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Substitution Reactions of trans-[Ru(NH,),{P(OEt),}(H,0)]*"
revisited. Mechanistic Elucidation from a Volume- proflle

Analysist
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The complex-formation reactions of trans-[Ru(NH,) {P(OEt),}(H,0)]** with L=

imidazole (Him),

isonicotinamide (isn) and pyrazine (pyz) were studied in aqueous solution (/ = 0.10 mol dm™, CF,CO,Na)
as a function of entering ligand concentration and pressure up to 100 MPa, at 25.0 + 0.1 °C. The volumes
of activation for the complex-formation reactions were +4.2 + 0.2 (pH 8.6), +1.9 + 0.3 (pH 5.3) and
+2.0 £ 0.3 cm® mol™* (pH 5.0), for L = Him, isn and pyz. respectively. In the case of isn and pyz as
entering ligands the volumes of activation for the reverse aquation reactions were found to be +7.6 + 0.4
and +10.4 + 0.3 cm?® mol™, respectively. Based on the volume of activation data and the constructed
volume profiles a dissociative interchange mechanism is proposed.

In recent years we have developed an interest in tuning the
substitution lability of metal complexes via a systematic
variation of the steric and electronic properties of the co-
ordinated spectator ligands.™* Such variations can cause an
increase or decrease of many orders of magnitude in the
substitution rate constants.? A fundamental question is whether
such a drastic change in lability is accompanied by a gradual
change in the nature of the substitution mechanism.

Phosphite ligands such as P(OEt); are known to labilize
the rrans position, and this is one of the reasons why detailed
kinetic studies were performed on complex-formation and the
reverse aquation reactions of complexes of the type frans-
[Ru(NH3)4{P(0Et)3}(H20)]2+ for a wide range of organic
and inorganic entering ligands in aqueous solution.>® The
kinetic behaviour of these reactions is not that straightforward,
with the result that mechanistic interpretation of the labilization
caused by P(OEt), is rather vague.®*® For instance, plots of kg,
versus entering ligand concentrations [L], for complex-
formation reactions of trans-[Ru(NH;),{P(OEt);}(H,0)]**
exhibit significantly different trends depending on the nature of
L. For electrophilic species such as isonicotinamide (isn),
nicotinamide, 4-cyanopyridine, 4-cyanopyridinium ion, pyr-
azine (pyz), 4-methylpyrazinium ion and pyridine a tendency
for rate saturation was observed at [L] higher than 0.1 mol
dm3.5-¢ However, for nucleophilic species such as histidine,
glycine, NH;, imidazole (Him), l-methylimidazole, N;,
SCN~,CN~, S0, S,0,2"and CS,N; ™ no such tendency was
observed.>® An interchange mechanism was proposed to
account for this behaviour.*-

Our earlier experience with detailed studies of ligand-
substitution processes clearly demonstrated how volumes of
activation and the construction of a reaction volume profile
can greatly assist the elucidation of the underlying reaction
mechanism.” 1° Furthermore, such studies can also contribute
to a better understanding of the labilization effects of the
spectator ligands.?*'! We have therefore revisited a series
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of typical complex-formation reactions of frans-[Ru(NH;),-
{P(OEt),}(H,0)])** and have constructed volume profiles in
order to resolve the intimate nature of the ligand-substitution
process. For this purpose we selected the neutral entering
ligands pyz, isn and Him which have different donor—acceptor
properties.> The results enable an unequivocal assignment of
the underlying mechanism.

Experimental

Materials.—Chemicals of analytical reagent grade and de-
ionized water were ‘used throughout. The complex trans-[Ru-
(NH;),{P(OEt);}(H,0)][CF;S0;], was prepared according
to a literature procedure.® All manipulations were performed
under argon by using Schlenk techniques. The salt CF;CO,Na
was used to adjust the ionic strength of the medium, and
CF;CO,H-NaOH were used to control the pH of the test
solutions.

