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The e(luilibration reaction between the mononuclear species cis-Ir(NH;),-
(H,0),”" (and its deprotonated forms) and the dinuclear species cis,cis-
(H,0)(NH;),Ir(OH)Ir(NH;),(OH,)°* (and deprotonated forms) and
(NH,),Ir(OH),Ir(NH;),** has been studied at 60—100°C in 1 M (Na,H)CIO,
with [H*}=10""~1.0 M using spectrophotometry and IE-HPLC. The corre-
sponding 1,2-ethanediamine complexes were also studied. The results are inter-
preted in terms of the equilibria between the mononuclear and dinuclear (mono-
and dihydroxo-bridged) species, and in the case of the 1,2-ethanediamine system
also including meso (A,A) as well as racemic (A,A/A,A) dinuclear species. Data for
the equilibria between the dinuclear species have been published previously, and
in this study the thermodynamic (K;/K,;, K, K5 and K;) and kinetic (k;/K 5, k4
and ks and k_ 5, k_, and k _ 5) parameters for the equilibria between mononuclear

and dinuclear monohydroxo-bridged species are given.

Hydrolysis of aqua-metal ions to form hydroxo-bridged
polynuclear complexes has been reported for most tran-
sition metals and is of significance in the aqueous chem-
istry of such ions.!™ These reactions are of relevance to
geological processes (properties and formation of oxides)
and biology (many metalloproteins contain hydroxo-
bridged dinuclear metal centres). An important reaction
in the initial stage of these polymerization reactions is the
equilibrium between the mono- and dihydroxo-bridged
species exemplified in the upper part of Scheme 1. Equi-
libria between mono- and dihydroxo-bridged species of
chromium(III), rhodium(IIl) and iridium(III) have been
studied extensively during the last two decades, and the
mechanistic aspects of this type of reaction are now fairly
well understood.'? Equilibria between these monohy-
droxo-bridged species and their parent mononuclear spe-
cies are less studied.! Recently detailed kinetic studies of
the rhodium(III) systems with ammonia and 1,2-
ethanediamine (A,A-isomers) have been reported,*~® and
we report here our results for the corresponding ammine
and amine complexes with iridium(III).

Experimental

Materials and instruments. All coordination compounds
were prepared as reported previously.””® All reagents
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were of analytical grade, and distilled water was used for
all measurements. A Perkin Elmer diode array spectro-
photometer was used for spectral measurements. The pH
measurements were made using Radiometer equipment
as reported previously.'® The ion-exchange high-perform-
ance liquid chromatography (IE-HPLC, Waters equip-
ment) was performed as described previously.® In all ex-
periments the eluent was 0.19-0.22 M Na,SO,.

Determination of acid dissociation constants. The concen-
tration acid dissociation constants of cis-Ir(en),(H,0),> *
were determined by titration of a solution of cis-
[Ir(en),(H,O)(OH)](ClO,), in an excess of perchloric
acid with sodium hydroxide at an ionic strength of 1 M
kept constant with sodium perchlorate. The determina-
tions were made at 44.9°C and gave the values
pK,, =5.604(28) and pK,,=7.533(10). Using these val-
ues, together with previously published’ values at 25°C,
the AH® and AS° values were calculated (Table 1).

Determination of the dimerization constants. Equilibrium
solutions of the ammine complexes were obtained
by heating solutions of either cis-[Ir(NH;),(H,O)-
(OH)](C10,),"'H,0 or [(NH,),Ir(OH),Ir(NH,),]-
(C10,),-2H,0 in 1 M NaClO,, kept in glass ampoules, at
65.0, 85.0 and 100.0°C for 180, 25-50 and 7-8 days,
respectively. Here and in the following the temperatures
were normally kept constant within +0.05°C, but in a
few cases the errors were +0.1°C. The ampoules were



Table 1. Acid dissociation constants for mononuclear (K,™)
and dinuclear (K,%) ammine and 1,2-ethanediamine iridium(lll)
species at 25°C in NaClO,*

AH° As®
Constants  Value /kdmol™"  /Jmol™'K™" Ref.
pK,," (NH;) 6.265(7) 44.8(12)  30(4) 8
(en) 6.145(8) 49.4(27) 48(9) This
work®
pK,,™ (NH;) 8.088(9) 46.6(12)  1(4) 8
(en) 8.001(11) 42.7(13) —10(4) This
work®
pK,,° (NH;) 3.115(4) 42.5(7)  83(2) 8
(en) 1.91(2) 10.8(67) -1(22) 9
pK,,% (NH;) 9.012(8) 58.9(12)  25(4) 8
(en)  9.04(3) 53.3(50) 6(14) 9

? See also Scheme 1. For the 1,2-ethanediamine species pKad
are for the A,A-isomers. Here and in the following standard
deviations are given in parenthesis in units of the last decimal.
® AH° and AS° have been calculated from previously pub-
lished values of pK,™ at 25°C (Ref. 7) and values of pK,™ at
45°C determined in this study.

