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The substitution reactions of cis-[PtMe,(dmso),] with pyri-
dine (py) to produce cis-[PtMe,py-] in toluene proceeds in
two steps. In the absence of added dimethylsulfoxide (dmso),
these steps can not be separated due to the rate constants
being very similar. In the presence of added dmso, the rate
of the first step, the formation of the monopyridine complex
is retarded, which is indicative of a dissociative mechanism.
A parallel associative reaction path with pyridine could also
be observed. This pathway is independent of the concentra-
tion of added dmso. Above a 40-fold excess of dmso, the dis-
socialive pathway is suppressed and only the associative re-
action occurs. A plot of ks vs the pyridine concentration for
this pathway is linear at low [py], but shows a saturation at
high |py]. This suggests that the reaction occurs via the for-
mation of a precursor-complex, for which the formation con-

stant was found to be 0.32 + 0.03 M~!. The volume of activa-
tion at a high pyridine concentration is —11.4 + 0.8 em®
mol !, which indicates that the ligand interchange process is
of the associative type. The second step, the formation of the
bispyridine complex, can clearly be separated from the first
reaction step. This step occurs via a dissociative mechanism,
as demonstrated by the decrease in ks with increasing pyri-
dine concentration. The dissociation of dmso was character-
ized by a rate constant of (8.1 £ 0.9)- 1071 s ! at 25 °C, AH* =
116 + 9 kI mol™! and AS* = 86 + 29 J K~' mol~', At higher
pyridine concentrations evidence for a parallel associative re-
action was found, for which the rate constant is (1.3 =*
0.2)-10" 3m 1s ! at 25 °C. The results are discussed in refer-
ence to available literature data.

Introduction

Complexes of the type cis-[PtR,S;], with R = Me, Ph
and S = dmso, thioether, have been synthesized and their
substitution reactions have been studied kinetically in the
past. HEIBIM Mostly bidendate ligands such as bipyridine
were used as nucleophiles. Several indications for a dissoci-
ative substitution mechanism were found. Plots of the ob-
served rate constant k,ps Vs the entering nucleophile concen-
tration were curved and showed a dependence on the con-
centration of the leaving group. The saturation rate constant
corresponded to the solvent-exchange rate constant. The
complexes showed similar kinetic behaviour and identical
saturation values for incoming ligands of different nucleo-
philicity. 214 The activation parameters varied in the range
from 64 to 101 kJ mol™! for AH* and from —67 to +42J
K~ mol™! for AS*. Convincing evidence came from the
measurement of the volume of activation for solvent-ex-
change on cis-[PtPhy(Me,S),], cis-[PtPh,(dmso),], and cis-
[PtMe,(dmso),], which was found to be +4.7, +5.5, and
+4.9 cm? mol™!, respectively.l’! Up to then a dissociative
mechanism for Pt!! had only been suggested for isomeriza-
tion reactions, since substitution reactions had always been
found to follow an associative mechanism. %] The investi-
gated complexes contained two metal—carbon bonds in the
cis-position. Carbon is a strong o-donor and therefore labil-
izes the trans-position during substitution reactions./®

This ground-state labilization, combined with an increased
electron density on the metal center, were considered to be
the reason for the dissociative mechanism.™ However,
theoretical calculations using the Extended Huckel Theory
and ab initio calculations of Molecular Energy Potentials
supporting these arguments do not exclude an associative
mechanism. ! A parallel associative reaction path was in-
deed observed for the investigated substitution reactions;
high nucleophile concentrations resulted in deviations from
saturation kinetics, and with strong nucleophiles such as
bis(diphenylphosphino)ethene only a linear concentration
dependence was found.

The mentioned investigations leave several questions un-
answered since almost exclusively only substitution reac-
tions with bidentate ligands were investigated. No infor-
mation was gained concerning the substitution mechanism
of the second labile ligand. We have therefore investigated
the substitution behaviour of cis-[PtMe,(dmso),] with pyri-
dine as a typical monodentate ligand in order to distinguish
between the two subsequent displacement reactions of
dmso. The reactions were studied in toluene as solvent,
which allowed a systematic variation of the dmso concen-
tration, i.e. the leaving group. Finally, under some limiting
conditions the pressure dependence of these reactions could
be studied in order to clarify the nature of the underlying
reaction mechanism.
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Figure 1. UV-Vis spectra {or the reaction of cis-[PtMey(dmso),)
with pyridine; exp. conditions: [Pt] = 5-107* ™, [dmso] = 0.02 ™,
[py] = 0.04 M, T=25°C, At =20 s

Figure 3. UV-Vis spectra for the reaction of cis-[PtMes(dmso),]
with pyridine; exp. conditions: [Pt] = 5-107* m, [dmso] = 0.005 m,
[pyl = 02m, T =25°C, At =55

