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The binuclear ion A,A-[(en),Rh(OH),Rh(en),]**
(diol) equilibrates in acid solution according to
Scheme 1 (amine ligands omitted).

H 4+ H 4+
a A
k
Rh \Rh +H,0 7{—‘_+ Rh/ llzh
-1
\o/ (QHZ OH
H
+H+” K +H*| | Kay
H 5+ H 5+
o) o)
k
Rh/ \Rh +H,0 &= Rh/ \Rh
\O/ k2 \ \
H/ \H OH, OH,
Scheme 1.

The kinetics and equilibria have been studied
in 1 M (NaH)CIO, in the temperature range
25—40 °C and the hydrogen ion concentration
range 107°—0.1 M. The results were:
ki (25°C)=4.6(1)x10"*s71;

AH?* =86(3) kJ mol 1,

ko, (25°C)=41(1)x 1073571

AH? =101(3) kJ mol " L.
k_,(25°C)=5.1(1)x10"% s~ 1;

AH? =100(2) kJ mol ™.

ky/K,3 (25°C)=0.134(3)s" ' M ;
AH?(k,)—AH" (K,3)=58(2) kJ mol 1.
K, (25°C)=k,/k_,=11.2(5);

AH°= —14(3)kJ/mol ~ 1.
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The acid dissociation constants for the diaqua
monool, A, A-[(H,0)en),Rh(OH)Rh(en),(H,0)]**,
were found to be pK,; (25°C)=2.372(7) (AH’=
28(4) kJ mol™! and AS°=49(13) J mol™! K1)
pK., (25 °C)=9.128(7).

Additional kinetic data at ionic strength 0.1 M
and at 25 °C support the proposed mechanism.
From kinetic data in the basic pH region it was
established that base catalysis is unimportant for
pH<9.5. At higher pH base catalysis does occur,
and in 0.01 M NaOH 0.99 M NaClO, cleavage of
diol to dihydroxo monool is fast, kg (25 °C)
=210(2)x 1073571,

The aquahydroxo monool was isolated as a
solid salt, A,A-[(H,O)en),Rh(OH)Rh(en),(OH)]-
(Cl0,),-H,0.

A revised synthesis for the preparation of cis-
[Rh(en),(OH)YH,0)]S,0¢ is given and the acid
dissociation constants for cis-[Rh(en),(H,0),]**
were determined to be pK,; (25 °C)=6.338(2) and
pK,, (25 °C)=8.244(2) in 1 M NaClO,.

A considerable amount of work has been done on
the kinetics and thermodynamics of the bridge
cleavage reactions of polynuclear hydroxo-bridged
complexes of Co(III) and Cr(III) in aqueous solu-
tion.!~'° In our own laboratory attention has
centered on the so-called ‘diol’ complexes of Cr(III),
i.e. binuclear dihydroxo-bridged species of the type
[(en),Cr(OH),Co(en),]** and [L,Cr(OH),CrL}**
(L=NH,,3en), for which the kinetics and thermo-
dynamics of the hydroxo bridge cleavage reaction
in acidic solution to give monohydroxo-bridged
species, ‘monool’, have been investigated in de-
tail. 14~ 19 ’

In these systems the monool species have been
isolated as crystalline salts and are well-char-
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acterized,?® and studies of the equilibration be-
tween monool and diol can be made without
complications due to loss of ammine or amine
ligands or further hydrolysis to give monomeric
complexes. In the case of Co(III) diols, in none of
the systems examined have the monool species
been isolated or characterized definitively, so that
an unequivocal interpretation of the kinetic data
is not possible.>**

Very little is known about the corresponding
Rh(IIl) reactions.?' Following the synthesis?? of
the rhodium(Ill) diols with ammonia and ethyl-
enediamine it was, therefore, natural to extend the
previous investigations to include the latter com-
plexes, and the present work describes our results
for the Rh(III) ethylenediamine system. Work on
the Rh(III) ammonia system is in progress and will
be reported later.

RESULTS

Synthesis and properties of the complexes. The
rhodium diol was synthesized recently from cis-
[Rh(en),(OHYH,0)]S,0¢, which on heating to
120 °C for 24 h gives A,A-[(en),Rh(OH),Rh(en),]-
(S,0¢); quantitatively.?? This salt, which is rather
insoluble in water, is converted to the more soluble
bromide salt by treatment with ammonium bromide
and purified by reprecipitation. However, with the
latter procedure there exists the possibility of con-
tamination of the sample with monohydroxo-
bridged species, monools, formed by the fairly
rapid equilibration reaction between diol and
monool (vide infra). In order to avoid this com-
plication the reprecipitation of the diol bromide
salt has to be carried out as quickly as possible and
in the cold, as described in a modified procedure
given in this work. The diol perchlorate salt which
has been used in the present study was obtained
from the bromide salt using standard procedures.??