frozen and kept at — 18°C until they were used for the
IE-HPLC measurements. The IE-HPLC measurements
(Fig. 1) were made at 25°C. The frozen samples were
melted and then kept at 0°C for as short a time as pos-
sible before the measurements, in order to avoid re-equili-
bration at 25°C between the monohydroxo- and di-
hydroxo-bridged species. The equilibrium solutions of
the 1,2-ethanediamine complexes were made similarly
starting with cis-[Ir(en),(H,O)(OH)](ClO,), or AA-
[(en),Ir(OH),Ir(en),] (CIO,), and heated at 65.0, 85.0
and 100.0°C for 180, 25-29 and 3-4 days, respectively.

The concentrations of the mononuclear species and of
the monohydroxo- and dihydroxo-bridged species were
calculated from the relative peak areas as described pre-
viously.” The molar absorption coefficients of the uniden-
tified mono- and dinuclear species were assumed to be
equal to those of the known mono- and dinuclear spe-
cies, e.g. for the ammine system equal to those of

HYDROXO-BRIDGED DIRIDIUM(iIl) COMPLEXES

cis-[I(NH,),(H,0)(OH)P’*  and  [(NH,),Ir(OH),-
Ir(NH,),]**, respectively. Likewise, the molar absorp-
tion coefficients of racemic complexes with 1,2-ethanedi-
amine were assumed to be equal to those of the
corresponding meso isomers. It is noted that even a rela-
tively large error for these estimated molar absorption co-
efficients will only cause a minor error in the estimated
values for K5 and no error in the estimates for K,. For
example, for the ammine system it is calculated that if the
estimated molar absorption coefficients are increased by
509%, then the values for K will increase by 8-14 9. Fur-
thermore, the observation that the values for K are nearly
the same for different C;, values suggests that the present
estimates for the molar absorption coefficients are rea-
sonable. The equilibrium constants K, and K were then
calculated as described under Results. (See also
Tables 2-6.)

Kinetic measurements. Reactant solutions were made by
dissolving either [(NH,),Ir(OH),Ir(NH,),](ClO),"H,O
or A,A-[(en),Ir(OH),Ir(en),] (ClO,), in 1 M (Na,H)CIO,
(C,,=14x10"°-4x10"* M). Under the conditions
used, the reaction to mononuclear species has half-lives
from 1 h to 108 days for the ammine system, and for the
amine system the half-lives are from 1 h to 80 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 using non-linear regression
analysis. In each kinetic run the rate constants were cal-
culated on the basis of absorbancies measured at 161
different wavelengths in the region 240-400 nm.

The hydrogen ion concentration changed slightly dur-
ing a kinetic experiment. The hydrogen ion concentration
in the original equilibrated solutions of dinuclear species,
[H* ], and in the final solutions of mononuclear species,
[H" ], were calculated from the solution stoichiometry
using the relevant thermodynamic parameters given in
Tables 1 and 2. For solutions with [H* ]J,> 102 M the
variations of the hydrogen ion concentration were <49;.

K
Table 2. Thermodynamic data for the equilibrium:® L,M(OH),ML,** +H,0 == (H,0)L,M(OH)ML (OH)* ™.

AH® AS°
M L Configuration K, /kd mol ™" [J7TKT! Ref.
cr(in (NH,), 0.32(1) 6(4) 11(14) 10
Rh(ll) (NH;), 3.03(4) 2(1) 15(4) 11
Ir(1) (NH;), 3.3(6) -2(3) 2(9) 8
- - 3.4(1) —4(5) -2(13) This work
- - 3.4(4) -4(2) -1(5) b
cr{ln) (en), AA 0.75(2) -3(1) -13(3) 10, 12
Cr(l) (en), AA/AA 0.22(3) -2(4) -19(13) 10, 13
Rh(lll) (en)2 AA 11.2(5) —-14(3) —-28(8) 14
Rh(Ill) (en), AA/AA 1.89(4) -9(1) —23(4) 5
Ir(IN) (en), AA 5.7(8) —2(5) 10(15) 9
Ir(H1) (en), AA/AA 0.99(17) —-4(3) -13(7) This work

?1 M NaCiO,, 25°C. ® Calculated from the values of K,(65—100°C) obtained by IE-HPLC in this study combined with our
previous* values of K,(35—100°C) determined by spectrophotometry.
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At lower [H "] larger variations were calculated (69, for
[H*],=0.005 M and C;,=4 x 10~* M), but in this re-
gion the observed dependence of k., on [H* ] is small.
It is therefore concluded that the variations in [H ™ ] dur-
ing a single experiment can be ignored, and that pseudo-
first-order conditions can be assumed. The value
[H"]=1/2((H" ]o+[H" ].4) was then used in the fol-
lowing calculations.