1.0000

0.80000 -

0Q.80000

ABSORBANCE

6.20000 4

0.0000

T T T T
300 350 400 450
WAVELENGTH

ABSORBANCE

T
400
UVAVELENGTH

Figure 2a. UV-Vis spectra for the reaction of cis-[PtMe,(dmso),]
with pyridine; exp. conditions: [Pt] = 5-107* M, [dmso] = 0.02 m,
[pyl =01 M, T=25°C, At =10s
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Figure 2b. UV-Vis spectra for the reaction of cis-[PtMe,(dmso),)
with pyridine; exp. conditions: [P1] = 5-107* M, [dmso] = 0.02 M,
[pyl = 0.75m, T =25°C, At =55
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Results
Spectrophotometric Observations

The complex concentration used in all experiments was
5:107* m with toluene as solvent. Toluene itself absorbs
below 300 nm covering the spectrum of the complex. The
observed spectral changes depend on the concentration of
both pyridine and added dmso. Reactions at low [py] in a
40-fold excess of dmso compared to the complex concen-
tration, resulted in the formation of a shoulder in the range
of 300—330 nm as shown in Figure 1. These spectral
changes were assigned to the formation of the monopyri-
dine complex. At higher [py], an additional absorplion
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band at 360 nm appeared following an induction period
(Figures 2a and b). An analysis of the absorption-time
curves obtained from the recorded spectra at different wave-
lengths, showed that the band at 360 nm appears only afler
the formation of the mono- substituted complex is nearly
complete. A similar band is reported in the literature for
reactions with bipyridine.l?] This band can be ascribed to
the formation of the bispyridine complex. At lower concen-
trations of added dmso, the formation of the bispyridine
complex (Figure 3) is significantly faster, such that the two
reactions can then not be separated from the observed spec-
tral changes. The rate constants for both reactions are too
similar under such conditions that a two-exponential fit of
the absorption-time trace at [dmso] = 0.005 M does not give
reliable results. Therefore a kinetic separation of the two
reactions was not possible at low [dmso].

Formation of the Monopyridine Complex

The first reaction, the formation of the monopyridine
complex, was studied at different concentralions of added
dmso and py. Figure 4 shows a plot of ks vs concentration
of added dmso at different [py]. The observed rate constant
decreases with increasing [dmso] and becomes nearly con-
stant above a concentration of 0.02 m. The observed rate
constant increases with increasing [py]. This type of kinetic
behaviour has also been found for other systems!'¥, and
can be accounted for in terms of the mechanism shown in
Scheme 1. Release of dmso leads to the formation of the
three-coordinate species, which reacts with pyridine to form
the monosubstituted complex. In a parallel reaction path,
a direct attack by py occurs, which also leads to the forma-
tion of the monosubstituted complex. With increasing con-
centration of added dmso, the equilibrium is shifted to the
lefi and the direct attack by py dominates. This means that
above a certain concentration of dmso the k; path is sup-
pressed and only the %5 path is observed. As shown in Fig-
ure 4, the observed rate constant for [dmso] = 0.02 M, ie.
at least a 40-fold excess of dmso over the complex concen-
tralion, is nearly independent of the concentration of added
dmso. Separation of the formation of the mono- and bis-
pyridine complexes at low [dmso] is difficult since the rate
constants for these reactions are very similar. The rate con-
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Figure 4. Plot of k,p, vs the concentration of added dmso at difter-
ent pyridine concentrations (x = 0.01; o = 0.015; & = 0.02; + =
0.025 M), [Pt] = 5-107*m, T = 25 °C, & = 300 nm
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stants reported in Figure 4 [or [dmso] = 0.005 und 0.01 M
are subjected to large error limits and can only be used to
illustrate a trend.

An unexpected dependence of the observed rate constant
on [py] was observed at high [dmso]. Figures 5a and b show
the corresponding plots and the rate constants are summa-
rized in Table 1. At low [py] a linear dependence is found
(Figure 5a), but at high [py] a clear curvature can be ob-
served (Figure 5b). This curvature could be due to medium
effects since the pyridine concentrations employed are
rather high and an indirect solvent effect is possible. How-
ever, the temperature dependence of this reaction, which
will be discussed in detail later on, shows even at low [py]
a deviation from linearity at higher temperatures. It can also
be seen from Figures 5a and b that k. is independent of
the concentration of added dmso and a parallel reaction
path is indeed observed. The curvature at high concen-
trations of pyridine can be explained on the basis of the
formation of a precursor-complex along the k3 path, as it
is shown in Scheme 2. The rate law corresponding to this
reaction scheme is given in Eq. 1.

