; p 177. 

(2) Tobe, M. L. Acc. Chem. Res. 1970, 3, 377. 
(3) Wilkins, R. G. "The Study of Kinetics and Mechanism of Reactions of 

Transition Metal Complexes"; Allyn and Bacon: Boston, 1974; p 207. 
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(4) Balt, S. Inorg. Chem. 1979, 18, 333. 
( 5 )  Balt, S.; Pothoff, G. F. J .  Coord. Chem. 1975, 4, 167. 
(6) Balt, S.; Breman, J.; de Kievief W. J.  Inorg. N u l .  Chem. 1979,41,331. 
(7) Spiro, T. G.; Revesz, A.; Lee, J. J .  Am. Chem. Soc. 1968, 90. 4000. 
(8) Swaddle, T. W.; Kong, P. C. Con. J .  Chem. 1970, 48, 3223. 
(9) Twigg, M. V. Inorg. Chim. Acto 1977, 24, L84. 
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in equilibrium 1 and the volume decrease inherent in the 
charge separation effect of reaction 2. 

The study of the  CB mechanism in liquid ammonia is ex- 
tended to rhodium(II1) complexes. The  larger ionic radius 
of Rh3+ may be expected to decrease dielectric saturation, thus 
decreasing the difference between the entropy changes in the 
two reactions. In addition, the less pronounced dissociative 
character of the rhodium CB reactionlWl4 could bring about 
a larger role for solvent assistance in the rate-determining step, 
expressing itself in a lowering of both AP and AfP for reaction 
2 compared to analogous cobalt(II1) complexes. To test these 
predictions we present here an investigation into the ammo- 
niation reactions of bromopentaamminerhodium(II1) and 
(nitrato)pentaamminerhodium(III) ions. For comparison the 
ammoniation of the  (nitrato)pentaamminecobalt(III) ion is 
included. 
Experimental Section 

Materials. [ C O ( N H ~ ) ~ N O ~ ] ( N ~ , ) ~ , ~ ~  [Rh(NH3)sN03](N03)z,16 
and [Rh(NH,),Br] BrZ1’ were prepared according to published 
methods. The purified compounds were dissolved in water of pH 8.5 
(borax) and precipitated with a saturated aqueous solution of lithium 
perchlorate of the same pH in order to free the complexes from acidic 
impurities and convert them into the perchlorates. As this method 
was not successful for [ C O ( N H ~ ) ~ N O ~ ]  a similar procedure 
was followed with dimethyl sulfoxide as a solvent. The compounds 
were identified from their UV-vis The metal analyses 
agreed within 1% with the calculated values. Potassium perchlorate 
was prepared and dried as described.M Ammonium perchlorate used 
was reagent grade. All compounds were dried and stored over 
phosphorus pentoxide. Liquid ammonia was dried by distilling from 
potassium metal. 

Kinetics. Concentrations are expressed as mol kg-I (m). All 
experiments were performed at constant ionic medium5 of 0.20 m by 
adding a calculated amount of potassium perchlorate. Because of 
extensive ion pairing this concept is difficult to relate to ionic strength. 
In this ionic medium of 0.20 m the amine complexes can be considered 
as completely ion associated.*I Reactions were followed in a ther- 
mostated stainless-steel cell with quartz windows inside a Beckmann 
25 spectrophotometer. Details of the experimental setup and the 
procedure, employing a fully closed system, have been described 
e l se~he re .~  The accuracy of the temperature control was 0.1 OC. 
First-order rate-constants were obtained by a computerized least- 
squares fitting procedure.22 Reactions were followed for at least 4 
half-lives. The accuracy expressed as the mean deviation from a 
first-order rate law was in all cases better than 1%. Two series of 
experiments were performed. 

