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Abstract

The kinetics of the formation of the active species cis-[Pt"(PPh3),CI(SnCls)] and cis-[Pt"(PPh3)»(SnCls),] from the hydroformy-
lation catalyst precursor cis-[Pt'(PPh3),Cl,] in the presence of SnCl,, was studied in two different imidazolium-based ionic liquids. A
large range of different chlorostannate melts consisting of 1-butyl-3-methyl-imidazolium cations and [SnxCI},](’y *2%) anions with
varying molar fraction of SnCl,, were prepared and characterized by 'H and ''Sn NMR. The observed chemical shifts point to
major changes in the composition of the anionic species within the melt. The second ionic liquid employed, viz., 1-butyl-3-
methyl-imidazolium-bis(trifluormethylsulfonyl)amide was prepared in a colorless quality that enabled its application in kinetic stud-
ies. The concentration and temperature dependence of the substitution of C1~ by [SnCls]™ to yield cis-[Pt"(PPh3)>Cl(SnCl)], could
be studied in detail. Theoretical (DFT) calculations were employed to model the reaction progress and to resolve the role of the ionic
liquid in the activation of the catalyst. The available results are presented and a plausible mechanism for the formation of the cat-
alytically active species is suggested.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction to conventional solvents. Due to the special properties

of ionic liquids, changes in reaction mechanisms could

Ionic liquids are new solvents with outstanding prop-
erties that are currently tested and used as reaction media
for different kinds of chemical reactions. Many applica-
tions have already been developed and new ones are
added every day [1-4]. Despite this development, not
much research has been performed on the details of
the mechanisms of the reactions occurring in these med-
ia, and possible changes that are involved in comparison
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occur and may account for some of the observed effects
such as the acceleration of reactions or a higher catalyst
lifetime [2]. Moreover, some of the ionic liquids can even
act as co-catalysts and thus alter the reaction mechanism
[2].

In this study we investigated the formation of catalyt-
ically active species from cis-[Pt"(PPhs),Cl,], which has
already been used in hydroformylation reactions [5,6], in
different ionic liquids. In these systems SnCl, is usually
added to the reaction mixture to act as a co-catalyst.
On addition of SnCl, to a solution of cis-
[Pt"(PPh;),Cl,], the solution immediately decolors,


mailto:vaneldik@chemie.uni-erlangen.de

3568 P. lllner et al. | Journal of Organometallic Chemistry 690 (2005) 3567-3576

Ph.P Cl - Ph.P
? \Igt/ _SnCly "N 1~
/Pt\
Ph,P Cl

prp” o O

SnCly  gngis PPN y_~SCh

= Pt
cl PhsP/ \SnCIS

Scheme 1. Formation of the catalytically activate species on addition of SnCl, to cis-[Pt"(PPh3)>CL).

indicating the formation of the activated complex which
is suggested to be cis-[Pt"(PPh;),CI(SnCls)] or cis-
[Pt"(PPh;)»(SnCl5),] depending on the number of SnCl,
molecules inserted into the Pt—Cl bond (see Scheme 1)
[7,8]. This aspect was investigated in detail in the present
study based on earlier work performed by Wasserscheid
and Waffenschmidt [9], in which they studied the perfor-
mance of the mentioned hydroformylation catalyst in
chlorostannate melts. These melts are room temperature
ionic liquids consisting of an imidazolium cation and
chlorostannate anions (see Scheme 2). The solvent itself
can act as a co-catalyst since it consists of chlorostan-
nate anions, which can increase the stability of the cata-
lyst and thereby the resulting overall catalyst activity.
We therefore investigated the anion composition of
these melts, and possible interactions of these species
with the metal complex for the formation of the catalyt-
ically active species.