Table 1. Observed rate constants for the reaction!®!

k
cis-[PtMe,(dmso),] + py - cis-[PtMe,(dmso)py] + dmso

knhs' 1037 S_l ]\ohs' 103’ s ! kobs' 103’ 571
[pyl, M [dmso] = 0.02 M [dmso] = 0.03 M [dmso] = 0.04 m
0.010 0.83 + 0.09 0.76 * 0.05 0.80 + 0.08
0.015 1.05+0.12 1.08 £ 0.06 094 + 0.09
0.020 1.49 + 0.07 1.38 £ 0.1 1.44 + 0.09
0.025 1.91 £ 0.13 1.85 + 0.07 1.74 £ 0.10
0.0375 27102 29104
0.05 35102 4.0%03 39103
0.075 6.7£03
0.1 93105 92106 84103
0.125 108 + 0.4
0.15 121 +£1.0 10.5 £ 0.9
0.175 115+ 0.5
0.25 17.6 £ 0.6 18.2 + 1.1 159 £ 1.1
0.375 245108 245+ 1.7 245+ 1.1
0.5 30.8 £ 0.7 310+ 1.1 31,0+ 1.4
0.75 426 £ 1.0 46.7 = 1.8 443=x13
1.0 555+ 1.4 578 £ 1.7 55.7 £ 2.1
1.25 653+ 1.7 67.3+22 67.8 £ 1.9
1.5 744 £ 23 76.5 £ 2.7 733+ 24

lal Exp. conditions: [Pt} = 5-107* m, T = 25°C, A = 300 nm.
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Figure 5a. Plot of k,,, vs the pyridine concentration; exp. condi-
tions: [Pt] = 5-107% M, T = 25 °C, & = 300 nm, (0 = 0.02; x =
0.03; & = 0.04 M dmso)
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Figure 5b. Plot of k., vs [py] at high [py], exp. conditions: see

Figure 5a
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A non-linear fit of the dala according to rate law (1) re-
sulted in & = 0.23 £ 0.02 s"! and K = 0.32 £ 0.03 M},
the equilibrium constant for precursor formation. The rate
constant k3 can be determined from the initial slope of the
plot of k. vs [py], and a value of (7.6 £ 0.1)- 1072 M~ ! 57!
was calculated. The small value of K indicates that very
high concentrations of pyridine have to be employed in or-
der to reach a saturation of k., (Figure 5b).

Formation of the Bispyridine Complex

The second reaction, the formation of the bispyridine
complex, shows a completely different dependence of kg,
on [py} and [dmso]. With increasing [dmso], 4. also in-
creases, whereas with increasing [py], kon, decreases and
reaches a limiting value. AL low [dmso] and high [py], the
value of k.., increases again as it can be seen in Figure 6.
This type of kinetic behaviour can in general be accounted
for in terms of a rate law that involves a linear and an in-
verse dependence on the entering ligand concentration, 4]
The overall reaction scheme is presented in Scheme 3. The
monopyridine complex releases dmso, and the three-coordi-
nate species reacts reversibly with py to produce the bispyri-
dine complex. A parallel reaction to produce the bispyri-
dine complex directly, also occurs. The rate law correspond-
ing to this reaction scheme!'* is given in Eq. 2.
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Figure 6. Plot of k., vs the pyridine concentration at different
concentrations of added dmso; exp. conditions: [Pt] = 5-107* m,
A =360nm, 7=25°C, (0 =0;x =0.01; & =0.02; + =003 M

dmso)
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A non-linear fit of the data resulted in rate constants with
very large error limits and, depending on the selected iter-
ation conditions, even resulted in negative values. However,
the rate law can be simplified depending on the selected
conditions. The rate constant k4 can be calculated from the
slope observed at low [dmso] and high [py]. A linear re-
gression treatment resulted in kg = (1.3 £ 0.2)-107° M~!
s~ 1. The term k4[py] can then be subtracted from k., and
this results in Eq. 3.

kakslpyl + k—4k—s[dmso]
k_q[droso] + ks[py]

ke = kobs — kelpy] = (3)

An additional simplification turned out to be the as-
sumption that k5 [py] >> k., [dmso]. This assumption
seems to be plausible, since under the selected conditions
the equilibrium should be on the product side, i.e. the bispy-

ridine complex. Therefore Eq. 3 simplifies further to Eq. 4.

k,4kv,5[dmso]

Ko = kg +
o ks[py]

“

From Eq. 4 it follows that k., should exhibit a linear
dependence on [dmso] and an inverse dependence on [py].
Plots of k., versus 1/[py] are indeed linear with a common
intercept, and the slopes vary linearly with [dmso]. If
k_4[dmso] >> ks[py] the opposite dependencies should be
observed. From a plot of k., vs the ratio [dmso}/[py] (Fig-
ure 7) follows that k, = (8.1 £ 0.9)-10~* s~ . In this treat-
ment, [dmso] was taken as the sum of the added dmso and
that introduced into the system via the cis-[PtMe,(dmso),]
complex, i.e. 11073 M for the data in Table 2.