(A) Experiments with Added Ammonium Perchlorate. (Nitrate)- 
pentaamminecobalt(II1) perchlorate was studied at a complex con- 
centration of m. The ammonium perchlorate concentration was 
varied between 1.3 X 10” and 5 X m. Isosbestic points were 
found at 484 and 410 nm. Reactions were followed at 530 and at 
370 nm; within experimental error no wavelength dependence was 
found. (Nitrato)pentaamminerhodium(III) perchlorate was studied 
at a complex concentration of 4 x lo-) m. The ammonium perchlorate 
concentration was varied between 4 X lo4 and 5 X lo-) m. Isosbestic 
points were found at 303 and 294 nm. Reactions were followed at 
350 and 265 nm; no wavelength dependence could be detected. 

Swaddle, T. W. Can. J .  Chem. 1977.55, 3166. 
POe, A.; Vuik, C. J.  Chem. Soc., Dalton Tram. 1976, 661. 
Chan, S. C. Aust. J .  Chem. 1967, 20, 61. 
Edwards, J. 0.; Monacelli, F.; Ortaggi, G. Inorg. Chim. Acta 1974,11, 
47. 
Reynolds, W. L.; Hafezi, S. Inorg. Chem. 1978, 17, 1819. 
Basolo, F.; Murmann, R. K. Inorg. Synth. 1958, 4, 174. 
Monacelli, F.; Viticoli, S. Inorg. Chim. Acta 1973, 7, 231. 
Bushnell, G. W.; Lalor, G. C.; Moelwyn-Hughes, E. A. J .  Chem. Soc. 
A 1966, 719. 
Candlin, J. P.; Halpern, J.; Trimm, D. L .  J .  Am. Chem. Soc. 1964,86, 
1019. 
Jergensen, C. K. Acta Chem. S c a d .  1956, 10, 500. 
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Balt, S.; de Kieviet, W. J. Solution Chem. 1977, 6, 559. 
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York, 1969; Vol. 1, Program LSG. 

Table I. Kinetic Parameters for Ammoniation 

106k,K,CB, m s-l 
complex t, “C obsd calcd” 

[Co(NH3),N031(C104), -54.5 
-48.7 
-43.0 
-37.3 
-31.8 
-26.3 
- 24.8 
-17.9 
-11.1 

-5.1 
1.3 

[Rh(NH,),Br] (ClO,), 14.6 
19.6 
24.6 
29.6 
34.7 

[ Rh(NH3 ,NO3] (ClO,), 

0.90 f 0.03 
2.80 f 0.15 
7.26 f 0.26 

19.75 f 0.08 
44.8 f 1.0 
99 f 7 

0.066 f 0.004 
0.205 f 0.013 
0.558 f 0.009 
1.32 f 0.10 
2.99 f 0.04 
0.0302 f 0.0008 
0.050 f 0.003 
0.087 f 0.004 
0.1453 2 0.0003 
0.243 f 0.001 

0.94 
2.72 
7.31 

18.75 
44.7 

102 
0.068 
0.201 
0.552 
1.29 
3.07 
0.0297 
0.05 1 
0.087 
0.1454 
0.241 

“ Calculated from the activation parameters of Table 11. 

Bromopentaamminerhodium(II1) perchlorate was studied at a complex 
concentration of 3 X m. The ammonium perchlorate concen- 
tration was varied between 2 X l@ and 2 X lr3 m. Isosbestic points 
were found at 325 and 286 nm. In all cases the reactions were first 
order in complex concentration. Within experimental error no in- 
fluence of complex concentration upon the first-order rate constants 
was found. For each complex at each temperature four to six different 
concentrations of ammonium perchlorate were selected. 

