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The equilibration between the mononuclear species cis-Rh(NH;),(H,0),** (and its
deprotonated forms) and the binuclear species cis, cis-(H,O)(NH;Rh(OH)Rh(NH,),-
(OH)* (and deprotonated forms) and (NH;),Rh(OH),Rh(NH,),** has been studied
at 25.0, 40.0, 60.00, 80.0 and 100.0°C in 1 M (Na,H)CIO, with [H*] = 1077-1.0 M
using spectrophotometry, supplemented with IE-HPLC studies. The results are
interpreted in terms of the equilibria given in the paper. Data for the equilibration
between the binuclear species have been published previously, and in the present
study the thermodynamic (K,/K;, K, and K;) and kinetic (ks/K,3, k4, ksand k_;, k_,
and k_s) data are given for the equilibration between mononuclear and binuclear
species. Kinetic data for the dimerization processes (k_;, k_, and k_s) for the
corresponding A,A binuclear species with 1,2-ethanediamine have been calculated on

the basis of data published previously.

Hydrolysis of aquated metal ions to form hydroxo-bridged
polynuclear complexes has been reported for most transi-
tion metals and is of great significance in the aqueous
chemistry of such ions.!?

The reactions are of relevance to solid-state physics and
geological processes (properties and formation of oxides)
and biology (many metalloproteins contain hydroxo-
bridged binuclear metal cenres). The kinetics for cleavage
of hydroxo bridges have been studied in detail for several
transition metals, as also have the kinetics of the intramo-
lecular hydroxo bridge formation. Intermolecular hydroxo
bridge formation reactions have been far less studied. The
first and fundamental reaction initiating these polymer-
izations is the condensation of two monomeric species, and
kinetic studies for this reaction are few and rather unsys-
tematic.?

We have recently studied the cleavage of the meso isom-
ers of the binuclear species A,A-(H,0)(en),Rh(OH)Rh-
(en),(H,0)** (and its deprotonated forms) to mononuclear
species in acidic solutions.® The equilibrium constants for
the equilibria between mono- and binuclear species were
also determined, and it was therefore possible to estimate
the rate constants for the dimerization reactions. The latter
estimate was, however, encumbered with some error, since
the ratio between meso and racemic isomers of the binu-
clear species was unknown, and it was assumed that they
were nearly equally stable. This has later been confirmed in
a recent study.* It was shown that the content of mononu-
clear species and both meso (A,A) and racemic (A,A/A,A)
binuclear species in the equilibrium solutions could be de-
termined quantitatively using IE-HPLC, and on this basis a
reasonably accurate estimate of the formation constants for
both isomers was obtained. Combination of these new ther-
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modynamic data with the kinetic data for the cleavage
reaction now permits the kinetic data for the dimerization
reactions (to give meso isomers) to be calculated, as shown
in the present study. In continuation of our studies of the
amine system we iniated a study of the corresponding am-
mine system, which is much simpler because of the absence
of optical isomers. The equilibrium between the mono-
hydroxo- and dihydroxo-bridged species has been studied
previously,’ and in the present study we report our results
for the thermodynamics and kinetics of the equilibria be-
tween the mono- and binuclear ammine rhodium(I1I) spe-
cies.

Experimental

Materials and instruments. The complexes cis-[Rh(NH,),-
(H,0)(OH)]S,0Oq, trans-[Rh(NH,),(H,0)(OH)](CIO,),,
cis, cis-[(HO)(NH,),Rh(OH)Rh(NH,),(H,0)](ClO,),- H,O
and [(NH;),Rh(OH),Rh(NH,),](ClO,), were synthesized
as described previously.%’ All reagents were of analytical
grade, and CO,-free doubly deionized water was used for
all measurements. A Perkin-Elmer diode-array spectro-
photometer was used for spectral measurements. The mo-
lar absorption coefficient ¢ is given in dm?® [mol Rh(III)] ™!
cm™! for both mononuclear and binuclear species, and the
wavelength A is given in nm. The pH measurements (Radi-
ometer equipment) and the ion-exchange high-perform-
ance liquid chromatography (IE-HPLC, Waters equip-
ment) were performed as described previously.*®

Synthesis of cis-[Rh(NH;),(H,0)(OH)](CIO,),. A mixture
of cis-[Rh(NH,),(H,O0(OH)]S,0¢ (2 g, 5.5 mmol) and an
aqueous saturated solution of NaClO, (50 ml) was stirred at



800 |-

400 -

&M cm™!
} .