A slightly revised procedure for the synthesis of
cis-[Rh(en),(OH)H,0)]S,0, and a procedure for
reprecipitation of this salt is given. In this connec-
tion it should be mentioned that the cis-dichloro
complex, which is used for the synthesis of the cis-
aquahydroxo salt, was previously ** formulated in-
correctly as a chloride salt and that the correct
formulation is cis-[Rh(en),Cl,](C1),(ClO,),.

The acid dissociation constants for cis-[ Rh(en),-
(H,0),]®* were determined by glass-electrode
measurements using cis-[ Rh(en),(OHYH,0)]S,04
and the values pK,; =6.338(2) and pK,,=8.244(2)

were obtained for unit ionic strength (NaClO,) at
25 °C. These values are close to those previously 2
reported for ionic strength 0.5 M (6.09 and 8.08)
and for ionic strength 0.01 M (582 and 7.98)
at 25 °C.

In the following the synthesis of a monohydroxo-
bridged species from diol is described. The diol is
very robust in acid solution with respect to hy-
drolysis of the amine ligands, but cleavage of one
hydroxo bridge occurs fairly rapidly as can be seen
in eqn. (1).

Kl

k
A,A-[(en),Rh(OH),Rh(en),]** +H,0O ;(1_, 0
A,A-[(H20)(en)2Rh(OH)Rh(en)z(oH)]4+‘1

Further acid hydrolysis of the monools, such as
bridge cleavage to give the monomeric species,
cis-[Rh(en),(H,0),]**, is much slower. The equilib-
rium above lies very much to the right, and when a
suspension of A,A-[(en),Rh(OH),Rh(en),](ClO,),
in water is heated to 55 °C for a few minutes the
resulting solution contains essentially aquahydroxo
monool, which can be precipitated as its perchlorate
salt, A,A-[(H,O)(en),Rh(OH)Rh(en),(OH)](CIO,), -
H,0. This crude product, which is slightly con-
taminated with diol, is then dissolved in 1 M per-
chloric acid, whereupon the aquahydroxo salt is
converted completely into the much more soluble
diaqua salt. Under the acidic conditions the small
residual amount of diol is rapidly hydrolyzed to
monool, and the resulting solution contains pure
diaquamonool. From the data presented later in
this work it can easily be calculated that an
equilibrium solution with [H*]=10 M (25°C)
contains 99.5 % monool. Subsequent addition of
the appropriate amount of base leads to precipita-
tion of pure A,A-[(H,O)(en),Rh(OH)Rh(en),(OH)]-
(Cl0,),- H,O. The purity of this compound, which
is very crucial for the accuracy of the spectro-
photometric determination of the equilibrium con-
stant K, in eqn. (1) (vide supra), was checked by
observing that the absorption spectrum measured
in 1 M NaClO, (for the entire region 350 — 240 nm)
did not change upon further reprecipitations.

Solid  A,A-[(H,O)(en),Rh(OH)Rh(en),(OH)]-
(Cl0,)4- H,O is stable at room temperature for
days, but at elevated temperatures it is converted
into diol. For example, heating of solid monool
salt for two hours at 100 °C resulted in almost
quantitative conversion into diol.
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The absorption spectra of aqueous solutions of oooooasaaas =
AA-[(en),;Rh(OH),Rh(en), }(CIO,), changed with s| 55555228288 22
time due to the monool —diol equilibration reac- § § S § g § g § § g a2z <5
tion, and linear extrapolation back to the time of et 4 St di. F
dissolution had therefore to be made. Such extrap- 2%
olations can be made linearly only if based on E"n;
measurements taken within a period after the time g &
of dissolution which is short relative to the time- Qﬁ%é&g OGE,
scale of the equilibration reaction. This could be ] S5R88% o, ﬁh
done at 25 °C for weakly acidic solutions where the = e al- N Lz
equilibration takes hours. In strongly acidic solu- £ vcegcew | S=
tions the reaction is very fast, and additional el
measurements have therefore been made at 0 °C. ! ?(Z‘%
The observation that identical spectra have been Us
obtained for [H*] varying from 0.1 M to ~10™!* M P
(Table 1) confirms the absence of a terminal non- x| mmmmmQ QoS RK ?;: C;
bridging hydroxo group. The result further implies 5 P A D DA S Bt B BN g