For solutions in pure 1 M NaClO, it was found by
glass-electrode measurements that pH values in the prod-
uct solutions were in the region 6—7. In this pH region the
observed rate has practically no dependence on the pH,
but as mentioned under Results there is a considerable
formation of by-products. In the following calculations of
the kinetic data the theoretical values for the final con-
centrations of the hydrogen ions were used and were ob-
tained using pH = !/2(pK,, + pK,,), where pK,, and pK,,
are the acid dissociation constants of the mononuclear
diaqua species (Table 1).

The activation parameters were fitted by minimizing
the sum of [In(k,,) — In(k,,.)]° the values of k. being
defined by eqn. (1) and k&, =(kgT/h)exp(AST/R -
AH*/RT).

Results

Stoichiometry and determination of dimerization constants.
The (NH,),Ir(OH),Ir(NH,),** ion undergoes bridge
cleavage in neutral and acidic solution to give the mono-
nuclear species cis-Ir(NH,),(H,0),** and its deproto-
nated forms. The bridge cleavage occurs in two kineti-
cally well separated steps. Equilibration between the
monohydroxy- and dihydroxo-bridged species in acidic
and neutral solution has previously®® been shown to in-
volve the equilibria shown in the upper part of Scheme 1.
In the present work the equilibria between the mono-
nuclear and dinuclear species have been studied (lower
part of Scheme 1). In acidic solution the equilibria are
shifted almost completely to the mononuclear species (see
also below), and a determination of the equilibrium con-
stants is difficult in this region. Equilibrium studies were
therefore restricted to almost neutral solutions, which for
large iridium(III) concentrations contain significant
amounts of both mononuclear and dinuclear species.

The meso (A,A) 1,2-ethanediamine complexes react in
the same way as the ammine complexes, but now addi-
tional equilibria involving the formation of the corre-
sponding racemic (A,A and A,A) species has also to be
considered as shown in Scheme 2. While the A, A-isomers
have been isolated as salts and characterized by X-ray
structure analysis,” the A,A- and A,A-isomers have not
been isolated, nor characterized previously.

For both the ammine and the amine system the equi-
librium solutions were made by starting with either mono-
or dinuclear species, and were analyzed by ion-exchange
high-performance liquid chromatography (IE-HPLC).
The following observations show that equilibrium be-
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Scheme 1. Reaction scheme for the equilibrium between
mononuclear and dinuclear species. L,=(NH,), or L,=(en),
(A,A-isomers). In the ammine system k, is the rate con-
stant for cleavage to cis-Ir(NH;),(H,0),°* and cis-
Ir(NH3),(H,0) (OH)**. In the 1,2-ethanediamine system k,
corresponds either to formation of A-cis-Ir(en),(H,0),°* and
A-cis-Ir{en),(H,0) (OH)®** or to the formation of A-cis-
Ir{en),(H,0),%* and A-cis-Ir(en),(H,0) (OH)**. Analogously
k_, corresponds to the reactions of two different pairs of
mononuclear species. See also the Appendix.
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Scheme 2. Equilibria between meso (A,A) and racemic (A,A/
A.A) dinuclear species and the parent mononuclear species.
The scheme has been simplified in the sense that 2 cis-
Ir(en),,(H,0)(OH)?** refers to the following three combinations
of isomers A+A, A+A and A+A. It is noted that K,(A,A/
A,A) and K (A,A/AA) refer to either the A, A (as shown at
left) or the A,A isomers.

tween the species in Scheme 1 (and also Scheme 2 for the
1,2-ethanediamine system) had been achieved. Identical
chromatograms were obtained for solutions initially con-
taining mononuclear or dinuclear species and with the
same total concentration of iridium(III). Heating of so-



lutions for two different times gave within the error the
same equilibrium constants. The same equilibrium con-
stants were obtained when C;, was varied. However, the
experiments were complicated by the formation of addi-
tional by-products as shown in Figs. 1 and 2.

The peaks of the chromatograms were identified, when
possible, by comparing the elution rates, and the UV
spectra with those of the known mono- and dinuclear
species. The chromatogram of the ammine equilibrium
mixture shown in Fig. 1 has six peaks, of which the three
correspond to cis-Ir(NH,),(H,0),>* (and its deproto-
nated forms) and the known dinuclear species cis,cis-
(H,0) (NH,),Ir(OH)Ir(NH,),(OH)** and (NH,),Ir-
(OH),Ir(NH,),**. The remaining three peaks were not
identified, but from the elution rates it is assumed that the
first two are due to monomeric species, while the last is
due to dinuclear species.