(B) Experiments without the Addition of Ammonium Perchlorate. 
A second series of experiments was performed without ammonium 
perchlorate. The complex now is the only acid in solution. The 
influence of complex concentration and temperature on the reaction 
rate was studied. (Nitrato)pentaamminecobalt(III) perchlorate was 
studied at complex concentrations between 3.5 X and 2 X lo-* 
m in the temperature range -64.5 to -44.7 OC. (Nitrato)penta- 
amminerhodium(II1) perchlorate was studied at complex concen- 
trations varying between 2 X m in the temperature 
range -30.3 to -1 1.1 OC. Bromopentaamminerhodium(II1) perchlorate 
was studied at complex concentrations varying between 2.5 X 
and 1 X m in the temperature range of 14.6-34.7 “C. The 
reactions were followed at the same wavelengths as in seria A. Two 
to four different complex concentrations at four to five different 
temperatures, with intervals of about 5 OC, were chosen. 
ReSultS 
As earlier studies of ammoniation reactions in our laboratory 

were performed on chloro- and bromopentaamminecobalt(II1) 
p e r c h l ~ r a t e , ~  the initial intention was to study their rhodium- 
(111) analogues. However, the solubility of hexaammine- 
rhodium(II1) perchlorate in liquid ammonia is too low in the  
presence of chloride to  allow the  study of chloropenta- 
amminerhodium(II1) spectrophotometrically. As a substitute 
for the chloro complex, (nitrato)pentaamminerhodiurn(III) 
perchlorate was chosen. The  solubilities of the nitrato and 
bromo complexes in liquid ammonia were high enough to allow 
spectrophotometric monitoring. For a comparison (nitrate)- 
pentaamminecobalt(II1) perchlorate was included in the  
present study. 

In the  three cases mentioned, the product is the  hexa- 
amminemetal(II1) complex. As found earlier for cobalt- 
(111)-amine complexes in liquid amm0nia~9~ the reactions are 
base catalyzed. T h e  observed ra te  constants for the  ammo- 
niation of bromo- and nitratopentaamminerhodium(II1) per- 
chlorate a t  excess ammonium perchlorate are given by ex- 
pression 3, where k, is the acid-independent part (apparently 

and 2 X 

k(0bsd) = k, + kb[NH4ClO4]-’ (3) 
spontaneous ammoniation) of the rate constant, giving a small 
or negligible contribution to the overall rate. The  main route 
of the ammoniation is the base-catalyzed pathway exemplified 
by the rate  constant kb in eq 3. Therefore the ammoniation 
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Table 11. Pseudoactivation Parameters of Ammoniation for k1KsCB and kl(KSCB)'/' 
k l K s C B  kl(KSCB)1'2 

complex A", kJ mol-' AS*, J K-I mol-' AH*, kJ mol-' AS*, J K-' mol-' 

[ Co(NH, ) , NO 1 WO, 1, 72.61 * 0.80 -25.37 * 3.38 78.1 * 1.4 5 7 r 6  
[Rh(",),NO,I(C10,), 80.45 t 0.78 -56.65 t 2.97 74.2 * 0.9 -19.9 t 3.5 
[Rh(NH,),Brl (ClO,), 74.28 t 0.74 - 130.6 t 2.50 70.3 i 1.7 -79.7 t 5.5 

The number of decimals is determined by the use as regression parameter in the comparison between observed and calculated rate con- 
stants in Table I. 

Table 111. Comparison of AH* (kJ mol-') and AS* (J K-' mol-') Values for BaseCatalyzed Ammoniation Base Hydrolysis and Aquation 
base-catalyzed ammoniation base hydrolysis aquation 
k , K C B  kl KCB k,KCB a,b  kaqa 

complex L& AS' AH' AS* AH As AH* AS+ AH* AS' ref 

[CO~",),Cll (ClO,), 81 -13 95 116 -8 -172 171 33 96 -34 5' 
[Co(NH ,Is Brl (ClO,), 72 -29 73 96 - 1  -125 171 45 100 -13 5' 

[Rh(NH, ),BrI (ClO,), 74 -131 66 -29 9 -102 179 -21 102 -40 d 
[Rh(",) ,NO,] (ClO,), 8 1 -57 68 17 13 -14 171 -4  97 - 1 3  d 
Ru(",),C1, 79= - 6e 96bpe 40he 175 34 60 -91 26e 

8 d  [W",),NO,I (C10,), 73 -25 84 139 -11 -164 176 67 102 

a Parameters for aquation and base hydrolysis from ref 13. 
-113 J K-' mol-' for K,.2' ' Reference for ammoniation. 