. . . N N AN AN as
that protonation of the diol to give u-aqua-u- louoLvuououororooey | 37
hydroxo species must be negligible for solutions §o
with [H*]<0.1 M. The observation that the ? o
spectrum is unchanged even in 0.01 M NaOH, SO
0.99 M NaClO, implies that the acid-base equilib- T :E,
rium between diol and an oxo-bridged species = ;
must have pK,>14. ce s " 5 ,f, -

Spectra of the monool salt were measured in the . o9 a % o d’% S e | 89
entire [H*] region 1.0>[H*]>10"'* M. All the O, %%:):P: “LI)Q*GQ::':%% w5,
spectral measurements could be interpreted in terms & £l s= ez s O S &3 § &
of the two consecutive acid-base equilibria given & | §| Q= é E i p- “ g Z g )
in eqns. (2) and (3). g § =83382 8523 | <z
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Spectral data for the three monool cations are B 8 Cj E
presented in Table 1. The result further shows that & o= %i
deprotonation of the hydroxo bridge to form an = = E% 58
oxo-bridged species is unimportant for pH <13. £ ©) " R E o

The proposed hydroxo-bridged structure of the o g5 g Z
monool species follows from the acid-base proper- & o 5 w2
ties, which clearly establish the presence of two 2. @ @E £3 &
terminal (non-bridging) hydroxo groups (vide infra). —; 'é é ) E : E
Strong evidence for the proposed structure is also ,g &? E"ﬁ E"f“if
provided by the observation that solid A, A-[(H,0)- 2 o ) = g2 -
(en),Rh(OH)Rh(en),(OH)](CIO,),  H,O  readily  § o | = = = ol _§
forms diol on heating. The structure assignmentis =~ | §| =2 é‘Q. g E g
also in agreement with the thermodynamic and 5 2L .%E’; 5 O"E_
kinetic results discussed below. The assignment of .'§ g < << = 6“ S
the configuration as A,A is based on the configura- & [ O [ < <d A
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Table 2. Thermodynamic data for monools and diol
at 25 °C and unit ionic strength, (Na,H)ClO,.*

AH® AS°
pK-values (kImol™')  (Jmol 'deg™!)
pK.; 2372(7) 28(4) 49(13)
pK., 9.128(7) - -
K, 11.2(5) —14(3) —28(8)

‘K, K,, and K,, are defined by egns. (1), (2) and (3),
respectively.

tion of the parent diol and the well-known tendency
of Rh(III) to undergo substitution reactions without
isomerization.

Determination of the acid dissociation constants
Jor the monools. The two acid dissociation con-
stants K,, and K,, for the diaqua monool were
determined by glass-electrode measurements. Owing
to the equilibration reaction between the monool
and diol a normal titration could not be made.
Each pH measurement was therefore made on a
freshly prepared solution, and pH was then extrap-
olated back to the time of dissolution. At higher
temperatures this method becomes difficult since
equilibration is then fast relative to the response of
the glass electrode. The determination of pK,, at
35.0 °C was therefore made using equilibrium con-
ditions (see experimental section). The results are
quoted in Table 2.

Measurement of the kinetics and thermodynamics
of the equilibrium between monool and diol. The
kinetics and thermodynamics of the equilibrium
between monool and diol were studied spectro-
photometrically in the [H*] region 0.1>[H*]>
1075 M. The rate of equilibration is very pH-
dependent, as is also that of the subsequent
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Scheme 2.

hydrolysis of the monools to monomeric cis-
[Rh(en),(H,0),]3*. However, at a given [H*] the
latter reaction is always much slower, by a factor
of at least 100, than the former reaction.

The spectra of solutions initially containing diol
and monool, respectively, changed with time and
became constant within a period varying from
minutes to hours at 25 °C, depending on pH. The
spectral changes were always attended by well-
defined isosbestic points, and for a given [H*] the
final spectra were identical for solutions initially
containing monool and diol, respectively. The final
spectra are thus those of equilibrium mixtures of
monool (diaqua and aquahydroxo) and diol, and
the stoichiometry of the solutions can therefore be
expressed by eqns. (1), (2) and (3).

The equilibrium constant K; was determined
spectrophotometrically from measurements in solu-
tions with [HC1O,]=1073, 5x10"* and 10™* M,
respectively (see also experimental section). From
measurements at the two temperatures 25.0 and
40.6 °C the parameters quoted in Table 2 were
calculated.

