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The reaction of [ RW(NH;)sOCOCCLT* and CH;O-
ions was studied kinetically. The rates were found to

ki+ kK[ C
fit the equation kops = 1+ kK[ CH:ONa) . The

1+ K[CH;0ONa]
formation of ion-pairs between the reactants, supported
by spectral evidence, is considered to be responsible for
the observations.

Introduction

In recent investigations'* the reaction of acetato- and
haloacetatopentamminemetal(111) complexes (metal =
Co, Rh, Ir) with OH~ has been studied kinetically and,
for some of these systems, with tracer techniques.

Under certain conditions, it appears that the
carboxylic carbon atom behaves like an electrophilic
center, leading to the OH~ addition to the carbonyl
group, which has been held responsible for some of the
observed results.

The present research was undertaken in order to
extend this study to the reaction between CH;O~ and
[Rh(NH;)sOCOCCI;]*+*. The latter compound was
chosen because of its solubility in absolute methanol,
and because of the high electron withdrawing power of
the CCl; group which is supposed to provide favourable
conditions for the carbonyl-addition path.

However, as it will be shown further on, the system
was found to react by a different pattern with no
evidence for a carbonyl adduct formation.

Experimental Section -

Materials. Trichloroacetatopentamminerhodium(I11)
ion was prepared according to the procedure already
described,? and isolated as the perchlorate.

Super-dry methanol was prepared by refluxing pure
grade anhydrous alcohol over magnesium methoxide,’
and was purified by fractional distillation.

Sodium methoxide stock solutions were prepared by
direct reaction of the alcohol with metallic sodium,
carefully cleaned with anhydrous methanol.

(*) Structure and Reactivity in Octahedral Complexes - XI. .

(**) This research was supported by the Italian Consiglio Nazionale
delle Ricerche.
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The alcohol and the CH;ONa solutions were kept in
tightly stoppered bottles and withdrawn under a stream
of dry nitrogen. The stock solutions of CH;ONa were
titrated with standard H,SO, solutions.

Reaction Products. In order to verify the stoichio-
metry of the reaction, the isolation of the Rh(IlI)
complex which was formed, was attempted as follows:
an amount (0.2 g) of [ Rh(NH;);OCOCCI;](ClOy), was
treated, at 65°C, with 5 ml of 1 M CH;ONa solution.
After 15 minutes and with frequent stirring, the com-
plex dissolved giving a yellow solution, which was
filtered on a fritted glass and cooled in a melting-ice
bath. Small yellowish crystals separated. They were
collected on a filter, washed several times with methanol
and acetone, and air dried.

The elemental analysis gave the results reported in
Table I, which agree very well with the formula
[ Rh(NH;);OCH;3](ClO4):. Y2CH3OH. The presence of
two non-equivalent methyl groups is confirmed by the
NMR spectrum (D;O as the solvent), which shows two
resonance peaks, the integrals of which are nearly in
the ratio 2: 1, the lower being due to free methanol. The
presence of the non-coordinated alcohol is also confirm-
ed by the gas-chromatographic analysis of a fresh water
solution of the complex.

Table 1. Reaction Product. Elemental Analysis

C H N Cl

Found (%) 4.15 443 16.16 1651
Caled (%) for

On the basis of the given formula the spectrum of
the methoxide complex (Figure 1) and those obtained
under kinetic conditions from the reacting mixtures
were the same within the experimental accuracy.

Further, since no chloride ion was found at the end
of the kinetic runs, the possible decomposition of the
CC1,COO~ ion is ruled out.

In conclusion, the above-mentioned results indicate
the following overall stoichiometry for reaction (1):

[Rh(NH;);OCOCCL;]** + CH;0~ —
[ Rh(NH;)sOCH;]** 4 CCL,COO- (H
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Figure 1. The absorption spectrum of [ Rh(NH;)sOCH;]** ion
in the presence of methoxide ion. Solvent methanol, tem-
perature 26°C.

The use of this reaction for the preparation of a series
of alkoxide complexes is now under study.