The actual concentrations of the species cis-
Ir(NH,),(H,O)OH)** were calculated from the sum of
the concentrations of mononuclear species determined
above using the known acid dissociation constants
(Table 1). The concentration of the aquahydroxo species
constitute ca. 809, of the total concentration of mono-
nuclear species. The acid dissociation constants of cis,cis-
(H,0)(NH,),Ir(OH)Ir(NH,),(OH,)** are given in
Table 1; it is seen that the dominant species in the equi-
librium solutions will be the aquahydroxo form, and cor-
rections due to the presence of protonated and deproton-
ated forms are not necessary. The constants K, =k, /k_,
and K = ks/k _ s, defined as shown in Scheme 1, and their
enthalpic and entropic parameters were then calculated
(Tables 3 and 5). It is satisfactory to note that the value
for K, is nearly identical to the value obtained by spec-
trophotometry (Table 2) which we reported recently.

Absorbance

I |

10 20
Volume/mL

Fig. 1. IE-HPLC chromatogram (25°C, 270 nm) for a solu-
tion of [(NH),Ir(OH),Ir(NH,),)(CIO,), (C,=0.01 M) in 1 M
NaClO, heated for 605 h at 85°C. Peaks (a)-(d) have
been assigned as follows: (a) cis-Ir(NH,),(H,OOH)*";
(b) (NH,),Ir{OH),Ir(NH,),**; (c) unidentified dinuclear species;
(d) cis,cis-(H,0)(NH,),Ir(OH)IF(NH,) ,(OH)**. The first two
peaks were not identified but are probably due to mono-
nuclear species.
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Table 3. Thermodynamic data for the ammine system in
1 M NaClO, obtained by IE-HPLC.

Time K, K, Kslobs)  Kglcalc)®
T/°C C,/M  /days (obs) (calc)® /M~' /M~’
65.0 0.009° 180 2.5 2.9 0.0102 0.0106
65.0 0.04° 180 2.9 - 0.0119 -
85.0 0.01 25 3.2 2.7 0.0086 0.0104
85.0 0.01 50 3.0 -— 0.0106 —
100.0 0.01 7 2.3 2.5 0.0115 0.0103
100.0 0.01? 8 22 - 0.0104 -

? The equilibrium solutions in these experiments were made
by starting with monomer. In all the other experiments the
solutions were made starting with the dinuclear complex.
b Calculated using the values of AH° and AS° given in
Table 2. ° Calculated using the values of AH® and AS° given
in Table 5.

A chromatogram of the equilibrium mixture of the 1,2-
ethanediamine species is shown in Fig. 2, and it shows
that, in addition to the known meso (A,A) isomers of the
dinuclear species, the racemic (A,A/A,A) species are also
formed. The identification of these new species has been
based upon the expected similarity in the elution rates
and of the absorption spectra of different isomers of the
same cation and by comparison with the results for the
corresponding rhodium(I1I) system. It is noted that only
one peak occurs for the two isomers (A,A and A,A/A,A)
of the dihydroxo-bridged species, while the two mono-
hydroxo-bridged isomers (A,A and A,A/A,A) are well
separated (Fig. 2). A similar poor resolution of the two
dihydroxo-bridged isomers, and good separation of the
two monohydroxo-bridged isomers was also observed in
the corresponding rhodium(IIT) study.” The remaining

Absorbance
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1 | I ]
10 20 30 40

Volume/mL

Fig. 2. |IE-HPLC chromatogram {25°C, 270 mm) for a solu-
tion of A,A-[(en),Ir(OH),Ir(en),}(CIO,), (C,,=0.046 M) in 1 M
NaClO, heated for 72 h at 100°C. Peaks (a)—(d) have been
assigned as follows: (a) cis-Iren),(H,0)(OH**; (b) AA-
(en),Ir(OH),Ir(en),** and A, A/A,A-(en),Ir(OH),Ir(en),*™;
() A.A-(H,0)en),Ir(OH)Ir(en),(OH)**;  (d) AA/AA-
(H,0)(en),Ir{OH)Ir(en),(OH)**. The first four peaks were not
identified but are probably due to mononuclear species.
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Table 4. Thermodynamic data for the 1,2-ethanediamine system in 1 M NaClO, obtained by IE-HPLC.

T (o Time  K,(A,A)obs) K,(AA)calc)® Kg(A A)obs)  Kg(A,Acalc)®  Kg(A Alobs)  Kg(A,A)lcalc)?
/°c M /days  /M~" /M7 /M~! /M /M /M7

65.0 0.04° 180 0.78 0.82 0.0034 0.0033 0.0103 0.0095

65.0 0.04° 180 0.80 . 0.0030 - 0.0089 -

65.0 0.04 180 0.88 - 0.0035 - 0.0091 -

85.0 0.05 25 0.69 0.76 0.0046 0.0053 0.0130 0.0131

856.0 0.05 29 0.81 - 0.0070 - 0.0159 -
100.0 0.01 3 0.80 0.72 0.0065 0.0073 0.0139 0.0164
100.0 0.05° 4 0.64 - 0.0073 - 0.0169 -

 The equilibrium solutions in these experiments were made by starting with monomer. In all the other experiments the solutions
were made starting with the dinuclear complex. “~ Calculated using the values of AH° and AS®° given in ° Table 2, ° Table 5

and 9 Table 6.

four peaks were not identified, but are all assumed to be
due to mononuclear species.