250 300 350 400
A/nm

Fig. 1. Absorption spectra of an equilibrium mixture of the
binuclear species (A), the mononuclear species (D), and of
equilibrium mixtures of the mononuclear and binuclear species
made at 100°C using Cg, = 0.018 M (B) and Cg, = 0.005 M
(C), in 1 M NaClO,.

room temperature for 1 h. The precipitate was filtered off,
dissolved in water (200 ml), and then an aqueous saturated
solution of NaClO, (200 ml) was added to the filtered
solution. After a few minutes the precipitate was filtered
off, washed twice with 5 ml 50 % ethanol, three times with
10 ml 96 % ethanol, and then dried in the air. Yield 1.1 g
(50%) of pure cis-[Rh(NH,),(H,O)(OH)](CIO,),. The
VIS-UV spectrum was identical with that previously re-
ported for the dithionate salt.® The IE-FHPLC elution curve
was identical with that of pure cis-[Rh(NH,),(H,0)-
(OH)]S,04 and showed that the product was more than
99.5 % pure.

Determination of acid dissociation constants. The second
concentration acid dissociation constant, K,,%, of cis,cis-
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Fig. 2. |IE-HPLC: elution curve of an equilibrium mixture of
the mononuclear and binuclear species made at 60°C with
Cqn = 0.25 M. (A) cis-Rh(NH,),(H,O)(OH)?*,

(B) (NH,),Rh(OH),Rh(NH,),** and (C)
cis,cis-(H,0)(NH,),Rh(OH)Rh(NH;),(OH)*+.
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(H,0)(NH,),Rh(OH)Rh(NH,;),(H,0)’* was determined
by glass-electrode measurements as described previously
for its determination at 25°C.° This gave pK,,® = 8.505(2)
at 40.0°C, which, together with the value determined pre-
viously at 25°C, gave the thermodynamic parameters given
in Table 1.

Determination of K by spectrophotometry. Equilibrium so-
lutions were obtained by heating solutions of either cis-
[Rh(NH,),(H,0)(OH)|(CIO,), or [(NH;),Rh(OH),Rh-
(NH,),](C10,), in 1 M NaClO,, kept in glass ampoules, at
60.0, 80.0 and 100°C for 210, 18 and 3 h, respectively. It
was not possible to measure the absorption spectra at the
equilibrium temperatures owing to an ineffective thermo-
statting of the cell compartment at the highest temper-
atures. Instead, all spectra were measured at 40 °C after the
solutions had been kept for 7 h at this temperature. During
this time re-equilibration between the monohydroxo- and
dihydroxo-bridged species (K;) is established (¢,, = 1 h),’
while the reactions between the mono- and binuclear spe-
cies are insignificant, as can be seen from the kinetic data in
the present work. The concentration of the sum of the
mononuclear species, C,, and the sum of the binuclear
species, C4, was calculated from the absorption spectra
using eqn. (1).
Co/Cor = (Eeq — Emonomer)/ 2(Eaimer — Ecq) (1)

In eqn. (1) €uonomers Edimer aNd €, are the molar absorb-
ances of a solution of cis-[Rh(en),(H,0)(OH)](CIO,),, an
equilibrium solution of the monohydroxo- and dihydroxo-
bridged binuclear species, and the re-equilibrated equilib-
rium solutions, respectively, all measured at 40°C. These
calculations were in each experiment based upon absorb-
ances measured at 131 different wavelengths in the region
260-390 nm. Additional experiments in which the solutions
were heated for longer periods gave the same result. The
actual concentrations of cis-Rh(NH;),(H,0)(OH)** and
cis, cis-(H,0)(NH;),Rh(OH)Rh(NH;),(OH)** in the origi-
nal equilibrium solutions (60.0, 80.0 and 100°C) were
then calculated using the known equilibrium constants for
the relevant acid-base equilibria (Table 1) and the equi-
librium constant for the equilibrium between the mono-
hydroxo- and dihydroxo-bridged species: K; = 3.029(38),
AH® = 1.63(115) kJ mol™! and AS® = 14.67(377) J mol™!
K~! (from Ref. 5, but to more decimal places than given in
this reference, calculated from the original data). This gave
the resuits shown in Tables 2 and 3; see also Fig. 1.