Kinetic Measurements.—At ambient pressure the substitution
reactions were followed spectrophotometrically using a
Durrum D110 stopped-flow instrument connected to an on-line
computer system for data acquisition and analysis. Kinetic
measurements at elevated pressure were performed on a
laboratory-made high-pressure stopped-flow unit as described
elsewhere.!? n-Heptane was used as pressure-transmitting
medium. Subsequent to each pressure increase, the system was
thermally equilibrated for 20 min before collecting kinetic data.
Absorbance vs. time traces were recorded on a Dasar transient
recorder and transferred to an on-line computer for calculation
of the rate constant. Each experiment consists of a series of
kinetic runs using the same freshly prepared solution. All the
instruments used for kinetic measurements were thermostatted
at25.0 + 0.1 °C. All the solutions were transferred with the aid
of gas-tight syringes to the stopped-flow units. The kinetics was
monitored for at least 10 half-lives at wavelengths corresponding
to the maximum absorbance change (350, 366 and 320 nm) for
L = isn, pyz and Him, respectively.

Most experiments were done at a pH high enough so that
the ligands were largely in the basic form: H,im*, pK, = 6.9;
Hisn*, pK, = 3.5; Hpyz™, pK, = 0.65. Nonetheless, since the
pK, value can change with pressure, a series of experiments at
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Fig. 1 Dependence of ., on ligand concentration for the complex-
formation reaction of trans-[Ru(NH;),{P(OEt);}(H,0)]** in aqueous
solution [/ = 0.10 mol dm™?® (CF;CO,Na); 25.0°C] at ambient
pressure with Him (%), pyz (O) or isn (@)

different pH were performed in order to check the effect of
pH on k, for the systems where L = isn and Him. The results
indicated no significant effect in the range studied (pH 4.2-6.3
and 7.3-9.3 for L = isn and Him, respectively). Therefore,
pressure-dependence investigations were performed at selected
pH values, where a minor change in pH due to change in
pressure will have no significant effect on &,.

Treatment of Data.—The complex-formation reactions were
studied under pseudo-first-order conditions, and the observed
rate constants, k,,, were calculated in the usual way ® using a
standard program. The values of k, and k_, were estimated by
using a linear least-squares treatment according to equation (1).

koos = k_y + ky[L] 1)

Equilibrium constants, K., were calculated from k, /k ;.
The volumes of activation, AV*, were obtained according to
equation (2).” Plots of In k,,, vs. pressure were linear within

the experimental error limits up to 100 MPa.

AV* = —RT[d(In kyy)/d Py )

Results and Discussion

Studies at Ambient Pressure.—These studies were carried out
to check the consistency of the results from the high-pressure
experiments as compared to the ambient-pressure results
reported before.> The kinetic data obtained for reaction (3),

trans-[Ru(NH, ),{P(OEt),}(H,0)]2* + L%
trans-[Ru(NH,),{P(OEt);}L]** + H,0 (3)

where L = isn, pyz or Him, are summarized in Table 1. In
general, the results are quite consistent with those reported
before.®> Significantly, plots of k., vs. [L] at constant pH,
Fig. 1, are linear, except when L = isn (SUP 57055). In the
latter case a slight deviation from linearity was observed at
[isn] higher than 0.15 mol dm™, and the rate constants were
evaluated from the linear part of the plot ([isn] < 0.15 mol
dm3). The plot of k., vs. [pyz] exhibited a well defined
departure from linearity as reported before.®

It is significant to note the magnitudes of the intercept in
the k., vs. [L] plots: close to zero in the case of L = Him,
but larger when L = pyz or isn. The plots exhibiting meaningful
intercepts indicate that the reactions do not go to completion
under the selected conditions. Kinetic measurements of the
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Fig. 2 Dependence of AV* on ligand concentration for the formation
of trans-[Ru(NH;),{P(OEt),}L]** at 25.0 °C, according to data in
SUP 57055, where L = pyz (O), isn (x) or Him (@)

aquation of trans-[Ru(NH;),{P(OEt);}(isn)]** via a pH-
jump method on the Durrum stopped-flow instrument resulted
in a k_, value in good agreement with that extrapolated from
the least-squares analysis (Table 1).