Kinetic data were obtained from spectrophoto-
metric measurements, and pseudo first-order rate
constants, kg, for solutions initially containing
pure diol or pure monool were calculated using
non-linear regression analysis. Most of the kinetic
measurements were made on solutions initially
containing diol, and [H*] was varied from 0.1 to
1075 M.

Kinetic measurements on solutions initially con-
taining monool were made only for [H*]=10"3
and 107 M. At higher [H*] and in the basic
region there is practically no change of absorbance
with time for solutions initially containing monool.

H
kq 04+
= en R Rhien),
-
OH, OH
+H* “ Kay
H
ka 0.5+
== R Rhien),
K-2 | |
OHy 0“2
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All kinetic measurements were made under pseudo
first-order conditions, i.e. the change in the hy-
drogen-ion concentration during’ an experiment
was typically less than 3 9.

As established above, the stoichiometry of the
equilibrium mixture can be described by the
equilibrium between diol and aquahydroxo monool
[eqn. (1)], and the acid-base equilibrium between
the diaqua- and aquahydroxo monools [eqn. (2)].
However, the rate-expression derived from these
equilibria alone is insufficient for an interpretation
of the kinetic data and an additional, acid-catalyzed
reaction path must be included as shown in Scheme
2. From this reaction scheme the following rate-
expression is derived assuming that K,;>[H"],
i.e. that protonation of the diol is stoichiometrically
negligible as can be concluded from the spectral
data for diol in strongly acidic media, and using
the relations K,;/K,=K,,/K,, K,=k,/k_, and
K,=k,/k_,; eqn. (4). Two of the parameters, K,

[H*JK k-s , KaiK, "'k +[H Tk

ke =k
e = K. K. +[H"]

@

and K,, in this equation have been determined in
separate experiments as described above. Using
these values, the two rate constants, k, and k_,,
were determined by the method of non-linear
regression analysis (Fig. 1) and gave the parameter
values shown in Table 3.

Additional kinetic measurements made at ionic
strength 0.1 M (Na,H)CIO, and 25 °C showed a
linear relationship between kg, and [H*]. From
the calculations above it is seen that this linear

Table 3. Kinetic data for the equilibration reactions
between monools and diol at 25°C and ionic
strength 1.0 M (Na,H)CIO,.

Reaction 10°xk AH? AS*
s ! kJ mol~! J mol !
deg™!
ky 45.6(11) 86(3) —19(8)
k., 4070100  101(3) 99)
k_, 5.10(12) 100(2) X7)
Reaction k AH?* —AH® AS* —AS°
sTiM™! kJmol™! Jmol ™!
deg™!
ky/K,s  01343)  S7820)  —68(7)
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Fig. 1. The observed pseudo first-order rate con-
stants, k,,, for the equilibration reaction between
monool and diol as a function of pH=Ilog[H *] at
three different temperatures and at unit ionic
strength. The k., values have been obtained for
solutions initially containing diol (x) or monool
(O). The solid lines represent calculated values of
ks [€qn. (4)] with parameters as quoted in Tables
2 and 3.

relationship is accidental and is due to the fact that
the values of k_, and k_, are almost equal.
This reduces eqn. (4) to the approximate rela-
tionship (5). Assuming that this approximate equa-

[H*Jk,

keae=ky +k_ +
I 1 1 Ka3

5)
tion can be applied to the data for I=0.1 M, the
values k,/K,;=52(1)x10"2 s=* M~! and k,+
k_,=48310)x10"* s™! were then calculated
(Table 4). Since K, and K,; were not determined at
I=0.1 M, any further interpretation of the kinetic
data was not possible.

A few kinetic measurements were made in the
basic region (at 25 °C and ionic strength 1.0 M).
At pH=9.5 (0.01 M NH,, 001 M NH,CIO,, 099
M NaClO,), the value for k, of 4.68(10)x 10~*
s~!is in good agreement with the value 4.57(11) x
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Table 4. Observed and calculated rate constants
for the equilibrium between the monools and the
diol at ionic strength 0.1 M (Na,H)CIO, and at
25 °C. ke, from eqn. (5).

[H+] 104 X kobs 104 X kcalc
mol/1 s™! s !

0.1 55.8 56.8

0.05 31.0 30.8

0.01 10.3 10.0
0.002 592 5.87
5x107% 477 4.83

©0.01 M pyH,ClO,, 0.01 M py, 009 M NaClO, (py=
pyridine).3*

107* s~! calculated according to the reaction
scheme above, but including the acid-base equi-
librium in eqn. (3). Base-catalysis can therefore be
ignored for pH <9.5.