Determination of Ky by IEFHPLC measurements. Equilib-
rium solutions made as described above were analyzed
following the same procedure as described previously* for
the analogous 1,2-ethanediamine system. The concentra-
tions of the mononuclear species and of the monohydroxo-
and dihydroxo-bridged species were calculated from the
relative peak areas, and the equilibrium constant K; was
then calculated as above (Fig. 2).
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Table 1. Acid dissociation constants for the mononuclear and binuclear species in 1 M NaClO, and at 25°C.2

Complex pK.,® AH° AS° Ref.
/kJ mol~! /J mol~' K™!

cis-Rh(NH,),(H,0),%* 6.391(9) 44.9(16) 28(5) 10
8.356(7) 42.6(11) —-17(4) 10

cis, cis-(H,0)(NH,),Rh(OH)Rh(NH,),(H,0)%* 3.406(8) 52.6(16) 111(5) 5
8.797(14) 34.8(17) —52(5) 5¢

cis-Rh(en),(H,0),** 6.338(2) 43.2(6) 23(2) 11
8.244(2) 41.9(8) -17(3) 4, 11

A,A-(H,0)(en),Rh(OH)Rh(en),(H,0)%* 2.372(7) 28(4) 49(13) 11
9.128(7) 39.5(6) —42(2) 4, 11

#Standard deviations have been given in parentheses in units of the last digit. °pK, = —log (K,/M). °From data determined at 25°C

in Ref. 5 supplemented with new data at 40°C made in the present study.

Kinetic measurements. Reactant solutions were made by
dissolving [(NH,),Rh(OH),Rh(NH;),J(CIO,), in 1 M
(Na,H)CIO, solution. For the conditions used, the reaction
to mononuclear species has half-lives from minutes to 10
days. Some kinetic experiments were based upon repetitive
scanning of the absorption spectra, but most experiments
were made using aliquots of the solution, kept separately in
glass ampoules in the dark. Pseudo-first-order rate con-
stants, k., were calculated as described previously.® In
each kinetic run the rate constants were calculated on the
basis of absorbances measured at 131 different wavelengths
in the region 260-390 nm.

The hydrogen-ion concentration changed slightly during
a kinetic experiment. The hydrogen-ion concentration in
the original equilibrated solutions of binuclear species,
[H*]y, and in the final solutions of mononuclear species,
[H*].,, was calculated from the solution stoichiometry us-
ing the thermodynamic parameters given in Table 1 and the
values of K, given above. For solutions with [H*], > 1072
M, the variations of the hydrogen-ion concentration were
< 2%. At lower [H*], larger variations were calculated
(5% for [H*], = 0.005 M and Cy, = 1.8x107* M), but in
this region the observed dependence of k,, on [H*] is

Table 2. Spectrophotometric determination of K5 in 1 M NaClO,.

T/°C Can/M Ki(obs)/M K(calc) /M
100.0 0.018 0.0382 0.0369
100.0 0.010 0.0385 -
100.0 0.010° 0.0329 ~
100.0 0.005 0.0357 -
80.0 0.01 0.0327 0.0298
80.0 0.01 0.0311 -
60.0 0.01 0.0223 0.0235
60.0 0.01 0.0232 -

2The values of K; have been obtained by non-linear regression
analysis which gave the thermodynamic parameters in Table 3.
®In this experiment the equilibrium solution was made by
starting with a solution of monomer, while ali the other solutions
were made starting with the salt of the binuclear species.
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small. For solutions in pure 1 M NaClO,, it was found by
glass-electrode measurements that pH in the product so-
lutions was 7.5, which is close to the theoretical value (7.4
at 25.0°C) calculated from the data in Table 1. It is there-
fore concluded that the variations in [H*] during a single
experiment can be ignored and that pseudo first-order con-
ditions can be assumed. The value [H*] = 1/2([H*], +
[H*].,) was then used in the following calculations.