In the amine system the equilibrium constants K(A,A)
and K(A,A/A,A) were calculated as described above for
the ammine system, and the results are shown in
Tables 4—6. The constant K,(A,A/A,A) was determined
as follows. The individual concentrations of the meso
and racemic isomers of the dihydroxo-bridged species
could not be determined directly from the IE-HPLC mea-
surements, but their sum was determined. From this
value, the known concentration of the cation A,A-
(H,0)(en),Ir(OH)Ir(en),(OH)** and the value of
K, (A,A) it is possible to calculate the individual concen-
trations of both dihydroxo-bridged isomers, and thereby
also the equilibrium constant K,(A,A/A,A) (Table 2).

Table 5 contains values for the additional equilibrium
constants K;/K,,, K, and K, which were calculated as
described in the Appendix [K is defined in eqns. (5) and
(13)].

Table 5. Thermodynamic data for the equilibria between
mononuclear and dinuclear species at 25°C in 1 M NaClO,.?

K/M AH° AS°
Reaction or 1 /kdmol™'  /Imol K™
Ki/K,3 (NHy)  2.8(9)x 107  —47(4) -17(13)
(en) 2.5(7)x107 —64(9) —74(28)
- [5.0(13)x 107] [—68(28)]
K, (NH;) 15(5) —-2(4) 13(12)
(en)  18(5) —15(8) —26(27)
- [36(10)] [—20(27)]
Ks  (NHg) 1.1(4)x1072 —1(4) —-40(11)
(en) 1.1(3)x 1072 24(4) 23(12)
- [2.1(6)x1073] [29(12)]
Ks  (NHz) 9(3)x107%  —=12(13)  -64(12)
(en) 1.2(3)x 1072 13(7) 7(19)
— [2.3(6)X 107?] [13(19)]

®The parameters are defined as shown in Scheme 1 and in
the Appendix. The parameters for the 1,2-ethanediamine sys-
tem are for A,A-isomers and statistically corrected values,
given in square brackets, have been calculated as shown pre-
viously in the Appendix in Ref. 4.
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Kinetics of the cleavage of single bridged species. The cleav-
age of the monohydroxo-bridged species cis,cis-
(H,0)(NH;),Ir(OH)Ir(NH,),(OH,)°* and A,A-(H,0)
(en),Ir(OH)Ir(en),(H,0)** (and deprotonated forms),
respectively, to their parent mononuclear species were
studied spectrophotometrically in the same way as de-
scribed recently for the analogous rhodium(III) sys-
tems.*® The iridium(III) complexes react much slower
than their rhodium(III) analogues, but otherwise the
present results are very similar to those reported for the
rhodium(IIT) systems.

The cleavage of the monohydroxo-bridged species to
give the mononuclear species was studied spectrophoto-
metrically at three temperatures (60.0, 80.0 and 100.3°C)
and the hydrogen ion concentration was varied from
10”7 to 1.0 M (see Experimental). The visible—ultraviolet
spectra of the final solutions were compared with the
spectra of solutions of cis-[IrL,(H,0)(OH)](ClO,),"
nH,0 in 1 M (Na,H)CIO, with the same [H*]. For
acidic solutions, it could be concluded that hydrolysis to
mononuclear species is quantitative, as also confirmed by
analysis of the product solutions using IE-HPLC. The
hydrolysis followed strictly first-order kinetics for the en-
tire reaction.

For solutions with [H*]=10"7 M (1 M NaClO,) a
low concentration of iridium(IIl) (C;,=1.4x 107> M)
was used in order to eliminate influence from the back-
reaction (k _ ). However, even with these precautions the
hydrolysis in neutral solutions did not follow first-order
kinetics, and the spectra never became constant, prob-
ably caused by loss of ammonia or 1,2-ethanediamine.
This was confirmed by analysis of the product solutions
using IE-HPLC, which showed that the hydrolysis pri-
marily gives cis-IrL,(H,O)(OH)?* species, but in addi-
tion unidentified products were observed and their
amount increased with time. First-order constants k_
for 1 M NaClO, were therefore calculated on the basis of
absorbancies measured only during the first part of the
reaction (one half half-life}) and the spectrum of cis-
[Ir(NH,),(H,0)(OH)](ClO,),sH,O or cis-[Ir(en),-
(H,0)(OH)](ClO,),, respectively, in 1 M NaClO, were
defined as the product spectrum and included the calcu-
lations.
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Fig. 3. Observed and calculated (solid line) rate constants for
the reaction of the ammine system.