However, insertion of SnCl, is not the only way in
which the activated species can be formed, since substi-
tution of one or both chloride ligands by a [SnCl;]™ an-
ion is in principle also possible. This was indeed found
to be the case for the second ionic liquid studied, viz.,
1-butyl-3-methyl-imidazolium-bis(trifluormethylsulfo-
nyl)-amide [bmim][bta][10,11] (see Scheme 3), a well de-
scribed ionic liquid with a relatively low viscosity
(compared to other ionic liquids) and a melting point
below 0 °C. This ionic liquid seemed to be adequate
for kinetic investigations once obtained in colorless
form after several purification steps (see Section 2).
The formation of the catalytically active species was
achieved by addition of [bmim]SnCl; as source of
[SnCl3]™, rather than SnCl, due to the poor solubility
of inorganic salts in this ionic liquid.
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Scheme 2. Structure of the chlorostannate melts.
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Scheme 3. Structure of [bmim][bta].

2. Experimental
2.1. General remark

In order to prevent hydrolysis of the added Lewis-
acid and absorption of air humidity, all reactions and
measurements were performed under N, atmosphere in
well-dried glass apparatus.

2.2. Chlorostannate melts

The wused 1-butyl-3-methyl-imidazolium chloride
(abbreviated as [bmim]Cl) was purchased from Solvent
Innovation and recrystallised from acetone. Water-free
SnCl, was purchased from Acros Organics and used as
received. In order to synthesize the melts of different
compositions, the necessary amount of SnCl, was added
slowly to [bmim]ClI at 60 °C. On addition the two solids
form a pale yellow liquid which is stirred for some hours
to ensure complete reaction. Before use, the melts were
filtered through a syringe filter (0.2 pm) to obtain opti-
cally clean liquids. The melting points of the chlorostan-
nate melts were determined several times by cooling the
melts in acetone/dry ice mixtures to about —50 °C and
warming them slowly until they reach the melting point.

NMR Spectra were recorded on a Bruker Avance
DRX 400WB spectrometer (‘H: 400 MHz; ''”Sn: 149
MHz). The chemical shifts are quoted in ppm and refer
in case of the proton spectra to TMS as external stan-
dard. In case of the '"Sn spectra, pure SnMey
(6('"Sn) = 0 ppm) was used as standard. These mea-
surements were recorded using a capillary inside the
NMR tube filled with acetone-dg to obtain the deute-
rium field lock. The resulting spectra showed only sin-
glet peaks due to the fast exchange or interconversion
of the resulting anions inside the melt, thus not visible
on the NMR time scale. UV—Vis spectra were recorded on
a Cary 1G spectrophotometer after degassing the solution
at 25 °C in silica glass cuvettes.

2.3. 1-Butyl-3-methyl-imidazolium-bis( trifluormethyl-
sulfonyl) amide

1-Butyl-3-methyl-imidazolium-bis(trifluormethylsulfo-
nyl)amide (abbreviated as [bmim][bta]) was synthesized
according to a known procedure [10,11] starting from
Li(bis(trifluormethylsulfonyl)amide) and [bmim]Cl both
purchased from Solvent Innovation and used as re-
ceived. After drying the resulting pale yellow solvent,
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activated charcoal was added and the resulting suspen-
sion was stirred for several days. It was filtered using a
Millipore filter (pore size 0.2 um). The almost colorless
liquid was washed with double distilled water, dried un-
der vacuum at 60 °C for 2 days and filtered again. 'H
NMR (300 MHz; DMSO): 6=9.1 ppm (s, 1H),
6=177 ppm (d, 2H, *J=9.8 Hz), =42 (t, 2H,
3J=7.1 Hz), 6=3.8 ppm (s, 3H), 6=1.8 ppm (m,
2H), = 1.3 ppm (m, 2H), 4 = 0.9 ppm (t, 3H, *J=7.3
Hz). UV-Vis spectra were recorded in a tandem cuvette
on a Cary 1G spectrophotometer. The water content of
this ionic liquid was determined by a Karl-Fischer titra-
tion using a Metrohm 756 KF Coulometer and found to
be 55 ppm.