Table 2 summarizes the observed rate constants k., and
the calculated rate constants k., in brackets. From Eq. 4
it can be seen that with increasing [dmso], higher pyridine
concentrations are required to reach the limiting minimum.
Therefore, this minimum is experimentally not observed at
the highest applied [dmso]. The slope of the plot of k., vs
[dmso]/[py] represents k_,k_s/ks and a value of 0.036 +
0.002 s~! was calculated. Further separation of the rate
constants is presently not possible.
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Figure 7. Plot of k., vs [dmso}/[py] following Eq. 4 for the values
given in Table 2; (0 = 0; x = 0.01; & = 0.02; + = 0.03 M dmso)
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Table 2. Observed and calculated rate constants for the formation
of the bispyridine complex®l

kops 103, 571 Jeops - 103,571 Fops 10%, 571 Kops ' 10°, 871
[py],M [dmso] =0.001M [dmso]=0.011M [dmso]=0.021M [dmso]=0.031M

0.01
0.015

4.5(4.49) 03
3.6(3.58) £ 0.3
31(3.07)£02
28(277 102
0.0375 2.3(2.25)£0.2
1.8(1.74) £ 0.1

01  14(1.3)£009 38(3.67)05

015 1.35(L.15)£0.08 28(2.6)£0.1 58(56)x£0.3
025  1.35(1.02)£0.09 23(2.0)x02 46(4.3)£05 6157703
0375 1.32(0.83)£0.06 2.04 (1.55)+0.1 4.0(3.5+03 47(4.2)£0.5

05 1.30(0.7)%0.06
1.75(0.8) £ 0.1
10 220901
125 2.4(0.8)*0.09
1S 2607)+02

2.06(14)£0.12 34(275+03 40(3.35)+04
215(1.2) £0.15 2.95(20)£0.2  3.6(27)£03
225(0.95)+ 0.2 2.85(1.55)+0.13 3.4(2.1) £0.3
26(1L0)£02  284(1.2)+0.16 33(1.8)£02
28(085) 03 275(0.8)*0.12 3.25(1.3)£0.2

2l Exp. conditions: [Pt] = 5:107% M, 7 = 25°C, & = 360 nm, [dmso]
represents sum of added dmso and that introduced via cis-
[PtMe,(dmso),], i.e. 0.001 M.

Temperature and Pressure Dependences

From the results reported so far the monopyridine com-
plex is formed via two parallel reaction paths according to
Scheme 1. The dissociative path is only observed at low
[dmso]. Due to the large error limits of the rate constants
under these conditions, the activation parameters could not
be obtained. At higher [dmso], the parallel k3 path domi-
nates the formation of the monopyridine complex. Since k3
is the product of a rate and an equilibrium constant, the
activation parameters have to be measured as a function
of [py] in order to be able to separate these constants. A
temperature dependence study at a high [py] was not pos-
sible, since the reaction is then too fast for a normal spec-
trophotometer and the absorption is too high for our
stopped-flow instrument. Figure 8 reports the effect of tem-
perature at low [py]. As mentioned above, at higher tem-
peratures a curved concentration dependence can already
be observed at these low concentrations. This indicates that
with increasing temperature there is an increase in the pre-
cursor formation constant. The rate constant k5 was calcu-
lated from the initial slope, considering only the first few
data points at higher temperatures. From the corresponding
Eyring plots a value of AH* = 63 £ 2 kJ mol~! and AS* =

Chem. Ber./Recueil 1997, 130, 1791—-1799
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Figure 8. Plot of k,,, vs the pyridine concentration at different

temperatures; exp. conditions: [Pt] = 5-107* m, [dmso] = 0.02 m,
A =300 nm, (0 = 15°C; x = 25°C; & = 35°C; + = 45°0)
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Figure 9. Plot of In &y, vs pressure for [py] = 0.01 (o) and 0.75 M
(x); exp. conditions: [Pt] = 5-107% ™, {dmso] = 0.02 M, T = 15 °C
for [py] = 0.01 M, 7= 25 °C for [py] = 0.75 M, A = 320 nm

o

-2.8

-3.2

AR

L 2

In kobs

L X L I I’ [ 1 1
0 20 40 60 80
pressure, MPa

" 1 i
100 120

—66 + 8 J K~! mol™! was calculated. Since k5 is the prod-
uct of a rate and an equilibrium constant, it is difficult to
draw reliable conclusions concerning the mechanism of the
reaction. The negative activation entropy suggests the oper-
ation of an associative mechanism.

The pressure dependence of ks Was studied at a low and
a high [py]. For experimental reasons the dependence at the
low concentration had to be measured at 15 °C. The corre-
sponding plots are shown in Figure 9. A value of AV™ =
—3.8%0.5cm®mol ! for [py] = 0.01 Mmand AV*T = —11.4
+ 0.8 cm? mol~! for {py} = 0.75 M was calculated.