The activation parameters were fitted by minimizing the
sum of (In k,,, — In k)% the values of k., being defined
by eqn. (2) and k = (kgT/h) exp (AS*/R — AH'/RT)
(Table 4 and Fig. 3).

Resuits
Equilibrium studies. The (NH;),Rh(OH),Rh(NH;),** ion
undergoes bridge cleavage in neutral and acidic solution to

Table 3. Thermodynamic data for the equilibria between
mononuclear and binuclear species at 25°C in 1 M NaClO,.

Reaction K AH° AS°
/Mor 1 /kJ mol~" /Jd mol~' K1
Ky/K,3 (NHy) 3.6(8)x107  —25.5(31) 59.2(86)
(en) 1.4(3)x10®  —42(5) 18(16)
- [2.8(6)x 107] [24(16))
K,  (NHy) 14.3(30) 19.4(27) 87.2(70)
(en) 65(13) 2(5) 41(16)
- [130(26)] {47(16)]
Ks  (NH,) 14.3(15)x107%  11.7(16) 3.9(44)
(en) 7.0(20)x107%  17(3) 14(9)
- [14(4)x 1077 [20(4)]
K;  (NH,) 4.0(5)x1072  19.5(26) 38.9(78)
(en) 5.4(7)x102  19(3) 40(10)
- [10.8(14)x 1073 [46(10)]

2The parameters for the ammine system are defined as shown
in Scheme 1 and eqn. (2). The parameters for the 1,2-
ethanediamine complexes are defined as shown in the
Appendix, and have been calculated from data in Ref. 4.
Statistically corrected values, given in square brackets, have
been calculated as shown in the Appendix.
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Scheme 1. Reaction scheme for the equilibrium between mononuclear and binuclear species.

give the mononuclear species cis-Rh(NH;),(H,0),** and its
deprotonated forms. The bridge cleavage occurs in two
kinetically well separated steps. Equilibrium between the
monohydroxo- and dihydroxo-bridged species in acidic and
neutral solution has previously been shown to involve the
equilibria shown in the upper part of Scheme 1.° In the
present work the equilibria between the mononuclear and
binuclear species have been studied (lower part of Scheme
1). In acidic solution these equilibria are shifted almost
completely to the mononuclear species (see also below),
and spectroscopic determination of the equilibrium con-
stants is therefore not possible in this region. Equilibrium
studies were therefore restricted to almost neutral so-
lutions, which for large rhodium(III) concentrations con-
tain significant amounts of both mononuclear and binuclear
species. The equilibrium solutions were analyzed by spec-
tral measurements in the VIS-UV region and by ion-ex-
change high-performance liquid chromatography (IE-
HPLC).

Equilibrium solutions were obtained by heating solutions
of either cis-[Rh(NH,),(H,0)(OH)](CIO,), or [(NH;),Rh-
(OH),Rh(NH,),](C10,), in 1 M NaClO,, as described in
the Experimental section. The spectra were identical for
solutions initially containing mononuclear and binuclear
species, respectively, and they could be reproduced as lin-
ear combinations of the spectrum of cis-[Rh(NH;),(H,0)-
(OH)](C10,), in 1 M NaClO, and the spectrum of an equi-
librium mixture of the binuclear species in 1 M NaClO,
(curves A and D in Fig. 1). It is therefore concluded that
the stoichiometry can be expressed as the bridge-cleavage
reactions together with the relevant acid-base reactions
shown in Scheme 1. The equilibrium constant K5 was then
calculated from the spectra as described in the Experi-
mental section. It is seen that there is reasonable agree-
ment between the observed and calculated constants (Table
2) and that the parameters AH° and AS® are well defined
(Table 3). The other equilibrium constants, K;, K, and K,

were calculated as described in the Appendix. [K; and K,
are defined in Scheme 1 and Kj is defined in eqn. (2).]