Converted to the formulation of eq 1 with aH" = 56 kJ mol-' and LS' = 
Ammoniation (this work). e Aqueous values. 

of rhodium(II1) complexes appears to follow the conjugate- 
base mechanism. Working out eq 1 and 2 for M = Rh(II1) 
and X = NO3- or Br-, with the realization that the complexes 
are completely associated, eq 4-6. KSCB and KbCB 

44 
[Rh(NH3)5X](C104)2 + NH3 

[Rh(NH3)4(NH,)Xl(C104) + "4C104 (4) 

[Rh("3)4("z)XlC104 - [Rh("3)4("2)1x(clo4) 
( 5 )  

ki 

K P  
[Rh("3)61(CIO4)3 + "3 

[Rh("~)s("z)l(cl04)2 + "4ClO4 (6) 
refer to rapid acid-base equilibria, and kl represents the 
rate-determining step, which is followed by a fast consecutive 
formation of the hexaammine. No direct study of the base- 
catalyzed reaction is possible, because the addition of amide 
ions produces consecutive proton dissociation steps, followed 
by condensation and precipitate f~rmat ion . '~  Without the 
addition of amide further proton dissociation steps can be 
neglected. For the reactions under conditions of excess acid 
a rate equation in the form of eq 3 with kb = klKsCB is pre- 
dicted. The values of k,KScB and k,, obtained by fitting eq 
3 to the observed first-order rate constants, are presented in 
Table I. The mean deviations between the observed and 
calculated rates were generally better than 2%. Activation 
parameters of k1K5" were calculated by a weighted least- 
squares method on the basis of the Eyring formula.25 No 
curvature was found. The calculated values of klKSCB in Table 
I stem from the activation parameters in Table 11. In the case 
of (nitrato)pentaamminerhodium(III) and -cobalt(III) the 
intercept k, was zero within experimental error. For bromo- 
pentaamminerhodium( 111) a small intercept was found, in- 
dicating a small contribution of spontaneous ammoniation to 
the overall rate. 

The situation becomes more complicated when extra acid 
is not added, because then the acidity of the solution is de- 
termined by all ammine acid-base equilibria implicit in eq 4, 

(23) Balt, S.; Pothoff, G. F. J .  Coord. Chem. 1975, 4, 247. 
(24) Watt, G. W.; Choppin, G. R.; Hall, J. R. J .  Electrochem. SOC. 1954, 

101, 235. 
(25) Detar, D. F. "Computer Programs for Chemistry"; Benjamin: New 

York, 1969; Vol. 111, Program ACTENG. 

together with eq 6 .  For the moment we shall assume that only 
one acid-base equilibrium (eq 4) leading to the reactive 
conjugate base need be considered, but we will come back to 
this issue later. In spite of the complexity of the problem, this 
type of reaction was studied to give the relevant CB acidity 
constants of the ammine c o m p l e x e ~ . ~ ~ ~ ~  

Only in the case that K5cB = K6CB may a first-order rate 
law be expected. The resulting observed pseudo-first-order 
rate constant is then given by expression5 7 ,  where [Rh], de- 

( 7 )  

notes the total rhodium concentration. All three systems 
studied showed first-order behavior within 1%, while the de- 
pendence of the rate on the complex concentration obeyed eq 
7 (see Figure 1). (Because of the high rates in the absence 
of acid the spontaneous reaction is not observed.) Conse- 
quently K5cB equals K6CB within the limits of the experimental 
detection in every case. Thus for each temperature k1(K5CB)11z 
can be obtained by fitting the observed rates at different 
complex concentrations to eq 7. Because of the limited number 
of observations at  each temperature the pseudo activation 
parameters of k1(K5cB)"z were determined directly by sub- 
jecting k(obsd)[RhIt1/*, i.e., k1(K5cB)1/2, determined at dif- 
ferent complex concentrations and different temperatures, to 
a least-squares activation analysis.= The resulting parameter 
values are presented in Table 11. Now it is possible to calculate 
the activation parameters of the rate-determining step (k,) and 
the thermodynamic parameters of K5cB (Table 111). 
Discussion 