The influence of temperature on the formation of the bis-
pyridine complex was also studied. The corresponding plot
is shown in Figure 10. From this plot it can be seen that it
is impossible to calculate kg at higher temperatures. There-
fore k, was calculated from a plot of kyps vs [dmso}/[py]
from the first three values at 35 and 45 °C. It is reasonable
to assume that the influence of the k4 path in this range is
only small, such that at least a maximum value for k4 can
be determined. At 15 °C, kg = (6.9 £ 0.4)-107 M ! ¢!
was calculated from the slope at high [py]. Following eqs. 3
and 4, k., was calculated and from the corresponding plot
ks = (1.3 £ 0.3)-107* s~! was determined. The observed
rate constants and those calculated from the plot are sum-
marized in Table 3. From the Eyring plot for ky, AH™ =
116 = 9 k] mol~" and AS* = 86 = 29 J K~! mol~" were
calculated. The activation enthalpy is very high, in line with
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Figure 10. Plot of k., vs the pyridine concentralion at dillerent
temperatures; exp. conditions: [Pt] = 5-107* M, [dmso] = 0.01 M,
A =360 nm, (0 = 15°C; x = 25°C; & = 35°C; + = 45°C)
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Table 3. Temperature depcndence for the formation of the bis-

complex/®
I, °C [py]. M legps 103, 57! ky 10°, 71
15 0.1 1.92 (1.86) + 0.1 0.13 £ 0.03
0.15 1.36 (1.27) £ 0.08
0.25 1.01 (0.85) £ 0.05
0.375 0.85 (0.62) * 0.06
0.5 0.86 (0.55) £ 0.06
0.75 0.96 (0.49) * 0.07
1.0 0.98 (0.36) £ 0.1
1.25 1.1 (0.23) £ 0.1
1.5 1.2 (0.16) £ 0.1
25 0.10 3.8§+0.2 0.8 £ 0.5
0.15 2803
0.25 23102
0.375 2.0 0.1
0.50 2.06 £ 0.09
0.75 215+ 0.15
1.0 22+0.2
1.25 2.6 0.2
1.5 28102
35 0.15 16.2 £ 0,6 4.8+ 0.6
0.25 11.3 £ 0.6
0.375 9.5+04
0.50 82103
0.75 721202
1.0 7.2+02
1.25 73203
1.5 73202
45 0.25 36.1 £ 0.7 129 £ 2.7
0.375 27.1 £ 0.8
0.5 250+ 0.7
0.75 20.9 + 0.5
1.0 19.8 £ 0.6
1.25 18.2 £ 0.7
L5 18.0 £ 0.6

l41 Exp. conditions: [P1] = 5-107* m, [dmso} = 0.01 M, & = 360 nm.

that expected for a dissociative reaction. The activation en-
tropy is within the error limits clearly positive.

The pressure dependence of ks was studied at [py] =
1.0 M and 15 °C, and the results are summarized in Table
4. From the corresponding plot of In k., Vs pressure, 4
volume of activation of +1.9 £ 0.3 cm® mol ™! was calcu-
lated. This volume includes the contribution of the k4-step
and the parallel k¢ path. The latter reaction path follows
an associative mechanism for which a negative activation
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volume can be expected. Therefore, the expecled positive
volume of activation for the dissociative k4-step will be
partly cancelled, and the actual value of AV™ for k, should
be significantly higher. From Table 2 it can be seen that it
is impossible to measure k, directly, since at every [py] and
[dmso], contributions from other reactions are also in-
cluded. Accordingly, the value obtained from the pressure
dependence of &, represents the minimum volume of acti-
vation for k,.

Table 4. Pressure depence of the rate constant (ko = k4 + k[pyDl*!

IZ MPa kubs-104a Sil
10 9.02 +0.09
25 8.99 = 0.07
50 890 £ 0.10
75 8.62 = 0.14

100 8.46 £ 0.17

1 Exp. conditions: [Pt] = 5-107* m, [py] = 1.0 M, [dmso| = 0.02
M, A = 360 nm.

Discussion

The first kinetic experiments on a platinum complex with
two metal—carbon c-bonds were published in 1984.['1 The
solvent-exchange reaction for dmso and substitution reac-
tions of cis-[PtPh,(dmso),] with bidentate ligands such as
bipyridine, 1,10-phenantroline, and 1,2-bis(diphenylphos-
phino)ethene (dppe), which coordinate via N or P donors,
were investigated. For the substitution reactions only one
reaction step was observed; the second reaction, i.e. ring-
closure, was assumed to be very [ast. The kinetic data sug-
gesled a reaction mechanism that is in agreement with that
in Scheme 1. With increasing concentration of added dmso
the values of k. decreased, which is typical for a compe-
tition between dmso and the ligand [or a reactive intermedi-
ate, a three-coordinate platinum complex. Plots of kps vs
ligand concentration were curved and the double reciprocal
plots for dillferent [dmso] showed an intercept independent
of and a slope proportional to [dmso]. At high ligand con-
centrations an additional parallel attack was observed that
dominated lor dppe with the phosphorus donor atoms.