[cis-Rh(NH.),(H,0)(OH)] cis-Rh(NH),(OH),"]
Ke = {cis,cis(OH)(NH,),Rh(OH)Rh(NH,),(OH)""]

The above result was confirmed by IE-HPLC analysis of
an equilibrium solution with Cg, = 0.25 M made at 60°C.
As seen from Fig. 2, the equilibrium contains three major
components, identified as cis-Rh(NH;),(H,0)(OH)**,
cis, cis-(H,0)(NH,),Rh(OH)Rh(NH,) (OH)** and (NH,),-
Rh(OH)Rh(NH,),**, respectively, by comparison with the
elution curves of the authentic species. Furthermore, it was
shown that this analysis can clearly distinguish the cis and
trans isomers of the mononuclear species. The IE-HPLC
analysis therefore shows that the content of the trans isom-
ers in the equilibrium mixture must be negligible. The
minor peaks in the front of the elution curve are probably
carbonato complexes, as discussed previously in connection
with the analogous 1,2-ethaneiamine system, but were not
further identified. The equilibrium constant K5 was then
calculated from the relative peak areas. This gave K =
0.019 M, which is in reasonable agreement with the spec-
troscopically determined value K = 0.023 M (60°C). The
difference between the two values is probably mainly due
to the difference in ionic strength, which is 1.0 M for the
spectroscopically determined value, while it is significantly
larger than one for the IE-HPLC experiment because of
the large concentration of complex (Cg, = 0.25 M). It
should be noted that the same experiment gave K, = 3.0,
which is in agreement with the more accurate value K, =
3.25(0.12) reported’® previously. (Since K, refers to a reac-
tion between equally charged complexes, it is expected to
show only a small dependence on the ionic strength.)

Kinetics of the cleavage of singly bridged species. The cleav-
age of the monohydroxo-bridged species to give the mono-
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Table 4. Kinetic data for the equilibration between mononuclear
and binuclear species at 25°C in 1 M NaClIO,.?

Reaction k AH?F AS?
/sTTorM's'  /kJ mol! /J mot~' K-!
ks/K.; (NHa) 221(10)x10°5  76.9(15) —76.2(48)
(en) 3.48(15)x107% 78(4) —68(14)
ke (NH,) 3.78(40)x10°7  121.7(23)  40.2(68)
(en) 1.91(8)x10®  116(3) 34(10)
- [3.82(15)x1079) [40(10)]
ks (NHy) 1.56(15)x10~7  97.5(17) —48.2(49)
(en) 2.30(10)x10~7  107(2) -12(6)
ks  (NHy) 6.1(14)x10°®  102.4(34) —135.4(10)
(en) 2.47(5)x10"®  120(6) —86(21)
- [1.24(3)x107 %] [—92(21)]
k.. (NH) 2.7(6)x10-8 102.3(35) —47.0(97)
(en) 2.96(59)x1078  114(6) -7(19)
k_s (NHy) 1.09(16)x 10~ 85.8(23) —52.1(66)
(en) 3.3(6)x10°% 90(4) —-27(11)
- [1.65(3)x1079] [-33(11)]

“The parameters for the ammine system are defined as shown
in Scheme 1. The parameters for the 1,2-ethanediamine
complexes are defined as shown in the Appendix. For this
system the values for k,, k, and ks have been taken from Ref. 3
(note that k, is for the cleavage of one Rh—O bond), and the
other parameters have been calculated using published data as
discussed in the text. Statistically corrected values, given in
square brackets, have been calculated as shown in the
Appendix.