3. Results and discussion
3.1. Chlorostannate melts

The synthesis of these ionic liquids was achieved by
addition of solid tin(IT) chloride to solid 1-butyl-3-
methyl-imidazolium chloride at 60 °C, which yielded a
melt of yellow color. The two solids are miscible in every
molar ratio, giving different liquids of different color,
viscosity and melting point. On addition of equimolar
amounts of both reactants, SnCl, that acts as a Lewis
acid should react with chloride to give only the [SnCl;]™
anion. On addition of different ratios of the reactants,
different mixtures of anions should be formed. The ques-
tion to clear is, which of the possible anionic species are
formed in which quantities, and how does the composi-
tion of the anions in the melt affects the mechanism and
the reaction rate of the catalyst activation process.

In order to clarify which anionic species are present in
a specific melt, we studied the chemical shift of the ''”Sn
nuclei and the proton in position 2 (attached to the car-
bon atom between the two nitrogen atoms) on the imi-
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dazolium cation, which is very sensitive to counter ion
effects, in chlorostannate melts of varying compositions.
With this we extended earlier work done by other
groups in chloroaluminate melts [12].

3.1.1. ""°Sn NMR Spectra

Following measurements on many melts of different
compositions, a correlation between the molar fraction
of SnCl, and the chemical shift was observed (see Fig.
1). Throughout these measurements only a single ''”Sn
signal was observed. The maximum in the chemical shift
of the '"”Sn nucleus occurs at an equimolar composition
at which [SnCl3]” should be the only existing anion. In
the concentration range where an excess of SnCl, is
present, viz., x(SnCl,) > 0.50, a linear correlation be-
tween the molar ratio of SnCl, and the decrease in the
chemical shift exists, which points to an improved
shielding of the Sn nucleus. This suggests the formation
of the [Sn,Cls]™ dimer, where electron density can be
transferred between the Sn nuclei via the chloride
bridge. The linear correlation indicates a complete reac-
tion, which means that for each SnCl, molecule added
the dimer is formed. This gives the opportunity to calcu-
late the amount of the dimer present in a defined melt.
On addition of more than a twofold excess of SnCl,,
viz., x(SnCl,) > 0.66, the quantity of SnCl, that exceeds
the twofold excess precipitates, which means that no tri-
mer ([Sn;Cl;]7) is formed and that the highest molar ra-
tio of SnCl, achievable is x(SnCl,) = 0.66.

In the concentration range where an excess of imi-
dazolium chloride is present, a sigmoidal curve is ob-
served, which points to an equilibrium between two
species that depends on the amount of SnCl, or Cl™
present in the melt. This could indicate the formation
of the [SnCI,J*~ anion [13] in which the Sn nucleus is
more shielded due to the higher charge on the anion.

Despite the fact that significantly different

[SnxCly](*y * 2% species are present in the melts, only a

o |
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Fig. 1. Chemical shift of the Sn nucleus as a function of the molar fraction of SnCl, and the proposed anionic species present in the melts.
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single '"Sn signal was observed under all conditions,
indicating that rapid exchange processes on the NMR
time scale must take place in all systems.

3.1.2. '"H NMR Spectra

The correlations observed in the '"H NMR spectra are
similar (see Fig. 2). At molar ratios x(SnCl,) > 0.5, an
analogous linear dependence of the chemical shift can
be observed, but at molar ratios x(SnCl,) < 0.5 the
chemical shift decreases to lower fields in contrast to
the ''”Sn spectra for which the chemical shift increased
to higher fields. In order to understand this, one must
consider the fact that the proton in position 2 is very
counter ion sensitive and undergoes H-bonding with
the anions present in the melt. For this reason the pro-
ton signal is shifted to higher field when more electron
rich dimers ([Sn,Cls]") are present, since that will lead
to shielding of the H nucleus due to the high number
of electrons. Naturally, there are not enough dimers
present for H-bonding to each imidazolium cation (ex-
cept in the melt with x(SnCl,) = 0.66), but there is a ra-
pid exchange not visible on the NMR time scale. The
low field shift in the concentration range with an excess
of [bmim]Cl, where the electron rich [SnCly)*~ is sup-
posed to be formed, results from the decreasing number
of [SnCl,]*~ anions. This anion would surely be a good
electron donor, but the concentration of these ions de-
creases with decreasing molar fraction of SnCl,. At the
same time the concentration of Cl™ increases and can
compete with the [SnCl4]*~ anion as hydrogen-bonding
partner. The maximum of the high field shift was mea-
sured in pure [bmim]CI heated to 70 °C, since its melting
point is 65 °C.