High-pressure Experiments—The kinetic data as a function
of pressure and ligand concentration for the formation of the
Him-, isn- and pyz-substituted complexes are summarized in
SUP 57055. In general the k. values decreased slightly with
increasing pressure for all the systems studied.

The values of AV* are small and positive in all cases (Fig. 2,
SUP 57055). In the case of L = Him, the AV* values are
independent of [L] within the experimental error limits. This is
not surprising since the equilibrium constant is such that the
reaction goes to completion and equation (1) can be simplified
to (4). In order to minimize the errors, three different [Him]

kobs = kl[Hlm] (4)

were used. At each concentration a duplicate experiment was
performed using a freshly prepared solution. The pressure
dependence of k, was estimated from the pressure dependence
of k., at different [Him], using the results summarized in SUP
57055. The k_, values could not be extrapolated from such
plots, since the error in the intercept is too large to obtain
reliable k_, data.

In the cases where L = isn or pyz, K, is smaller and the
reactions do not go to completion, such that the AV* values
depend on [L] (Fig. 2). In these cases the pressure dependence
of ks was studied as a function of [L]. Plots of k., vs. [L] are
satisfactorily described by the linear function (1) at every
pressure. The pressure dependencies of k; and k_; were
estimated and the results are included in SUP 57055. The
volumes of activation, AV*, were estimated in the usual way
[equation (2)], and are summarized in Table 2. According to
these data, the values of AV*; and AV*,, cf = complex
formation and aq = aquation, seem to be in agreement with a
dissociative interchange mechanism (I,),”'® for all the systems
studied. Their absolute values are small, and consistent with the
small effect of pressure on k.

More reliable data for the activation volume of the reverse
reaction was obtained in the case of L = isn (see Table 2),
following the disappearance of the substituted complex through
the pH-jump technique (SUP 57055). The value obtained by
this technique (4 7.6 * 0.3 cm® mol™) is in good agreement
with that obtained by extrapolation (+7.4 £ 0.5 cm® mol™).
This close agreement suggests that the extrapolated value for
pyz is also reliable. A similar determination for pyz would
require measurements at low [H*], i.e. the employment of a
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Table 1 Rate data for the formation of trans-[Ru(NH;),{P(OEt),}L]***

Ligand L k,/dm3 mol™! s~ 10%k_, /s
Him 112 £ 0.1 1.1 + 0.7
15.2 0.99
pyz 3.00 £ 0.03 23.7 £ 0.6
3.8 20
3.13 £ 0.09 244 + 1.5
isn 2.18 £ 0.05 6.2 + 04
6.0 £ 0.1
2.24 6.4

K.,/dm?® mol ™ Remarks

1.06 x 103 This work

1.5 x 10° Ref. 5

12.6 This work

19 Ref. S

12.8 Calculated from data in ref. 5
35.1 This work

35.8 Determined by a change in [H*]"
36 Ref. 5

] = 0.10 mol dm® (CF,CO,Na); 25.0 °C; ambient pressure. ® First syringe, [Ru"] = 0.16 mol dm™, [isn] = 0.198 mol dm™, pH 5.3; second
syringe, [H*] = 0.25 mol dm™3 (CF;CO,H); mean value from six kinetic runs.

Table 2 Summary of activation parameters for the systems
trans-[Ru(NH;),{P(OEt); }(H,0)]** + L = trans-[Ru(NH3;),-

{P(OEt);} L1** + H,0

T P 1¥ an b
8 Ru\ Ru\
P OH, OHy
5
E +20 Au - OHg + isn +1.9
Ela an ..
3 | Ru—OHj + pyz
©° +7.6
>
© +10.4 -7
©° -84
13 Ru —isn + OHy
= _—
E R OH;
U~ pyz +
& ] Pyz 2