nuclear species was studied spectrophotometrically at five
temperatures (25.0, 40.0, 60.0, 80.0 and 100.0°C), and the
hydrogen ion concentration was varied from 1077 to 1.0 M
(see Experimental). The visible-ultraviolet spectra of the
final product solutions were compared with the spectra
of solutions of cis-[Rh(NH;)(H,0)(OH)]S_,0O¢ in 1 M
(Na,H)CIO, with the same [H*]. For solutions with [H*] =
5x107-1.0 M, it could be concluded that hydrolysis to
mononuclear species is quantitative. For solutions with
[H*] = 1077 M (1 M NaClO,), the spectra also indicated
quantitative formation of the mononuclear species, but
only when the complex concentration was low (87 % com-
pletion at 60°C and 94 % completion at 100°C for Cy, =
1.8x1073 M, see above). In order to eliminate influence
from the back-reaction (k_), values of &, for 1 M NaClO,
were calculated on the basis of absorbances measured only
during the first part of the reaction (two half-lives), and the
spectrum of cis-{[Rh(NH,),(H,0)(OH)](ClO,), in 1 M Na-
ClO, was defined as the product spectrum and included the
calculations.

The observed rate constants vary with [H*], as shown in
Fig. 3. The [H*] dependence is consistent with Scheme 1.
The equilibration between the binuclear species is more
than 400 times faster than the cleavage of the mono-
hydroxo-bridged species over the entire [H*] region, and it
therefore follows that the monohydroxo-bridged species
are in equilibrium with the dihydroxo-bridged species
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throughout the entire reaction. This leads to the expression
shown in eqn. (3).

(ks/K)[H'F + k[H*] + ksK,°

k b
cale [H*] + K%K, + K,,° )

The parameters for k,/K,;, k, and ks were then deter-
mined by non-linear least-squares calculations using the
known thermodynamic parameters for K, and K,°. It is
noted that there is satisfactory agreement between ob-
served and calculated rate constants (Fig. 3), and that all
parameters are well defined (Table 4). The rate constants
for the condensation reaction k_;, k_, and k_s5 were then
calculated as described in the Appendix.

The rate constants k_;, k_, and k_; for the corresponding
1,2-ethanediamine system have been calculated from pub-
lished data®* as shown in the Appendix, and are given in
Table 4.

Discussion

The reaction scheme for the present ammine system shown
in Scheme 1 is identical with that previously proposed for
the 1,2-ethanediamine system.® The kinetic and thermo-
dynamic data (with few exceptions discussed below) for the
two systems are very similar, as seen in Tables 3 and 4.
Most of the comments given previously in connection with
the 1,2-ethanediamine system are therefore also relevant
for the present study and will be mentioned only briefly
here.

A significant difference between the two systems is that
AH?(ks) and in particular AS*(ks) for the ammine system
are smaller than those of the 1,2-ethanediamine system.
Following our recent discussions’ it seems reasonable to
explain this difference in terms of a different degree of
hydrogen-bond stabilization of the aquahydroxo species
cis, cis-(HO)(NH,),Rh(OH)Rh(NH,),(H,0)**. In Scheme
2 it is shown how the aqua hydroxo species may exist in two
forms, one of which is stabilized by an intramolecular hy-
drogen bond. The existence of the latter conformation in

- | ! | 1 L ! I !
/ 2 4
—log (H*/M)

Fig. 3. Observed and calculated (solid line) rate constants for
the equilibrium reaction.
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Scheme 2. The monohydroxo-bridged aquahydroxo species
may exist in two configurations, and it is proposed that the
intramolecular hydrogen-bonded form is significantly more
stable kinetically than is the other configuration.

the solid phase has been established by a crystal structure
of the 1,2-ethanediamine iridium(III) analogue,® and its
existence as the dominant form in aqueous solution has
been shown unambigously on the basis of variations in the
acid strength of a series of mono- and binuclear species.?
For the present systems the values Ky(NH;) = 250 and
Ky(en) = 1260 have been estimated.”? It follows that the
observed rate constant for the cleavage may be expressed
as the sum of the rate constants for cleavage of the two
species in Scheme 2, which for Ky >> 1 gives eqn. (4).

ks = ks,/Ky + k5b (4)