The investigations were expanded to complexes with ¢-
bound methyl- instead of phenyl groups and dillercnt thio-
ethers as labile ligands. B3] In all cases a reaction mecha-
nism involving a direct parallel attack by the entering nucle-
ophile, following Scheme 1, was obscrved. Evidence [or the
dissociative nature of the reaction was obtained from the
volumes of activation for the solvent-exchange of dmso and
thioether for such complexes. Values of +4.7, +5.5, and
+4.9 cm® mol~! were measured for the complexes cis-
[P1Phy(Me,S),],  cis-[PtPhy(dmso),], and  cis-[PtMe,-
(dmso),], respectively.l¥ In addition, the reaction of cis-
[PtPh,(Et,S),] with pyridine and substituted pyridines was
investigaled using NMR-methods./¥l All employed pyri-
dines showed saturation kinetics with an identical limiting
kobs values, demonstrating that no dependence on the nucle-
ophilicity of the entering ligand existed, which is in line
with a dissociative mechanism.
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Scheme 1
Me\ /dmso Me\ /dmso
k
/Pt\ ‘kl_ Pt + dmso

Me dmso -1 Me

d+ ol Y|k
- emso Me, dmso

AN
Pt
Me/ Py

In the present study the substitulion reactions of cis-
[PtMe,(dmso),] with pyridine were investigated. It could be
shown that it is possible to separate the two subsequent
reaction steps kinetically, depending on the ratio of the
dmso to the complex concentration. In the absencc of ad-
ded dmso, it is impossible to separate the reaction steps
since the rate constants are very similar. With increasing
concentration of added dmso, the rate constant for the for-
mation of the monopyridine complex decreases, and higher
pyridine concentrations are required for the formation of
the bispyridine complex. For a good separation of the two
reaction steps, at least a 40-fold excess of dmso over the
complex concentration has Lo be employed. At higher con-
centration ratios the formation of the monopyridine com-
plex becomes almost independent of [dmso]. The observed
dependences on [dmso] and [py] can be accounted for in
terms of the reaction scheme given in Schemc 1. As men-
tioned above, this reaction scheme has also been suggested
to apply lor reactions with bidentate ligands. The observed
mass-law retardation suggests a dissociative reaction
step.I'”l Further evidence for the dissociative character
could not be obtained, mainly because the rate constants at
low [dmso] could only be determined with large error limits.

Scheme 2
Me dmso Me dmso
N/ K N/
Pt +py — — /Pt\ *py
Me dmso Me dmso
k l
Me dmso
AN
Pt< + dmso
Mc/ 24

The parallel reaction step occurs via precursor-complex
formation as suggested in Scheme 2. The curvature ob-
served in the plots of k., vs [py] at high concentrations
cannot result from the dissociative &, step, notwithstanding
the fact that saturation kinetics is expected. In that case a
dependence on [dmso] must be observed. The lack of this
dependence excludcs that the k&, path is investigated. For
the ks path a rate constant of (7.6 £ 0.1)- 1072 M~ ! s~ ! was
calculated from the initial slope of the data. From the non-
linear fit of &, vs [py], a precursor lormation constant K
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of 0.32 + 0.03 M~! and a limiting rate constant & of 0.23 *
0.02 s~! for the interchange of the ligands, were calculated.
Since k3 represents the product kK, the activation param-
cters are also composite quantities. Separation of the differ-
ent contributions is not always possible. For example, the
temperature dependence of the rate constant at higher [py]
could not be determined due to experimental difficulties.
From the temperature dependence of ks, calculated from
the initial slope of the corresponding plots at low [py],
AH* = 63 £ 2kJmol™! and AS* = —66 + 8 J K~ mol !
were obtained. These values are in agreement with those
expected for Pt substitution reactions.!'® The activation
enthalpy is large, but not high enough [or a dissociative
mechanism. The activation entropy is significantly negative,
in line with an associative mechanism for the k5 path. From
the temperature dependence it can only be observed that
the curvature in the &, vs [py] plots starts earlier at higher
temperatures, which shows that the pre-equilibrium con-
stant increases with increasing temperature. This obser-
vation supports the assumption of a precursor complex for-
mation and contradicts the alternative explanation that the
curvature at high [py] is due to secondary medium effects.