3.1.3. Determination of melting points
We determined the melting points of some of the

chlorostannate melts and found a significant dependence
on the molar ratio of SnCl,. We found an eutectic point
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Fig. 2. '"H NMR Shift of H? as a function of the molar fraction of
SnCl,.

-10 4

w
-15 4
-20 -

_5_ .
n

Temperature [°C]

-25 Eutectic minimum

. —_—
030 035 040 045 050 055 060 065 070
molar ratio of SnCl,

Fig. 3. Melting points of different chlorostannate melts.

for an equimolar composition (x(SnCl,) = 0.50) at —24
to —23 °C (see Fig. 3). The melts with molar fractions
of SnCl, lower and higher than 0.50 all have signifi-
cantly higher melting points.

3.1.4. Observed UV-Vis spectral changes

On addition of the Pt(II) catalyst to the ionic liquid,
the color changes from pale yellow to dark yellow or
even red depending on the amount of catalyst added.
We performed systematic measurements in chlorostan-
nate melts with the lowest viscosities in the concentra-
tion range around x(SnCl,)=0.48 to 0.55 (typical
examples are given in Figs. 4-6).

At a molar ratio of 0.50, a relatively slow reaction can
be observed as seen in Fig. 4. If the molar ratio of the
melt is higher, a two step reaction results as can be seen
in Figs. 5 and 6, respectively. Furthermore, an accelera-
tion of the reaction rate is observed with increasing mo-
lar ratio of SnCl,. These effects seem to depend on the

x(SnCl,) =0.50, T=25"C
m(Pt-complex) = 0.35 mg
V(melt) =5 ml

— first measurement
—————— after 70 min

- after 190 min

***** after 310 min

1.50

1.254

- after 430 min

1.00 - after 550 min
o T -~ after 670 min
8 rrrrr after 790 min
© . —— after 910 min
-g 0.75 oW\ | e after 1030 min
7] ™ N
o
<

0.50

0.25

T T T T T T T T T T 1
400 450 500 550 600 650
A [nm]

Fig. 4. Observed spectral changes on addition of the Pt(II) complex to
a melt of x(SnCl,) = 0.50.
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x(SnCl,) =0.53, T=25"C
m(Pt-complex) = 0.35 mg
V(melt) =5 ml
first measurement
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Fig. 5. Observed spectral changes on addition of the Pt(II) complex to
a melt of x(SnCl,) = 0.53 (first part).
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Fig. 6. Observed spectral changes on addition of the Pt(II) complex to
a melt of x(SnCl,) = 0.53 (second part).

concentration of the dimer or SnCl,, respectively.
Whereas free SnCl, is not present in the ionic liquid, it
should be available in the reaction mixture since our
NMR results indicate a rapid exchange of SnCl, be-
tween [bmim]SnCl; and [bmim]Sn,Cls [8]. The more
SnCl, present in the ionic liquid, the faster is the inser-
tion into the Pt—CI bond. Experiments to quantify the
concentration dependence of this process have not been
performed so far.

Apparently no reaction occurs below a molar ratio
of 0.50. The reason could be the absence of free avail-
able SnCl,, since below a molar ratio of 0.50 there
should only be a rapid exchange of chloride between
[bmim]SnCl; and [bmim],SnCly, such that no insertion
reaction can occur.