As pointed out previously, the influence of this stabiliza-
tion on the kinetics depends on the transition-state struc-
ture, i.e. whether the intramolecular hydrogen-bond is bro-
ken or not prior to the formation of the transition state. It
was previously shown that the kinetic data for the 1,2-
ethanediamine system support the former mechanism,
which in terms of Scheme 2 corresponds to ks,/ Ky >> Kq,.
This leads to the approximative expression eqn. (5), and

ks = ks, /Ky 5)

using the known values for Ky, the rate constants for
cleavage of the non-hydrogen-bond stabilized species may
then be calculated: k5,(NH;) = 3.9x107% s7! and ks, (en) =
2.9%107*s7!. Since the rate constant k, also refers to cleav-
age of species which are not hydrogen bond stabilized, it
seems reasonable to expect the two ratios ks,(en)/ks,(NH,)
= 6 and k,(en)/k,(NH;) = 10 to be similar. This is seen to
be the case. This result seems to support our earlier pro-
posal® that the transition-state structure does not (to any
large extent) involve a hydrogen bond between Rh—-OH
and Rh—OH,. This is in conflict with a proposal® that dimer-
ization involves, as a reactive species, hydrogen-bonded
pairs of mononuclear cations. The formation of the latter
species may be important in some systems, but will in those
cases stabilize the mononuclear species, thermodynami-
cally as well as kinetically.

Following the discussion above, it seems reasonable to
expect that the ratios ky(en)/k;(NH,) and k,(en)/k,(NH;)
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are similar. This assumption makes it possible to estimate
that K,(en)/K,;(NH,;) = 6. This is in keeping with esti-
mates of the relative acidities of the aqua bridge in a series
of ammine and 1,2-ethanediamine dibridged species of
chromium(I1I), rhodium(III) and iridium(III), obtained by
the same kind of arguments.”

The rate constants for the condensation reactions vary in
a similar way for the two systems. The roughly estimated
values given recently for the amine system (25 °C) are simi-
lar to the more correct values given here, so the previous
comments on the amine system® are valid for both systems,
and will not be discussed here. The activation parameters
for the amine system have not been given before and may
now be compared with those for the ammine system. It is
seen that both the enthalpy and the entropy of activation
are smaller for the ammine system than for the amine
system. The difference in entropy of activation is in agree-
ment with the expected decrease in solvation on going from
amine to ammine complexes.

The variation of the equilibrium constants K,—K; is
nearly the same for the ammine and the amine systems, and
as pointed out previously,® the significant stabilization of
the 4+ charged monohydroxo-bridged species is explained
in terms of the intramolecular hydrogen bond. [The ob-
served order is K, >> K, < K{ in contrast to the expected
(on the basis of charge considerations alone) order K, > K
> K]

Conclusions

It is concluded that the present new data for the ammine
system show trends which are parallel to those obtained for
the amine system, thereby supporting the mechanistic and
thermodynamic results presented earlier. In addition the
new data have now made it possible to study the variation
imposed by changing the non-bridging ligands, and this has
added new evidence in favour of earlier proposals. The
reactions between the mono- and binuclear species can be
understood fairly well in terms of the properties known
from the substitution chemistry of the mononuclear species
and properties which are due to the interactions between
the two metal centres. Of the latter type, intramolecular
hydrogen-bond formation is of particular importance, as
also found for the reactions between monohydroxo- and
dihydroxo-bridged species. Strong evidence points to the
proposals that this type of interaction tends to stabilize the
binuclear species, not only thermodynamically, but also
kinetically.

Appendix

In the present ammine system the equilibrium constants
KK and their respective rate constants are defined as
shown in Scheme 1. K is defined in eqn. (2) above. The con-
stants K;/K,;, K, and K, were calculated using eqns. (6)—(9).

KK, = (ky/K3)lk_3 = KaldKS/(Kalm)Z (6)
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K, = kik_y = Ka1dK5/Ka1m (7)
Ks = kdk_s ®
K = k,"K Kazd O]

In eqn. (9) K,,™ is the acid dissociation constant of cis-
Rh(NH,),(H,0)(OH)** and K,,® is the acid dissociation
constant of (H,0)(NH;),Rh(NH,),(OH)**. The rate con-
stants for the condensation reactions were then calculated
from the known constants for the cleavage reactions using
eqns. (6)—(9).