A more definite conclusion can be drawn [rom the vol-
umes of activation determined at low and high [py]. The
volume of activation consists of the reaction volume for the
precursor-complex formation and the activation volume for
the ligand interchange step (Eq. 5). At low [py] the contri-
bution of both 1s measured, whereas at higher [py] the inter-
change step dominates.

AV (kops) = AV(K)+ AVE(K) )]

Due to the small value of the equilibrium constant K,
significant saturation could not be observed. Therefore, a
separation of AV(K) and AV#(k) is not possible. Exper-
imental values of AV*¥(kyye) are —3.8 = 0.5 and —11.4 *
0.8 ¢cm® mol ! at 0.01 and 0.75 M pyridine, respectively.
These values clearly support the operation of an I, or as-
sociative mechanism for the parallel k4 path.

The formation of the bispyridine complex depends, simi-
lar to that for the monopyridine complex, on the selected
[dmso], as well as the [py]. With increasing concentration
of added dmso, higher [py] had to be employed for the com-
plex-formation reaction. With increasing [py] at constant
[dmso], ks decreases after which al very high [py] an in-
crease can again be observed. These dependences can be
accounted for by the reaction mechanism shown in Scheme
3.14 This mechanism essentially corresponds to the one in
Scheme 1, the only difference is the equilibrium between
the product and the three-coordinate platinum complex. A
similar equilibrium for the monocomplex was not observed.
In principle such an equilibrium should be possible and
should also exist. This equilibrium must be shifted com-
pletely to the product side, i.e. the corresponding back reac-
tion is very small.

Interestingly, the bis(dmso) and the monopyridine com-
plexes show different stabilities. The dmso complex dissoci-
atively releases one dmso. At a 40-fold excess of added
dmso, the equilibrium is shifted completely to the side of
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Scheme 3
Me. dmso Me
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Me” py ks Me"  py
@
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Me  _py
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Me"  py

the undissociated complex. The pyridine complex also re-
leases dmso, whereas dissociation of py is not observed.
Even at a 60-fold excess of free dmso the release can be
observed, which indicates that much higher concentrations
are needed to influence the equilibrium. A simple expla-
nation would be that dmso is a substantially poorer nucle-
ophile than pyridine. Alternatively, interaction of m-elec-
trons on pyridine with the vacant p,-orbital of the platinum
center can lead to a less electrophilic platinum center. Such
effects are discussed in the literature for the interaction be-
tween a benzylamine chelate and platinum.[7]

The only rate constants for the formation of the bispyri-
dine complex that could be determined are k4 and k¢. &g
was calculated from the slope of a plot of ks Vs [py] at low
[dmso] and high [py] and equals (1.3 £ 0.2)- 1073 M~! 57!
at 25 °C. There are no experimental indications that this
reaction path occurs via the formation of a precursor com-
plex analogous to that for the formation of the monopyri-
dine complex. k4 was calculated from the slope of a plot of
kew vs [dmso)/[py]. A value of (8.1 = 0.5)-107* s ! was
found for k4 at 25 °C.

For the parallel ks path, the temperature dependence
could not be resolved, since in the investigated concen-
tration range the increase in A, could not be observed at
higher temperatures. Nevertheless, it can be assumed that
this path, as the formalion of the monopyridine complex,
follows an associative mechanism. The temperature depend-
ence of k4 supports the dissociative nature of the reaction
mechanism. The measured activation enthalpy of 116 + 9
kJ mol™! is very large and too high for an associative
mechanism. A more precise indication is given by the AS*
value of 86 £ 29 J K™! mol™!, which is clearly positive.
From the pressure dependence of kgps, a AV value of +1.9
+ 0.3 cm? mol ! was calculated. The volume of activation
m this case is the sum of the activation volumes for the
dissociation of dmso (k4) and the parallel k¢ path. If the
latter occurs via an associative mechanism, this contri-
bution will be negative. It follows that, as expected for a
dissociative reaction step, the volume of activation for ky
must be clearly positive. The measured value therefore only
represents the minimum activation volume.

There are a number of papers dealing with substitution
reactions of Pt complexes containing two metal—carbon
o-bonds in the cis-arrangement. As o-donors CgHs,
4-MeCgH,, C,FsI'®l, and CH, were used, and dmso and
different thioethers were the labile leaving groups.[*3) For all
systems parallel associative and dissociative reaction paths
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were observed. The results of the present investigation are
in line with these. Unfortunately they cannot offer possible
reasons for the changeover in mechanism. Obviously it
must be related to the presence of two metal—carbon
bonds. One possible explanation could be the strong trans
effect of the carbon donors. Recently, we investigated the
substitution reactions of cyclometallated platinum com-
plexes containing a single Pt—C o-bond and a water mol-
ecule in the zrans-position.l!1% Such complexes exhibited
the expected high reactivity, but the measured activation
parameters corresponded to those normally found for Pt
and Pd" complexes and underlined an associative substi-
tution mechanism, 2%