The observed rate constants vary with [H* ] as shown
in Figs. 3 and 4. Following the same arguments as dis-
cussed for rhodium(III) systems*® the kinetic data for the
present systems are interpreted as shown in Scheme 1,
which shows the reaction scheme proposed previously for
equilibration between monohydroxo- and dihydroxo-
bridged species®® supplemented with the possible reac-
tions between the mononuclear species and the mono-
hydroxo-bridged species. The equilibration between the
dinuclear species is 10°~10* times faster than the cleav-
age of the monohydroxo-bridged species over the entire
[H"] and temperature region, and it therefore follows
that the monohydroxo-bridged species are in equilibrium
with the dihydroxo-bridged species throughout the entire
reaction.

This leads to the rate expression shown in eqn. (1)

_ (k3/K3)[H* 12 + ak,[H* | + ks Kg,

kcac -
I [H*]+ K, 9K, + K,°

(1

Table 6. Thermodynamic data for the equilibrium at 25°C in 1
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Fig. 4. Observed and calculated (solid line) rate constants for
the reaction of the 1,2-ethanediamine system (A,A).

in which a=1 for the ammine system and a=2 for the
1,2-ethanediamine system. In the ammine system k, cor-
responds to the cleavage of any of the two Ir-O bonds,
while in the amine system it corresponds to the cleavage
of one particular bond, as described further in the Ap-
pendix.

The parameters for K, and K,,* are known (Tables 1
and 2), and the activation parameters for k;—ks were then
determined by non-linear least-squares calculations
(Table 7 and Figs. 3 and 4). There is a satisfactory agree-
ment between observed and calculated rate constants.

Finally, it is noted that the rate constant k5 contributes
significantly to the values of k, for 1 M NaClO, (100%,)
and for 10~* M HCIO,, 1 M NaClO, (56-78% for the
ammine systems and 66-819, for the amine systems).
The agreement between the k., and k_,. values for the
two media therefore confirms the estimate given for k.

The rate constants k_;—k _s for the ammine and the
1,2-ethanediamine systems have been calculated from the

M NaClO,.®

(HZO)L4M(OH)ML4(OH)4++HZO§2ML4(OH)(H20)2+

M L Configuration Ks/M AH® /kJ mol ™’ AS°/J mol™ "K' Ref.

Ir(Ilt) (NH,), 1.1(3)x 1072 -1(4) —-40(11) This work

Ir{ll) (en), AA 1.1(3)x 1073 24(4) 23(12) This work
[2.1(6)X 1073] [29(12)]

Ir(1) (en), A A/A A 4.3(9)x1073 16(3) 10(9) This work

Rh(lll) (NH,), 1.4(2)x 1072 12(2) 4(4) 4

Rh(lll) (en), AA 7.0(20)x 10”3 17(3) 14(9) 4,5
[1.4(4)x107?] [20(91]

Rh(ll) (en), AA/AA 2.2(2)x 1072 17(3) 25(4) 5

®The parameters for the ammine system are defined as shown above. The parameters for the 1,2-ethanediamine system are
defined as shown in Scheme 2 and in the Appendix. The statistically corrected values, given in square brackets, have been

calculated as shown in the Appendix in Ref. 4.
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Table 7. Kinetic data for the equilibration between mono-
nuclear and dinuclear species at 25°C in 1 M NaClO,.°

k/s™" or AH?/ AS™/
Reaction M 'sT] kdmol™"  Jmol 'K’

k3/K,3 (NH;) 6.6(18)x 1072 86.8(54) —91(16)
(en)  2.53(60)x10°% 118.9(54) 8(15)

k,  (NH;) 1.96(25)x107° 132.7(20)  33(6)
(en)  1.34(21)X 1078 105.2(26) -43(7)
— [2.68(42)x 1078] [-37(7)

ke (NH;) 5.6(11)x107'°  119.3(30) —22(9)
(en) 6.3(14)x10°'° 124.7(35) —3(10)

k_s (NHZ) 2.3(10)x107'®  134(7) -75(20)
(en)  1.0(4)x107'®  183(10) 82(32)
- [5.0(20)x 107 '°] [76(32)]
k_, (NHy) 1.3(4)x107'°  135(5) 20(13)
(en)  7.4(23)X107'°  120(9) -17(28)
k_g (NH;) 5.1(19)x1078  119(5) 18(14)
(en)  6.0(20)x1077  101(6) —-26(16)
- [3.0(10)x 1077] [—32(16)]

“The parameters are defined as shown in Scheme 1. Note
that for the 1,2-ethanediamine system (A, A-isomers) the
rate constant k, is for cleavage of one Ir—O bond as dis-
cussed further in the Appendix. Statistically corrected values,
given in square brackets, have been calculated as shown pre-
viously in the Appendix in Ref. 4.

thermodynamic and kinetic data given above using the
formulae given in the Appendix and are listed in Table 7.