At higher pH base-catalysis does occur: The
reaction of diol in 0.01 M NaOH, 0.99 M NaClO,
was investigated spectrophotometrically at 25 °C
and was shown to give dihydroxo monool quantita-
tively. The change of absorbance with time obeyed
first-order kinetics and gave ku,=2.10(2)x 1073
s~ ! [which is 5 times faster than the uncatalyzed
reaction (k,)].

DISCUSSION

The equilibration between the monools and' the
diol in the present Rh(III) system occurs via an
acid-catalyzed and an uncatalyzed reaction path,
and a similar reaction scheme was recently observed
for the first bridge cleavage of the ammonia
Cr(I1I) diol, [(NH;),Cr(OH),(NH),]**.1®*° This
similarity between Rh(III) and Cr(I1I), however, is
no longer apparent if one compares with other
bridged Cr(III) complexes; the first bridge cleavage
of the two isomers (A,A-AA and AA) of [(en),Cr-
(OH),Cr(en),]** and of the mixed compound A,A-
[(en),Co(OH),Cr{en),]** occurs only via an un-
catalyzed reaction path.!*”1¢ Similarly, no acid
catalysis has been observed for the bridge-cleavage
of the cis-aquaerythro cation, [(NH;)sCr(OH)Cr-
(NH,),(OH,)}**, and for the related anionoerythro
complexes.!! ™13

The analogous Co(IlI) complexes exhibit pro-
nounced acid-catalysis.! ~® Bridge cleavage of the
Co(III) complex [(NH);Co(OH)Co(NH3)s]>* has
been reported to proceed via two reaction paths, an

acid-catalyzed and an uncatalyzed.!*? Acid-catalysis
has also been reported for the first bridge cleavage
of several trihydroxo-bridged complexes of Co(III),
and in fact in these systems an uncatalyzed path
was not observed.® Cleavage of the cobalt(If) diols
[(NH;),Co(OH),Co(NH,),]** and A,A-[(en),Co-
(OH),Col(en),]J** is acid-catalyzed, although in
none of these cases has it been possible to establish
with certainty whether the acid-catalyzed path is
associated with the first or the second bridge-
cleavage, or both.>*

By analogy with the above-mentioned studies on
Co(III) and Cr(III) the acid-catalyzed reaction path
in the present Rh(III) system is proposed to involve
protonation of one hydroxo bridge to give a labile
aqua-bridged intermediate. In the Rh(III), Cr(III)
and Co(III) systems the aqua-bridged intermediates
are very strong acids with acid dissociation con-
stants much greater than unity, and only the ratio
k,/K,, has been determined. The activation param-
eters given for the acid-catalyzed path are therefore
composite terms, [AH* (k,)—AH° (K,;)] and
[AS7 (k;)—AS° (K,3)]. Since AH® (K,3), referring
to a very strong acid, is undoubtedly negative 26
we obtain as an upper-limit estimate for the Rh(IIT)
system that AH? (k,)<58 kJ mol~!. This reflects,
as anticipated, that water is a poor bridging group,
and similar low AH? values have been observed
for the Cr(III) and Co(IIl) complexes.5-*8:*9

The values for k_; and k_, in the rhodium(III)
system are similar, and the corresponding AH?
values are nearly identical. The values for AS¥ are
also similar. These results suggest that the k_, and
k_, paths involve the same mechanism. Both reac-
tions involve replacement of coordinated water, but
since coordinated water is a much poorer nucleo-
phile than coordinated hydroxide an essentially
associative mechanism would require very different
AH? values, which clearly is not the case.

We therefore propose that the k_; and k_,
reactions are both essentially dissociative in char-
acter. In both reactions a rate-determining Rh-OH,
bond-rupture is then assumed to give a transition
state in which both coordinated OH (k_,) and
coordinated H,O (k_,) are captured by intra-
molecular reactions, faster than intermolecular
capture of solvent water. Accordingly, we expect
k_, and k_, to be similar to k., for the water-
exchange reactions of related hydroxo-bridged
complexes (i.e. complexes for which intramolecular
reactions do not compete with the solvent exchange
reaction). However, no such data have been
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reported, and we are therefore restricted to data for
monomeric complexes.

For water exchange?”?® in the pentaammine
complex, [Rh(NH,);(H,0)]**, we have k., =1.0x
1075571 (25 °C, I=0.5 M), which is a factor of five
less than k_, and k_,. The AH¥ values for all three
processes are similar (AH? (exchange)=101 kJ
mol™*). The result seems to support an essentially
dissociative mechanism in the case of the bridged
complexes. In contrast to this the water exchange
of the pentaammine complex is assigned an I,
mechanism,27 3!