Table 5. Rate constants for the k; path for the reaction of
[Pt{PEt;),RCI] with pyridine in ethanol®

R PEt; in cis-position, R frans PEt; in trans-position, R cis
ki 10% 871 (T = 25 °C) ky-10%, 571 (T = 0 °C)

CH; 17 600
CHs 033 380
cl 001 170

The data in Table 5 verify the trans- and cis-effect of each
of the coordinated ligands. On replacing R = Cl in the com-
plex trans-[Pt(PEL;),RCI], where Cl is coordinated frans to
the leaving group, by R = CH,, k| increases by a factor
of 170. For the complex cis-[Pt{PEt;),RCl], the reactivity is
substantially higher, which is only due to the strong frans
influence of PEt;. Changing from the now cis-coordinated
R = Cl to R = CHj, k| increases by a factor of 3. In this
example the rrans-effect is about 50 times stronger than the
cis-effect, and it is unlikely that such a weak effect can cause
the changeover. The reactivity does not seem to play an
important role, since Pd" complexes, which are in general
by a factor of 10°—10¢ more reactive, react via an as-
sociative mechanism. The complexes [Pt(CN),°~ and
[Pt(CNMe)4]** have also been investigated. For the solvent-
exchange reaction very high rate constants (up to 10° m™’
s 1), and negative volumes of activation were reported./?!]
The analogous palladium complexes react only by a factor
of 5 and 2 faster, respectively.?!l The ground-state labili-
zation itself cannot play an important role. An X-ray struc-
ture of the complex cis-[Pt(Ph),(Me,S),;] has been pub-
lished.™ The measured Pt—S distances of 2.37 and 2.389
A, which belong to the longest known, clearly manifest the
labilization. Tn addition, substitution reactions of the com-
plexes cis-[Pt{Me,S),(Ph)Cl], cis-[PL(Et,S),(Ph)Cl], and cis-
[Pt(Me,S),(mesity])CI] with cyanide were investigated.™?
The Pt—Cl distances are 2.409, 2.40, and 2.423 A, respec-
tively, which are also very long, For these reactions votumes
of activation of —6.9 to —16.3 cm® mol™! were deter-
mined.?? There is a theoretical study of the reasons for the
changeover published in the literature.!! A combination of
ground-state labilization and an increased electron density
on the metal center is offered as a possible explanation. An
investigation of substitution reactions of cis-[PtPh,(CO)-
(SEt;)] with aliphatic amines of comparable basicity and
different steric hindrance also supports this.[**! The com-
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plex contains three platinum—carbon bonds. For the substi-
tution reactions the well known two-term rate law kg, =
ki + ky[Nu], with a clear dependence of the reaction rates
on the steric hindrance of the amines and an associative
mechanism for the k, path, was found. In comparison, a
dissociative mechanism was determined for the k, path.
Carbon monoxide is well known not only for its g-donor
but also for its m-acceptor propertics. This means that the
electron density at the platinum is affected by CO in a way
that is opposite to the complexes with two Pt—C bonds,
such that the associative and not anymore the dissociative
reaction path dominates. All this shows that we still not
fully understand the factors that control the substitution
mechanism in square-planar complexes, especially in those
cases where metal—carbon bonds affect the lability of Pt!l
complexes.

The authors gratefully acknowledge financial support from the
Deutsche Forschungsgemeinschaft and the Fonds der Chemischen
Industrie.

Experimental Section

Chemicals: The complex cis-[PtMea(dmso),] was prepared as de-
scribed in the literature and characterized by 'H-NMR and elemen-
tal analysis.["" Chemicals used were of analytical reagent grade and
purchased from Merck [pyridine (py) and dimethylsulfoxide
(dmso)] and Janssen (toluene). Pyridine and dmso were freshly dis-
tilled before use.

Instrumentation: "H-NMR spectra were recorded on an AM 400
WB Bruker instrument. UV-Vis spectra were recorded on a Varian
Cary 1 and an HP 8452 diode-array spectrophotometer. Both in-
struments could be thermostated to within 0.1 °C. Kinelic studies
were performed in tandem cuvettes, in which the test solutions were
thermally equilibraled before mixing. Measurements of fast reac-
tions at elevated pressure (up to 150 MPa) werc performed on a
high-pressurc stopped-flow developed in our group.!'t! For slow
kinetics at elevated pressure, a high pressure ccll?! built into the
cell compartment of the Cary 1 spectrophotometer was used. Both
cells were thermostated to within +0.1 °C. Signal-time curves in the
stopped-flow experiments werc recorded with an on-line computer.
Repetitive-scan spectra of slow reactions were converted into ab-
sorption-time curves. For data analysis the OLIS KINFIT (On-
Line Instrument Systems, Bogart, USA) set of programs was used.
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