Base hydrolysis of cobalt(II1) amines is characterized by 
very high values of the entropy of activation, reflecting a high 
degree of rearrangement of the first and probably the second 
coordination sphere.2 Studies of the ammoniation of cobalt- 
(111) amines in liquid ammonia gave the possibility of sepa- 
rating reactions 4 and 5.5 The results for the ratedetermining 
step still show large values for AS* but for AIP values of the 
same order of magnitude as A P  for aquation (Table 111). The 
entropy gain on activation could be located in the second 
coordination ~ p h e r e . ~ , ~  The ammoniation of (nitrato)penta- 
amminecobalt(II1) follows this pattern of activation param- 
eters. 

On the other hand the ammoniation of (nitrato)penta- 
amminerhodium(II1) and bromopentaamminerhodium(II1) 

k(osbd) = kl (K5CB) 1/2 [ Rh] c1i2 
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conclusions from the comparison of cobalt(II1) and rhodium- 
(111) ammines we may say that the outer-sphere model4 is also 
applicable to rhodium(II1) complexes and that extrapolations 
from cobalt(II1) to rhodium(II1) on the basis of this model 
have been borne out by the experiments. 

Recent results obtained by Palmerz9 on the volume of ac- 
tivation for the base hydrolysis of the series [Rh(NH3)sX]2+ 
(with X = C1-, Br-, I-, NO3-) can be fitted in the mechanistic 
picture worked out above. Palmer has interpreted his results 
on the assumption that F([Rh(NH3)4(NH2)]z+) F([Rh- 
(“,),I3+). This assumption works well for the cobalt(II1) 
ammines4 but not for the rhodium(II1) complexes, as argued 
above. With use of this assumptionz9 a volume profile diagram 
for a dissociative activation reproduced the experimental values 
rather well, with the unexplainable exception of [Rh- 
(“,),I] z+. We have used Palmer’s experimental volumes 
of activation to calculate the volume v‘ of the activated 
complex [Rh(NH3)4(NHz)--.X]+ (in our formulation) from 
eq 8.4 With F(H20) = 18 and V(OH-) = 0.5 cm3 mol-’ we 
V = AVexpd + 7([Rh(NH3),XI2+) - V(H20) + V(OH-) 

(8) 
get the following values (cm3 mol-’) for VI: 83.5 (82.3) for 
X = C1-; 94.2 (91.5) for X = Br-; 97.0 (94.1) for X = I-; 98.0 
(93.2) for X = NO). In parentheses are the valuesz9 (cm3 
mol-’) for V([Rh(NH3)sXlZ+). The close parallel between v‘ 
and 7([Rh(NH3)sX]Z+ makes it reasonable to assume that 
X has not left the first coordination sphere to an appreciable 
extent on activation. In fact the small increase of volume of 
the activated complex compared to [Rh(NH3)sX]2+ can be 
interpreted along the lines set out above as a volume increase 
resulting from the decreased formal charge of the complex, 
which is incompletely compensated by the volume decrease 
inherent in the associative activation: the displacement of a 
water molecule from the second to the first sphere.30 This 
interpretation has the advantage that no exceptions are created, 
as with the iodo complex in Palmer’s treatment. 