Kinetics.  The reaction of [ Rh(NH3);OCOCCIL:]**
with the methoxide ion was followed spectrophoto-
metrically by measuring the absorption of the reacting
mixture at a suitable wavelength, in the u.v. range.

A small amount (1-2 mg) of the complex was weighed
out in a 5-ml volumetric flask and dissolved in a
standard sodium methoxide solution, which was ob-
tained by mixing known volumes of the pure alcohol
and concentrated methoxide stock solution.

A 1-cm quartz cell was then filled with the reacting
mixture and placed into the cell compartment of a
Beckman DU spectrophotometer, kept at 26.0+0.1°C
by circulating water from a thermostatic bath. The
reference solvent was the same sodium methoxide
solution used for the reaction.

Alternatively, the kinetic runs were followed by
recording the light absorption, at a fixed wavelength,
by a Beckman DB recording spectrophotometer. Owing
to the operating feature of this instrument, the tem-
perature of the cell compartment (26.0°C) could be
controlled only to +0.25°

All runs were carried out with a large excess of
CH;0-, so that its concentration was constant throug-
out the reaction.

The kinetics were followed until a constant reading
was obtained and the plots of log (Da-D) vs time were
found to-be linear over two or three half-lives. The
dependence of the observed pseudo first-order kinetic
constants, Kons, On the sodium methoxide concentration
is shown in Table II and Figure 2.

Table 1.  Rates of Reaction of [Rh(NH;);OCOCC];]** with
CH,;O~ Ton
[CH;ONa] (M) kobe X 10° (sec™")

0.015 0.79
0.027 0.98
0.027 0.83
0.053 0.96
0.075 1.18
0.076 1.04
0.108 1.22
0.108 1.20
0.162 1.25
0.270 1.38
0.540 1.46
0.540 1.43
0.720 1.51
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Figure 2. Observed rate constants as function of the CH;ONa
concentration. The line is calculated according to equation (5).

Influence of the Methoxide lon Concentration on the
Spectrum of [ RAW(NH;)sOCOCCL; ¥+,  Figure 3a shows
the spectrum, at 26°C, of some methanol solution of
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Figure 3. Influence of CH;ONa on the absorption spectrum of
[RR(NH;);OCOCCI;]**. (a) Molar concentration of CH;ONa:
0 (1); 0.042 (2); 0.33 (3). (b) Wavelength 240 mp.

trichloroacetatopentamminerhodium(I11) perchlorate
with different amounts of CHsONa. By increasing the
methoxide ion concentration the extinction coeflicient,
g, of the rhodium complex, below 270 my, increased
remarkably.  Since, at these wavelengths the light ab-
sorption changes rapidly as a consequence of the re-
action between the complex and the base, the reported
spectra are those obtained by extrapolation to zero
time.

When the extinction coeflicient, for a given wavel-
length, is plotted against the methoxide concentration,
the curve reported in Figure 3b is obtained. Such a
curve shows clearly the tendency to a limiting value,
€im. This behaviour is typical of an equilibrium re-
action, which occurs as soon as the reactants are mixed
together, yielding a species of higher absorbancy.

A detalied analysis of the curve according to this
hypothesis requires the knowledge of the activities of
both solutes and, since these last are not available, the
equilibrium constant associated with the reaction cannot
be exactly calculated. It can be, however, estimated
by the following procedure. For dilute solutions, the



molar extinctions are related to [ CH;0~] by the equa-
tion:

E— &
——— = K[CH;O"] (2)
€lim — €
where g, is the value of € at zero CH;O~ concentration,
Eim IS its asymptotic value, and K is the equilibrium
constant.  Unfortunately, e~ cannot be directly mea-
sured since it is reached at very high sodium methoxide
concentrations, which do not allow satisfactory optical
measurements. However, it can be estimated ca.
400 M-cm™!

. E—E
When the ratio P— becomes equal

lim —

to unity (i.e., when the extinction coefficient is half way
from €, and &m), the reciprocal of [CH3ONa] is equal
to K. This occurs for [CH;ONa] = 0.05 M, which
is a sufficiently dilute solution to consider the eq. (2)
at least roughly followed. The value obtained is thus
K = 2. 10 M~', which applies to an ionic strength
of about 5. 1072 M.