In the following we discuss the definitions of the con-
stants for the 1,2-ethanediamine system and use the abbre-
viations for the different species as illustrated below:

A,A-dimer** = A,A-(HO)(en),Rh(OH)Rh(en)(OH),**

A-monomer** = cis-A-Rh(en),(OH)(OH,)**

monomer** = A-monomer** + A-monomer**
(equimolar amounts)

One way to define the constants for meso-A,A-1,2-
ethanediamine system is shown in eqns. (10)—(13). These
definitions are similar to the definitions for the present
ammine system and were used in our first study of the
amine system.

[monomer3*)?
’ _ ’ ’ = 10
K3 /Kaii (k3 /Ka3)/k—3 [A,A'dimers+][H+] ( )
e Rk [monomer**][monomer?*} 1
K= btk = [A,A-dimer**] (D
K = kel [monomer**]? i
57 T A, A-dimer*] (12)
[monomer**}[monomer*]
t= (13)

6 [A,A-dimer**]

These constants, however, are valid only for solutions in
which the amount of A- and A-isomers of the mononuclear
species are equal, and only their sum is considered. More
general definitions refer to the actual concentrations of the
individual species and are given in eqns. (14)—(17).

[A-monomer**][A-monomer’**]
[A,A-dimer*][H*]

KyK,; = (kyK)lk_y = (14)
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[A-monomer**][A-monomer?*]

K, =kik_, =
T [A,A-dimer’*]
(15)
[A-monomer?**][A-monomer’*]
h [A,A-dimer**]
K = ik [A-monomer**][A-monomer?*]
ST T [A,A-dimer**] (16)
K [A-monomer**][A-monomer*]
6 [A,A-dimer**]
[A-monomer*][A-monomer?*]
= 17)

[A,A-dimer**]

It should be noted that k, is the microscopic rate constant
for the cleavage of one particular Rh—O bond, while k; and
ks correspond to the cleavage of one of the two Rh-O
bonds. Likewise, k_, is the microscopic rate constant for
the formation of the binuclear species from one of the two
different enantiomeric pairs of mononuclear species. The
constants for the 1,2-ethanediamine system given in Tables
3 and 4 were calculated from published data as follows. The
value for K is equal to 1/K4(A,A) taken from Ref. 4, and
the other equilibrium constants were then calculated using
eqns. (14)—(17). The rate constants k4/K,; and k, are equal
to the respective values in Ref. 3, while k, is equal to 4 k,in
Ref. 3. The constants k_;—k_s were then calculated using
eqns. (14)-(17).

When comparing these constants with those of, e.g., the
ammine system, one has to make a statistical correction,
owing to the fact that in the amine system, condensation
may also lead to racemic isomers (see also below). The
relations between the three sets of constants for the
meso-1,2-ethanediamine system are given by eqns. (18)-
(24).

K, =K/ = 1K, i = 3-6 (18)
ky = ky' = k™ (19)
ky = 3k = 3k (20)
ks = ks’ = ks** (21)
k_y = 4k_y' = 2k_™ (22)
3
k_y=2k_) = k_*™ (23)
k_s = 4k_s' = 2k_&™ (24)



For the corresponding racemic binuclear species (A,A
and A,A), the equilibrium and rate constants K, k; and
k_,' are defined as shown above in eqns. (10)—(13), but now
A,A-dimer?* means the sum of the corresponding A,A- and
A,A-isomers.

The constants K, k; and k_; for the A A-isomers are
defined as shown in eqns. (25)-(28), and similar equations
may be written for the A,A isomers.

[A-monomer**)?

K3/K33 = (kS/Ka3)/k~3 = [A,A-dlmelj+][H+] (25)
[A-monomer®*][A-monomer?*]
K= kdky = [A,A-dimer*) (26)
[A-monomer** ] -
K = kks = [A,A-dimer**] @7
[A-monomer?*][A-monomer*]
= (28)

K= [A,A-dimer’*)

The relation between these constants and the statistically
corrected constants are given by eqns. (29)—(31).

K,‘ — %Ki’ = Kista! (29)
k= k' = k> (30)
ko =2k =k i=36 €2Y)
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