Up to now we have not touched the fundamental question 
of different acidity of geometrically different coordinated NH3 
g r o ~ p s ~ l - ~ ~  in the rhodium(II1) complexes, leading to the 
problem of the position of the amido group in the reactive 
conjugate ba~e.~’~’ For liquid ammonia this problem seems 
to be less severe because of the leveling effect of the solvent 
on acidity constants3* which is evidenced by the invariance of 
p&cB values of ammine complexes in and in the 
noted near equality of p E B  values for our rhodium(II1) am- 
mines. 

Formally the systems are treated here as consisting of one 
acid-base equilibrium leading to the one and only reactive 
conjugate base. Therefore it is not excluded that the parameter 
values reported in Table I11 will need a correction consisting 
of a statistical factor and/or an equilibrium constant between 
conjugate bases., 

As mentioned for many of the amine complexes 
studied so far, the differences in overall activation parameters 
for base-catalyzed ammoniation and hydrolysis are close to 

/ I 

I4 6.C 

0 E 5 10 15 20 

[ Rh ];’ I2, r n ~ I - ’ ’ ~ k g ’ / ~  

Figure 1. Variation of the observed rate constant of ammoniation 
with the inverse square root of the total rhodium(II1) complex con- 
centration for bromopentaamminerhodium(II1) perchlorate at different 
temperatures. 

shows a different behavior. From the entries in Table I11 it 
is clear that the activation entropies for the rate-determining 
step are much lower than those for their cobalt(II1) analogues, 
whereas the entropy differences for the acid-base equilibrium 
(KSCB) are higher for the rhodium(II1) complexes. These 
results are in agreement with the volume profile worked out 
for cobalt(II1) comple~es.~ In this model the expected volume 
increase connected with the reduction of the effective charge 
on the metal in equilibrium 4 and the volume decrease due 
to charge separation in reaction 5 both are diminished by 
dielectric saturation around the small cobalt(II1) ion. In the 
case of the larger rhodium(II1) ion we expect a smaller di- 
electric saturation effect bringing the two values A S  for KCB 
and ASs for kl closer together than for the cobalt(II1) case. 
Consequently rhodium(II1) is closer to the “normal” case, 
where charge separation effects may be expected13 to bring 
ASs close to zero. Indeed the present values of activation 
parameters for the rate-determining step of rhodium(II1) 
complexes are very close to the ones foundx for base hydrolysis 
of Ru(NH,),~+, again with AS’ close to zero. 

It is interesting to compare AEP values for kl and the 
spontaneous aquation (kaq). In the case of rhodium(III), A@ 
values for kl are significantly smaller than those for k,. This 
is not found for cobalt(II1). The absence of this effect in the 
ammoniation of cobalt(II1) complexes has been sought4 in the 
limiting dissociative mode of activation for the ratedetermining 
loss of the leaving group, where solvent assistance is no longer 
operative, thus nearly completely obliterating the decrease of 
A@ on account of the labilizing effect of the NH, group. The 
appearance of solvent assistance for the rhodium(II1) com- 
plexes is in line with earlier conclusions that octahedral sub- 
stitution at rhodium(II1) in general has a less strictly disso- 
ciative characterlo than at cobalt(II1). This conclusion would 
imply a further reduction of AP for the rate-determining step 
on going from cobalt(II1) to rhodium(III), so the low AP (k,) 
values for rhodium(II1) may stem from two causes (vide su- 
pra). In fact entropies of activation are almost always lower 
for rhodium(II1) than for cobalt(III).11~’6~Z8 Summing up the 
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the thermodynamic transfer functions for the proton between 
water and ammonia (S,AHo = -96 kJ mol-', 6,AS" = -96 
J K-' mol-').40 The new compounds in Table I11 conform to 
this picture, with the exception of Rh(NH3)sN032+. Conse- 
quently the higher rates of solvation in liquid ammonia should 
be primarily attributed to the more favorable heat of solvation 
of the proton in liquid ammonia. Contrary to the conclusions 
drawn so far, this would suggest that the solvent dependence 
of the rate-determining step is only slight. A similar conclusion 
has been drawn by Goodall and Hardy4' from a kinetic study 
of cobalt( 111) ammine complexes in Me2SO-water mixtures. 
The postulate of solvent independence of kl can be checked 
by calculating EB for aqueous solutions. For the compounds 
under study the calculated p p B  values at 25 "C are then 18.3, 
17.7, and 17.5 for (nitrato)pentaamminecobalt(III), bromo- 
pentaamminerhodium(III), and (nitrat0)pentaammine- 
rhodium(III), respectively. In view of the fact that for hex- 
aammineruthenium(II1) and tris(ethylenediamine)cobalt(III) 
aqueous p e B  values of 14.9% and 13.14' (25 "C), respectively, 
have been reported, our calculated values are definitely too 
large. This means that the suggested assumption of medium 
independence of kl  cannot be maintained. 
Bromopentaamminerhodium(II1) gave a small contribution 