Results and Discussion

The ionic strengths of the solutions for both kinetic
and spectral measurements was essentially that resulting
from the dissolved sodium methoxide. Owing tc the
high concentrations of the latter, it was not possible to
predict, on any theoretical ground, the extent of the
general salt effect.  Also the degree of association bet-
ween CH;O™ and Na*, which should not be negligible
at the highest concentrations, is not known. Indeed,
these facts could make difficult a detailed interpretation
of the reaction profile of Figure 2.

The use of an «inert» salt like NaClO,, in order to
keep constant the ionic strength, would not be safe from
complications since the reactive substrate is positively
charged.® Actually, from preliminary experiments, it
seems that the addition of large amounts of NaClO,
changes completely the reaction picture to a more com-
plicate one.

Howecver, since the large spectral changes reported in
Figure 3 are not likely to be due to general salts effects,’
the close parallelism between absorption and reactivity
changes with increasing [ CH;ONa] is a strong indica-
tion of the salt effect to play a minor role. Instead,
the data suggest that, within the considered CH;ONa
concentration range, two reactive species, A and B, in
mutual fast equilibrium are present, both undergoing a
slow decomposition to the products according to the
following reactions:

K
A + CH;O- B (3)
A fast
k;
(a)
[ Rh(NH;3)sOCH;** + CCl,COO~ (4)
k2
(b)

B

(*) The addition of NaClO, to a complex solution up to 04 M
concentration does not change the extinction coefficient of the latter.
(6) F. Basolo and R. G. Pearson, «Mechanisms of Inorganic Reactions»,
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For reasons which become clear further on, it is now
convenient to let unspecified the nature of both com-
pounds A and B. The first, in particular, may not be
necessarily the starting [ Rh(NH;)sOCOCCL;]** ion.

On this ground, the general equation (5) is proposed

ki + kK[ CH;0-
Kop — 1+ kK[CH;0] 5)
1+K[CH;0"]

where ki and k; are the first-order rate constants
for A and B, respectively.

Owing to the above mentioned uncontrolled ionic
strength conditions, the fit of eq. (5) with experimental
points would be expected not to be as good as it is.
Actually, the plot of Kkos(1+K[CH;ONa]) vs
K[CH;ONa], assuming for K the value 20 M~!, (see
Experimental), is fairly linear with an intercept, ki, of
6.0 . 107" sec™! and a slope, ks, of 1.5 . 107* sec™’.
Now the question arises ds to the nature of A and B and
of the equilibrium (3).

Infrared evidence of carbonyl adducts between
carboxylic derivatives and alkoxide ions had been
previously found.®  Their formation is favoured by the
presence of activating groups like CF; and CCls, bonded
to the reactive center, and by solvents of low dielectric
constant.

The present research was undertaken with the hope
of finding kinetic and spectral evidence for the form-
ation of a carbonyl adduct between a basic anion, such
as CH;O™, and [ Rh(NH;)sOCOCCIL; J**.  This was, in
fact, what would be expected on the basis of the results
obtained for the base-hydrolysis of this and related
complexes.'?

The reactions (3) and (4b) are formally in agreement
with this hpyothesis. However, if (3) were the
carbonyl-addition of CH;O~ on the co-ordinated car-
boxylic ligand, B should then react by oxygen-carbon
fission and [ Rh(NH;)sOHJ?** ion would be expected as
the primary reaction product.*  This appears to be,
definitely, not the case, since in all the experiments the
only reaction product which could be detected spectro-
photometrically was [ Rh(NH;3)sOCH;]** and, at 26°C,
the spectrum of [Rh(NH;)sOH J** in methoxide solu-
tions changes very slowly (probably as a consequence
of the decomposition of the complex by loss of
ammonia), so that the alkoxo complex must be
generated  independently through the metal-ligand
bond rupture. Furthermore, also methanolic solutions
of [Rh(NH;)sOCH;]** and [Rh(NH;sOH]** show
slight spectral changes with increasing CHs;ONa con-
centration, supporting the idea that reaction (3) is not
specific for carbonyl-containing compounds.