L
Him isn pyz

AV b +42 %02 +1.9 03 +2.0 £ 0.3

AVES +7.4 %05 +104 0.3
+7.6 + 0.34

AV —5.6 + 0.8 —84 % 0.6
—57+ 0.6

AHYS 16.1 = 0.01 174 + 1.0 19.3 £ 2.3

ASSS +0.85 + 0.04 +14 33 +8.6 + 7.8

S 224+ 10 24.1 + 0.2 214 03

ASt,” 7.5+ 34 +16.8 0.6 +11.1 £ 1.1

2 Volumes in ¢cm® mol™!, AH* in kcal mol™, AS? in cal K~! mol!,
where cal = 4.184 J. ® Calculated from k, in SUP 57055. < Calculated
from k_, in SUP 57055. ¢ Obtained from rate data for the aquation of
the isonicotinamide complex through variation in [H* ] as a function of
pressure (SUP 57055). ° AV = AV? — AV?,,./ Calculated from data
in ref. 5 (see text).

buffer. The AV*,, for L = Him cannot be measured on the
stopped-flow time-scale.

Two representative volume profiles are shown in Fig. 3, from
which it follows that the transition state has a significantly
higher partial molar volume than either that of the reactant or
product states, in agreement with the dissociative character of
the intrinsic reaction mechanism. The overall reaction volumes
(AV) are negative and indicate an overall volume collapse
during the substitution process. This is understandable since the
small H,O molecule is substituted by a significantly larger L in
reaction (3).

The more positive A¥* values found for some of the aquation
reactions (L = isn or pyz) are related to the larger size of the
leaving group in a process involving partial bond breakage (I
mechanism). This is consistent with the sensitivity of AV* to
the size of the leaving and entering ligands, which in fact tunes
the intimate nature of the substitution process at the metal
centre.”® A tentative explanation for such behaviour can be
found in the large rrans influence of the P(OEt), ligand.>:®-!3
Thus, the competition for the 4d, electrons of the ruthenium(ir)
centre, between the P(OEt); and the ligand L zrans to it in the
co-ordination sphere, will weaken the Ru-L bond, favouring a
dissociative pathway. This conclusion is in agreement with the
experimental order® of decreasing K., values for the substi-
tuted complexes (Him » isn > pyz), which is consistent with
the order of increasing m-acid character of these ligands
(Him < isn < pyz). On the basis of this ground-state argu-
ment, we could expect a less positive value of AV?* for the
aquation of trans-[Ru(NH;),{P(OEt),}(Him)]?*, assigning

Reaction coordinate
Fig. 3 Volume profiles for the reactions trans-[Ru(NH;),{P(OEt),}-
(H,0)1** + L == trans-[Ru(NH;),{P(OEt);}L]** + H,0 where
L = pyz (left) or isn (right). The metal complexes are shown in
abbreviated form

the following order of AV* for the aquation of the substituted
ruthenium complexes: Him < isn < pyz. The complex-form-
ation reactions for L = pyzand isn, which are good & acceptors,
can be understood in terms of the m-competition proposal
mentioned above and used to interpret the substitution lability
in the ground state of the substituted complex during the
aquation reaction.

A point of interest is the question of how the imidazole ligand
and the aqua complex could have the same degree of bond
formation in the transition state as indicated by the low value
of AV*. Most probably, the formation of the transition state for
nucleophilic ligands will differ from electrophilic ligands (pyz
and isn). This may be due to the presence of the biphilic P(OEt);
ligand, acting as ¢ and &t ‘electron pump’ in the co-ordination
sphere. Thus, when electron density is withdrawn from the
ruthenium(m) centre, the attack of the o-donor ligand will be
facilitated over one of the low-electron-density orbitals. The
nucleophilic attack will be on the 4d, orbitals of the metal the
electron density of which will be partially localized over the
phosphorus 3d, orbital.