Relevant to this discussion is the corresponding
chromium(Ill) ammine system (i.e. [(NH3),Cr-
(OH),Cr(NH;),]**). In the chromium(III) system,
ring closure of the monools (k- , and k_,) has been
assigned an essentially associative mechanism and
the different nucleophilic properties of coordinated
OH™ and OH, were clearly demonstrated by a
large difference between the AH* values (80.6 and
123 kJ/mol~?, respectively).!®1° This difference in
associative behaviour of the hydroxo-bridged com-
plexes of Cr(III) and Rh(lll) corresponds qualita-
tively to the observation that for pentaammine com-
plexes the degree of association increases along the
series Co(NH 3)sX < Ir(NH;)sX <Rh(NH3)sX < Cr-
(NH,)sX (X is a singly charged anion or water).?® ~32

The influence of ionic strength on the rate
constants supports the proposed reaction scheme.
For the composite term k; + k_ , there is no signifi-
cant change on going from ionic strength 1.0 to
0.1 M. This is a reasonable result since k, is
associated with a reaction between a cation and a
neutral molecule and k_, is associated with an
intramolecular reaction. According to conventional
reaction rate theory, both reactions should be in-
fluenced to a very small extent by the ionic
strength.33

For the composite term k,/K 5 there is a decrease
by a factor of 3 on going from ionic strength 1.0 to
0.1 M. Since k, is associated with a reaction be-
tween a cation and a neutral molecule, its ionic-
strength dependency is probably negligible and the
change is consequently essentially caused by a
change in K,;. This requires that K,; increases by
a factor of ca. 3 when the ionic strength is decreased
from 1.0 to 0.1 M, which is qualitatively in agree-
ment with the behaviour predicted theoretically for
a cationic acid.

The difference between the two pK, values for
the diaqua monool is nearly 7 units. As discussed
below, this large difference reflects a simultaneous
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decrease in pK,, and increase in pK,, relative to
what would be expected on the basis of semi-
quantitative charge considerations.

From charge considerations alone we expect the
acid strength of A,A-[(H,O)en),Rh(OH)Rh(en),-
(OH,)]** to be greater than that of cis-[Rh(en),-
(H,0),]13*. On the basis of the pK, values for cis-
[(Cr(NH,),(H,0),]** (4.96)** and for cis-[(NH;)s-
Cr(OH)Cr(NH,),(H,0)]** (3.5)3° we estimate, al-
lowing for a statistical factor of two (0.3 pK, units),
that the rhodium diaqua monool should be a
stronger acid than the monomeric diaqua ion by
approximately 1.8 pK, units. From the pK, values
(6.34 and 8.24) of cis-[Rh(en),(H,0),]** we there-
fore estimate that the rhodium diaqua monool
should have pK,;~4.5 and pK,,~6.4 (upper
limit). The observed pK, values (2.4 and 9.1) are
clearly significantly different from these predicted
values and we note that the deviation applies to
both pK,, and pK,,.

A similar increased stability of the aquahydroxo
form relative to its acid and base form has also been
observed in the corresponding chromium(III) ethyl-
enediamine and ammine systems.'*~° Following a
recent discussion'® in connection with the chro-
mium(III) systems we propose that the Rh(III)
aquahydroxo monool, by analogy with the chro-
mium(IIT) monools, is stabilized relative to the
diaqua and dihydroxo monools by internal hy-
drogen-bond formation between coordinated water
and hydroxide, as shown in Fig. 2. A similar
internal hydrogen-bond stabilization might also
occur in the diaqua and in the dihydroxo complexes,
but the very symmetrical conformation in the
aquahydroxo monool, with H,O donating hydrogen
to OH, is likely to be more stable than those of the
latter. This hydrogen-bond stabilization can there-
fore account for the decrease in pK,, and the
increase in pK,, relative to the values expected
purely on the basis of charge considerations.

H
.
N

(en)y| Rh(en),

0 .0
W \H \H

Fig. 2. The proposed hydrogen-bond stabilized
structure of the aquahydroxo monool.
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EXPERIMENTAL

Materials. The complex cis-[Rh(en),Cl 2;|-
Cl14(C10,), was prepared as described previously.?*
All chemicals were of analytical grade.

Instruments. A Zeiss DMR 21 spectrophotometer
was used for all spectrophotometric measurements
in the visible region. Data are given with the molar
decadic absorption coefficient ¢ in 1 mol™! cm™!
and the wavelength A in nm. The molarity of solu-
tions of the binuclear complexes is in all cases
defined in terms of the number of mol of complex
rather than the number of mol of rhodium(III) per
litre of solution.