Discussion

The reaction scheme for the present iridium(IIT) systems
shown in Scheme 1 is identical to that previously pro-
posed for the corresponding rhodium(III) systems.*™®
The kinetic and thermodynamic data for the two metal
centres are very similar as illustrated by the data shown
in Tables 2, 6 and 8. Many of the comments given pre-
viously in connection with the rhodium(III) systems are
therefore also relevant for the present study and shall only
be mentioned briefly here. As expected the iridium(IIT)
complexes react much slower than the rhodium(IIT) com-
plexes, but the trends on going from ammine to amine
species or from meso to racemic amine species are very
similar for the two metal centres as discussed below.

For the present iridium(III) complexes a difference be-
tween the ammine and meso amine systems is that
AH *(ks) and AS ¥ (ks) for the ammine system are smaller
than those of the 1,2-ethanediamine system, although the
differences are comparable with the standard deviations.
A similar, but more pronounced, difference was observed
for the analogous rhodium(III) systems and was ex-
plained in terms of a different degree of hydrogen-bond
stabilization of the aquahydroxo monohydroxo-bridged
species.* In Scheme 3 it is shown how the aquahydroxo
species may exist in two forms, one of which is stabilized
by an intramolecular hydrogen bond. The existence of the
latter conformation has been established in the solid
phase by an X-ray crystal structure determination of the
1,2-ethanediamine iridium(III) complex,g and its exist-
ence as the dominant form in aqueous solution has been
shown unambiguously on the basis of variations in the
acid strength of a series of mono- and dinuclear spe-
cies."® It follows that the observed rate constant for the
cleavage may be expressed as the sum of the rate con-
stants for cleavage of the two species in Scheme 3, which
gives eqn. (2), in which the approximation on the right is
obtained since K> 102

_ksy + ks Ky

= ~ks /Ky + k 2
s 1+ Ky, sa/ Ky b 2

As pointed out previously* the influence of this stabi-
lization on the kinetics depends on the transition state
structure, i.e. if the intramolecular hydrogen bond is bro-
ken or not prior to the formation of the transition state.
It was shown that the kinetic data for the Rh™" system
supports the former mechanism, which in terms of
Scheme 3 corresponds to ks,/Ky> ks,. This leads to the
approximative expression eqn. (3):

ks = kSa/KH (3)

and using the known values for Ky the rate constants for
cleavage of the non-hydrogen-bond stabilized species
may then be calculated. The results are shown in Table §
together with the published data for the rhodium(III) sys-
tem. Since the rate constant k, also refers to cleavage of
species, which are not hydrogen-bond stabilized, it seems
reasonable to expect the two ratios ks, (en)/ks,(NH;) and
k,(en)/k,(NH;) to be similar. This is seen to be the case
(Table 8), and it is further noted that nearly the same

Table 8. Calculation of the rate constant kg,=kg/K,, for cleavage of the non-hydrogen-bonded species {H,O)L,M(OH)ML,-

(OH)** shown in Scheme 3.

M L, Configuration kg/s™'® K, ® ke /s™'? ks, (en)/ks, (NH,) k(en)/k,(NH;)®
Rh(llt) (NH,), 1.566x 107’ 10%4 3.9x107° 7.4 10.1

Rh(lll) (en), AA 2.30x1077 103! 2.9%x107*

Ir(in) (NH;), 5.6%x107'° 10%° 2.2X1077 5.9 13.7

Ir(ll) (en), AA 6.3x107'° 1033 1.3x10°°

®The parameters for Rh(lll) are from Ref. 4. °From Refs. 1 and
the 1,2-ethanediamine complexes.
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Scheme 3. The monohydroxo-bridged aquahydroxo species
may exist in two conformations, and it is proposed that the
intramolecular hydrogen-bonded form is significantly more
stable kinetically than is the other conformation.

ratio was found for the rhodium(III) system. This result
supports our earlier proposal that the transition-state
structure does not (to any large extent) involve a hydro-
gen bond between M-OH and M-OH,,.

The variation of the equilibrium constants K,—K for
the present iridium(III) species is nearly the same for the
ammine and amine systems with the order K,» Ks <K,
for both systems (Table 5). The same trend was reported
for the rhodium(III) systems and the significant stabili-
zation of the 4 + charged monohydroxo-bridged species
was explained in terms of the intramolecular hydrogen-
bond stabilization of this species (the expected order, on
basis of charge considerations alone, is K,>Ks>K;).*

The AH® and AS° values for K5 in the ammine and
amine systems are similar for rhodium(III) and irid-
ium(III), and the variations in K are less than a factor
of 10 (Table 6). From the values of K the relative sta-
bility of the meso and racemic isomers of the mono-
hydroxo-bridged amine species may be expressed by K;-
som as shown in eqn. (4):

A,A-(H,0)(en),Ir(OH)Ir(en),(OH)* *

Kisom

= A,A-(H,0)(en),Ir(OH)Ir(en),(OH)* * “4)
and can be determined from the relation K, ., = K5(A,A)/
K (A,A/A,A). For iridium(III) the value K, =0.25 is

calculated from the data given in Table 6, and this value
is very close to K., =0.33 previously reported for the
rhodium(IIT) complexes.® Both values are close to the sta-
tistically expected ratio of 0.5, indicating that intramo-
lecular interactions, which could alter this ratio, for each
metal ion are likely to be similar for the two diastereo-
isomers and also similar for the two metal ions.