The reaction with methoxide ion has been studied for
several amine complexes of Co(IIl) and the rates were
found to be first-order with respect to the concentration
of the base® This behaviour was interpreted as an
indication of Sxl CB mechanism.

(*) Also the formation of CCLCOOCH, ester should be expected.
However, the blank experiments showed that the water content of the
solutions, though small, was sufficient to hydrolyze thec amount of ester
which mlght be formed, beforc any attempt could have been made for
its detection.
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Monacelli | Substitution Reaction with the Methoxide Ion



274

The same hypothesis would also be consistent with
the present findings, providing however, that the acidity
of Rh-N-H protons were so high, compared to Co-N-H
protons, as to allow a nearly complete conversion of the
substrate to the amido form, with CH3O~ concentrations
lower than 1 M. This fact is unlikely since, on the
contrary, there are indications for the opposite situation
to occur,2

Furthermore, owing to the low value of the ratio
kz2/k: in this case the reactivity of the conjugate base
would not differ significantly from that of the parent
acid, which is also unlikely.

A satisfactory interpretation of the nature of reaction
(3) can be given, however, in terms of outer-sphere
association between the reactants, favoured by the
relatively low dielectric constant of the medium. Direct
evidence of ion-pair formation between positively
charged metal complexes and anions, in both water and
methanol, have been found in a number of cases.”"*"7
Yet, such ionic associations are known to be usually
more reactive than the parent ions,'*®2 in agreement
with the present observed trend.

In line with this interpretation, the simplest case,
which could be proposed, is the one where species A is
[Rh(NH;);0COCCLI;]** and B the 1:1 ion pair
[ Rh(NH;)sOCOCCL**, CH;0~. On this ground the
reaction (4a) would bccome a solvolytic process, and
k: the measure of the reactivity of the free complex with
methanol.

For the amminecobalt(IIT) complexes it is currently
accepted that methanolysis and aquation are essentially
the same reaction,? the first one being about ten times
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slower than the second, probably as a result of the lower
solvation properties of the alcohol.

Unfortunately, kinetic data are not available for the
aquation of [Rh(NH;)sOCOCCL** but it should not
be faster than that of [ Rh(NH;)sOCOCF;]** which has
been studied extensively.”® From the known activation
energy and the constants at higher temperatures, the
value 3 . 1077 sec ~! can be calculated for the pH
independent aquation of the latter, at 26°C.  Thus,
methanolysis of trichloroacetatopentamminerhodium-
(II1) would appear faster than its aquation by a factor
of 200 or more, which is unlikely.

A better understanding of the whole experimental
evidence can be obtained assuming that even at the
lowest [CH3;ONa] considered in the experiments, the
starting complex is fully converted into the 1:1 ion-
pair and, hence, reaction (3) refers to the further step
of the association process (B—=[ Rh(NH;);OCOCCI;]?*+,
2 CH;07).  According to this, k; becomes the rate
constant of the 1: 1 ion-pair which does not need to be
lower than the aquation rate constant of the free com-
plex.

This hypothesis is strongly supported by the fact
that the related complex #rans-[ Coen,CICH;OH ]**
and Cl- ion are completely 1: 1 associated in methanol
for [Cl-1/[complex] <5 and [CI-]1<1.107*M.*

The two-step association mechanism implies, how-
ever, that the spectrum of the 1:1 ion-pair be nearly
the same as that of [Rh(NH;)sOCOCCL;]** in pure
methanol, at least in the region above 240mp. (see
Figure 3), while the observed changes are due to the
further 1: 2 association. This is not a common situation
but canont be excluded a priori.

Finally, it should be noted that the proposed
mechanism does not exclude the formation of a carbonyl
adduct, but since the experimental results do not
show any evidence of such process it cannot give any
detectable contribution to the studied reaction.
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