The pH measurements were made with a Radiom-
eter GK 2301 C combined glass and calomel
electrode in conjunction with a Radiometer PHM
61 digital pH-meter.

Analyses. C, H, N, Br and Cl analyses were per-
formed by the microanalytical laboratory at the
H. C. Orsted Institute, Copenhagen.

Potentiometric measurements. The pH measure-
ments at 25 °C were made as described previously
in connection with the corresponding chromium(III)
systems,'*~!° and the definition pH= —log[H"]
was employed throughout. The determination of
pK., of the diaqua monool at 35.0 °C was made
using equilibrium conditions as described in the
following.

Partly neutralized solutions of the aquahydroxo
monool salt were kept at 35.0°C and pH was
monitored. The pH initially decreased with time
due to the formation of diol and became constant
after 15 min, showing that equilibrium had been
attained. From the [H*] measured at equilibrium,
pK,; can be calculated using standard procedures
if corrections are made for the small content
(~10 %) of diol. Such corrections can be made if
K, is known. However, the spectrophotometric
determination of K, requires a knowledge of K,
and the calculations of K,, and of K, were
therefore made simultaneously using iteration. Only
one iteration was necessary.

Spectra and treatment of spectral data. Spectra of
monool and of diol salts in different media, extrap-
olated to the time of dissolution and at equilib-
rium, were obtained as described recently.!® Pseudo
first-order rate constants, k., and activation pa-
rameters were calculated as described previously.'®
The kg, values were calculated from absorbances
measured at two or three of the wavelengths
A=330, 300 and 280 nm (for solutions initially con-
taining diol) or 4=254, 250, 246, and 242 nm (for
solutions initially containing monool). All kinetic
runs were performed in duplicate.

In all kinetic runs the hydrogen ion concentra-
tion changed slightly. These changes were generally
about 1—3 9, although in experiments with low

[H*], changes of up to 8 %, were calculated [eqns.
(1) and (2)]. However, the error introduced by this
variation is very small, since at low [H*] the
dependence of k,, on [H*] is small. For each ex-
periment the hydrogen ion concentrations at ¢,
[H™*],, and at equilibrium, [H*]_,, were calculated
and the values[H*]=H[H*],+[H*],), were then
used in the subsequent calculations.

The calculations of K, were based on absorbances
of solutions of pure diol, &, pure monool, &, and
the equilibrium solution, ¢, measured at A=254,
250, 246 and 242 nm and using eqn. (6).

o—t.) K
K= e, "o H]+K, ©

The ratio (ep—eé,)/(ec —&m) IS experimentally
difficult to measure since the equilibrium is shifted
very much toward monool and accordingly the
relative difference between ¢, and ¢y is very small.
This difference is greatest in weakly acid solution,
for which the ratio is approximately equal to K,
and the measurements were therefore made in
solutions with [HCIO,]=10"3,5x10"* and 1074
M, respectively.

The value of K, at 25 °C was then calculated
using the value for K,; determined as above. As
discussed above, the calculations of K; and K,,
at the higher temperatures were made simultane-
ously, using iteration.

Preparations

1. cis-Aquabis( ethylenediamine )hydroxorhodium-
(111) dithionate, cis-[ Rh(en),(OH)YH,0)]S,O4. cis-
[Rh(en),C1,]C1,(CIO,), (6.0 g; 16.60 mmol) and
AgNO; (8.57 g; 5045 mmol) were heated under
reflux for 3 h in water (50 ml) in the dark. The
reaction mixture was allowed to stand overnight.
1.00 M HCI (11.0 ml) was added, and after standing
for ca. 10 min the solution was filtered. The flask
and funnel were rinsed with boiling water (3 x 10
ml) and the filtered washings added to the bulk
filtrate. Finely powdered Na,S,0¢° 2H,0 (6.0 g)
was added and dissolved by stirring at room tem-
perature. Then 1.00 M NaOH (24 ml) was added
and a finely-divided pale-yellow precipitate was
formed. After leaving the mixture to stand for ca.
1 h at room temperature and then in an ice-bath
for ca. 20 min, the product was isolated by filtra-
tion, washed with ice-cold water, then 96 9, ethanol
and ether and air-dried. Yield 5.32 g (77 %)

The pure product was obtained by reprecipita-
tion. Crude aquahydroxo dithionate (2.0 g; 4.78
mmol) and finely powdered Na,S,04-2H,0 (2.4 g)
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were stirred together in 0.50 M HCI (12.0 ml) until
all was dissolved. 1.0 M NaOH was then added
dropwise to the stirred, filtered solution to give
pH=7, when a pale-yellow -precipitate formed
rapidly. After stirring at room temperature for ca.
15 min the mixture was kept in an ice-bath for 45
min and then filtered. Washing and drying were
performed as before. Yield 1.88 g (94 %). The
product reprecipitated twice in this manner showed
no changes in the UV-visible absorption spectrum
on further reprecipitation. Anal. [Rh(en),(OH)-
(H,0)]S,04: C, H, N. Spectral data (0.1 M HCIO,,
0.9 M NaClOy,; 25 °C) (&,A)max: (175,317), (137,271).
(& )min: (117,289), (32,236).