With the present data for the racemic iridium(IIT)
amine system it is now possible to compare the ratio
K,(A,A/K(A,A) for the three metal centres Cr'™, Rh™
and Ir'™. From the data in Table 2 we calculate the ratios
3.4, 5.9 and 5.8, respectively. It is striking how close the
ratios for rhodium(III) and iridium(III) are, but even the
ratio for chromium(III) is close to that for the two other
metal ions. This illustrates the general observation' that
the hydroxo-bridged complexes of these three metal ions
have many properties in common and often show the
same trends for variations in the ligand sphere.

HYDROXO-BRIDGED DIIRIDIUM(II) COMPLEXES

Conclusions

It is concluded that the present new data for the irid-
ium(II) ammine and 1,2-ethanediamine systems show
trends which are parallel to those obtained for the rhod-
ium(III) systems, and thereby support the mechanistic
and thermodynamic results presented earlier. The new
data have made it possible to study further 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 dinuclear species
can be understood fairly well in terms of the properties
known from the substitution chemistry of the mono-
nuclear species and properties which are due to the in-
teractions between the two metal centers. Of the latter
type intramolecular hydrogen-bond formations are of par-
ticular importance, as also found for the reactions be-
tween monohydroxo- and dihydroxo-bridged species.
Strong evidence points to the proposals that this type of
interaction, not only thermodynamically, but also kineti-
cally tends to stabilize the dinuclear species. The hy-
droxo-bridged complexes of iridium(IIT) have many prop-
erties in common with those of chromium(IIl) and in
particular of rhodium(III), and the hydroxo-bridged com-
plexes of the three metal ions often show the same trends
for variations in the ligand sphere.
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Appendix

In the ammine system the equilibrium constants K;—-Kj
and their respective rate constants are defined as shown
in Scheme 1. K, is defined in eqn. (5):

K, =
[cis-Ir(NH;),(H,O)(OH)? * ] [cis-Ir(NH;),(OH)," ]
[ cis, cis-(HO) (NH, ), Ir(OH)Ir(NH, ),(OH) * |
®)

The constants K, K, and K were calculated using eqns.

(6)-0:

K;3/Kos = ksKoafk 3 = Koy K [(Ky ™ (6)
Ky = kafk _ 4 = K1 °Ks/K,y™ M
Ks=kslk _5 8)
K¢ = K,,"Ks/K ¢ ®

The rate constants for the condensation reactions were
then calculated from the known constants for the cleav-
age reactions using eqns. (6)—(8).
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In the 1,2-ethanediamine system the equilibrium con-
stants K;—K, and their respective rate constants are
defined as shown below [dimer** =(HO)(en),Ir-
(OH)Ir(en),(OH,)** etc. and monomer®* = cis-Ir(en),-
(OH)(OH,)*" etc.]:

K3/Ka3 = (ks/Ka3)/k -3

[A-monomer3 * ][A-monomer3 * ]

= : (10)
[A,A-dimer> * ][H * ]
Ky=kylk_,4
[A-monomer? * ] [A-monomer? * ]
- [AA-dimers * |
_ [A-monomer? * ] [A-monomer? * ] (11

[A,A-dimer? * ]

[A-monomer? * ][ A-monomer? * ]
Ks=kslk_s= - (12)
[A,A-dimer* * ]

[A-monomer? * ][ A-monomer * ]
[A,A-dimer? + ]
[A-monomer + ][A-monomer? * |
- [AA-dimer? * |

Ko =

(13)

It is noted that k, is the microscopic rate constant for the
cleavage of one particular Ir-O bond, while k; and ks
correspond to the cleavage of one of the two Ir-O bonds.
Likewise, k_, is the microscopic rate constant for the
formation of the dinuclear species from one of the two
different enantiomeric pairs of mononuclear species. The
constants k_;—k_s were then calculated using egns.
(10)—(13).
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The equilibrium constants K,(A,A/A,A)=K,(AA)=
K(A,A) are defined as exemplified in eqn. (14):
Ky =kyf k 4

[A-monomer? * J[A-monomer? + ]
- [A,A-dimer> * ]

[A-monomer3 * | [A-monomer? * |
- [A,A-dimers + |

(14)
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