For the proposed I mechanism, reaction (1) should proceed
according to the simplified reaction scheme (5).'* Under

[Ru(H,0)]** + L= {[Ru(H,0)-L]}?*

w ] e

[RuL]** + H,0 (5

pseudo-first-order conditions, i.e. an excess of L, the observed
first-order rate constant can be expressed as in equation (6)
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where K, is the ion-pair or encounter-complex formation
constant and k, and k, are the forward and reverse interchange
rate constants, respectively. When plots of &, versus [L] are
curved it is possible to separate k, and K, and therefore
also their pressure dependencies. Under our experimental
conditions no meaningful curvature in the k., versus [L]
plots was observed, which means that K is small and 1 +
K, [L] ~ 1, such that equation (6) simplifies to k., =
kK, [L] + k,. It follows that AV* ; is a composite of the effect
of pressure on k, and K, as shown in equation (7). We were

AVtcf = AV(KOS) + AVt(ka) (7)

unable to separate these contributions experimentally and have
therefore treated AV*; in an overall way.

The activation parameters are summarized in Table 2. The
quantities AH* and AS* were taken from experiments described
earlier,” but were recalculated to improve the accuracy. It
follows that all the AS* values are small and positive, consistent
with an I; mechanism and the activation volumes. The volume
of activation data reported here strongly support the earlier
proposal® of a dissociative interchange mechanism being
operative for the substitution reactions in frans-[Ru(NH;),-
{P(OEt);}Y]?*, where Y = H,0, isn, pyz or Him. The present
results suggest that bond breaking is more important than bond
making in the transition state, independent of the nature of the
entering ligand, viz. nucleophile or electrophile. In general, it is
always good practice to have as much evidence as possible in
support of a proposed mechanism.

Acknowledgements
This research was supported by grants from the Deutsche

J. CHEM. SOC. DALTON TRANS. 1995

Forschungsgemeinschaft and the Fonds der Chemischen
Industrie (to R. v. E.). The authors are grateful for financial
support from Fundacao Amparo Pesquisa Estato Sao Paulo
(Brazil) and Deutscher Akademischer Austauschdienst
(Germany).

References

1J. Berger, M. Kotowski, R. van Eldik, U. Frey, L. Helm and
A. E. Merbach, Inorg. Chem., 1989, 28, 3759.

2 M. Schmiilling, A. D. Ryabov and R. van Eldik, J. Chem. Soc.,
Chem. Commun., 1992, 1609.

3 H. C. Bajaj and R. van Eldik, Inorg. Chem., 1990, 29, 2855.

4 H. Hohmann, B. Hellquist and R. van Eldik, Inorg. Chem., 1992, 31,
345, 1090.

5 D. W. Franco and H. Taube, Inorg. Chem., 1978, 17, 571.

6 D. W. Franco, Coord. Chem. Rev., 1992, 119, 199 and refs.
therein.

7 R. van Eldik, T. Asano and W. J. le Noble, Chem. Rev., 1989, 89,
549.

8 R. van Eldik and A. E. Merbach, Comments Inorg. Chem., 1992, 12,
341.

9 R. van Eldik, in Perspectives in Coordination Chemistry, eds.
A. F. Williams, C. Floriani and A. E. Merbach, VHCA, Basel,
VCH, Weinheim, 1992, p. 55.

10 R. van Eldik, W. Gaede, H. Cohen and D. Meyerstein, Inorg. Chem.,
1992, 31, 3695.

11 M. Schmiilling, A. D. Ryabov and R. van. Eldik, J. Chem. Soc.,
Dalton Trans., 1994, 1257.

12 R. van Eldik, W. Gaede, S. Wieland, J. Kraft, M. Spitzer and
D. A. Palmer, Rev. Sci. Instrum., 1993, 64, 1355.

13 J. C. Nascimento Filho, J. M. Rezende, B. S. Lima Neto and
D. W. Franco, Inorg. Chim. Acta, 1988, 145, 111.

14 R. G. Wilkins, Kinetic and Mechanism of Reactions of Transition
Metal Complexes, 2nd edn., VCH, Weinheim, 1991.

Received 26th August 1994; Paper 4/05232C


http://dx.doi.org/10.1039/DT9950000463