of spontaneous ammoniation (k,)  to the overall rate. The 

(40) Jolly, W. L. J.  Phys. Chem. 1954, 58, 250. 
(41) Goodall, D. M.; Hardy, M. J. J .  Chem. SOC., Chem. Commun. 1975, 

919. 

activation parameters of k, are A P  = 59 f 2 kJ mol-' and 
ASs = -132 f 6 J K-' mol-'. These values both are consid- 
erably lower than the ones found for spontaneous aquation 
(k, ) (see Table 111). The only cobalt(II1) complex studied 
so Par that showed spontaneous ammoniation is trans-di- 
chlorobis(ethylenediamine)cobalt(III), with U P  = 58 kJ mol-' 
and AS* = -47 J K-' mol-' for kS6 The activation parameters 
for spontaneous aquation for this complex are42 AlP = 11 5 
kJ mol-' and ASs = 55 J K-' mol-', so in both cases almost 
the same differences between spontaneous ammoniation and 
aquation appear. The relatively low values for AEP as well 
as AS* in both cases may indicate a more pronounced degree 
of solvent assistance in liquid ammonia than in water.6 
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Photon counting and chemical trapping have been used to determine the yields of dimeric 'Ag-state O2 that result from 
oxidation and proton-induced dismutation of OF. The results are consistent with theoretical predictions and indicate that 
those processes that involve adiabatic electron transfer or a triplet transition state favor formation of 'ZL-state 02. (e.g., 
the Fe111(C104)3-Op and the HCIO4-O2-. systems), and those that involve a singlet transition state favor formation of 
'A,-state O2 (e.g., the ferrocenium ion-02-. system). 

Several recent investigations describe the formation of 
singlet oxygen 02J1A,)) by oxidation of superoxide ion (02--) 
with ferrocenium ion' and diacyl peroxides2 and by dismutation 
of superoxide with proton s o ~ r c e s . ~ - ~  To further test the 
reaction chemistry of 02-., we have undertaken a study to 
determine by photon counting and chemical quenching the 
yield of dimeric6 'A,-state O2 from the oxidation and dismu- 
tation of 02-. in aprotic media. 

Reaction by electron transfer to a cation radical from an 
anion radical such as 02-. is likely to result in excited-state 
product molecules which may emit characteristic fluores- 
cence.'-1° Mayeda and Bard have shown that in the reaction 

of ferrocenium ion with 02-. singlet oxygen is a product.' This 
was detected by the chemical quencher 1,3-diphenyliso- 
benzofuran (DPBF), which has the largest rate constant, 8 
X lo8 M-' s-I, for quenching 02('A,).'1 However, lumines- 
cence was not observed. 

Under suitable conditions we have been able to measure the 
chemiluminescence due to the 02(lAg) that results from the 
oxidation of 02-.. Consistent with theoretical calculations, the 
formation of 02('$) is dependent upon substrates which favor 
singlet transition states in the electron-transfer process. 
Systems involving either adiabatic electron transfer or a triplet 
transition produce directly the 38; state of 02. To verify that 
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