2. A,A-Di-p-hydroxobis[ bis( ethylenediamine )-
rhodium(111)]bromide dihydrate, A,A-[(en),Rh-
(OH),Rh(en), |Br,- 2H,0. Crude diol dithionate
(481 g; 6.01 mmol) was stirred vigorously in
saturated NH,Br solution (55 ml) at room tem-
perature for 1 h. The resulting crude bromide salt
was then isolated by suction filtration on a fine-
porosity sintered glass funnel and washed with
ice-cold 1:1 aqueous ethanol. The product was
extracted on the filter with water (temp. 20 °C) in
portions within a total of 20 min (total extraction
volume ca. 200 ml) and the portions of solution
were filtered immediately into an ice-cooled 500 ml
conical flask containing stirred NH,Br solution
(80 ml, saturated at room temp.). A dense pale-
yellow precipitate was immediately formed, and
after cooling with stirring for a further 20 min the
product was isolated by filtration, washed with ice-
cold 1:1 aqueous ethanol, then 96 % ethanol and
finally ether, and air-dried. Yield 3.85 g (77 %).
Anal. [Rh,(en),(OH),]Br, - 2H,0: C, H, N, Br.

3. AA-Di-p-hydroxobis[ bis( ethylenediamine )-
rhodium( 111 )]perchlorate, A,A-[(en),Rh(OH),Rh-
(en),J(C10,),. A,A-[(en),Rh(OH),Rh(en),]Br,-2H,0
(3.85 g) was stirred vigorously with a mixture of
saturated NaClO, (20 ml) and water (20 ml) at ca.
16 °C for 1 h. The precipitate was filtered off by
suction on a fine-porosity sintered glass funnel,
washed with 96 9; ethanol and sucked almost dry.
The product was then extracted on the filter with
water {ca. 16 °C) in small portions within a total of
7 min (total volume ca. 70 ml) and the portions
filtered immediately into an ice-cooled flask con-
taining stirred NaClO, solution (50 ml, saturated
at room temp.). After cooling and stirring for a
further 15 min the product was isolated by filtra-
tion, washed with 96 %, ethanol and then ether, and
air-dried. Yield. 3.70 g (91 %). Anal. [Rhy(en),-
(OH),J(C10,),: C, H, N, Cl. The spectral data
(Table 1) for this salt are identical with those for the
bromide dihydrate, which is strong evidence for
the purity of the products.

4. A,A-Aquatetrakis( ethylenediamine )-y-hydroxo-
hydroxo dirhodium(111) perchlorate, A,A-[(H,0)-
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(en),Rh(OH)Rh(en),(OH)](ClO,), - H,O. AA-
[(en),Rh(OH),Rh(en), ](ClO,), (3.0 g 3.42 mmol)
was added to water (9.0 ml) at 55.0+0.5 °C and the
stirred mixture was kept at that temperature for
20 min. All the complex dissolved within the first
3 min. The solution was then cooled in ice and a
saturated (at 20 °C) solution of sodium perchlorate
(9 ml) was added. After 20 min the precipitate was
filtered off and washed thoroughly with 96 9
ethanol. Drying in air gave 2.80 g of crude aqua-
hydroxo monool salt. The crude perchlorate salt
(2.8 g) was dissolved in 1.000 M perchloric acid
(10.00 ml) at 25.0 +0.1 °C within 30 s. After a further
120 s the filtered solution was cooled in ice and a
saturated solution of sodium perchlorate (15 ml)
added. After a further ca. 10 min the almost
colourless solution was filtered and then 2.00 M
sodium hydroxide (5.00 ml) was added. The aqua-
hydroxo monool salt precipitated within a few
minutes and was isolated as above. Yield 2.50 g
(80 %) of a pure salt. Further reprecipitation did
not change the absorption spectrum in the region
350 —240 nm. Anal. [Rh,(en) ,(H,O)OH),](ClO,),"
H,0:C, H, N, ClL
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