20 ——[SnCl,] =053
——[SnCl,]1=0.50

0.5+

0.0

T T T T T T T T T T T T T T T 1
350 400 450 500 550 600 650 700 750
A [nm]

Fig. 7. Observed spectra after 16 h reaction time in melts with
x(SnCl,) = 0.50 and x(SnCl,) = 0.53, respectively.

The remaining question is why only a single reaction
step is observed at a molar ratio of 0.50 in contrast to
the higher molar ratios. The product spectra of the reac-
tions in the melts with compositions of 0.50 and 0.53 are
almost exactly the same (see Fig. 7). Thus, the resulting
products in both cases should be the same. This indi-
cates that there could be different reaction routes that
lead to the same product. Further investigations will
be performed to clarify this aspect.

3.2. [bmim][bta]

This ionic liquid [10,11] was purified to a colorless
quality such that UV-Vis measurements could be car-
ried out. The absorption above a wavelength of 350

nm was low enough to perform detailed measurements
(see Fig. 8). However, one remaining necessity was to

1.50«‘

1.254
1.00 4

0.75 4

Absorbance

0.50 +

0.25 4

0.00 T T T T T 1
300 400 500 600 700 800
A [nm]

Fig. 8. UV-Vis spectrum of pure [bmim][bta].
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reduce the water content of the ionic liquid, which is up
to 1.4% (w/w) in water equilibrated [bmim][bta] [11]. The
water content can affect the viscosity of the ionic liquid
or even act as a potential nucleophile and interfere with
the measurements. Furthermore, the solubility of the
Pt(IT) complex depends on the water content. In addi-
tion, SnCl, can react with water to form insoluble
SnCI(OH) which further can disturb the measurements.
Therefore, the ionic liquid had to be dried very thor-
oughly (see Section 2).

A further problem was the poor solubility of polar
salts like SnCl, in this ionic liquid such that another
form to create the active species in the melt was
needed. Fortunately, the chlorostannate melts
described above are soluble in [bmim][bta] and were
therefore used to adjust the concentration of [SnCl;] ™,
which acts as the attacking nucleophile, in this ionic li-
quid. The chlorostannate melt used to adjust the
[SnCl;]” concentration was an equimolar composition
of the reactants, x(SnCl,) = 0.50, thus only containing
[SnCl3]™ anions. [SnCl;]” was added in at least a ten-
fold excess as compared to the Pt(II) complex concen-
tration to reach pseudo-first-order conditions. The
kinetic measurements were performed at 25 °C at sev-
eral [SnCl;]” concentrations. The observed reaction
was found to consist of two steps as shown by the
UV-Vis spectra presented in Fig. 9. The first step is rel-
atively fast, shows good first-order behavior (compare
Fig. 10), and the observed rate constant depends
linearly on the [SnCl;]” concentration as shown in
Fig. 11 with a second order rate constant calculated
to be k; = 0.301 £0.007 M~ s7" at 25 °C. The temper-
ature dependence of the reaction was also studied and
the results are plotted in Fig. 12 from which it follows
that AH*=46.0+0.8 kImol ' and AS*=-100+3
JK "mol™".

0.6
0.5 -
Spectral changes per minute
0.4+ [SnCl,]1=60 mM
[PINCL(PPh,),] = 1.0 mM
1T _ .
§ 034 T=25°C
[
2
o
(%2}
£ 024
0.1 4
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0.0 T T T T T 1
350 400 450 500 550 600 650
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02104 first order fit
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c
©
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Fig. 10. Typical kinetic trace for the first reaction step in [bmim][bta]
at [[SnCl3]"] = 40 mM.
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Fig. 11. Observed first order rate constant as a function of the
[SnCls]™ concentration added to cis-[Pt(PPhs)>CL)].
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Fig. 9. Spectral changes observed during the first and second reaction steps.
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Fig. 12. Temperature dependence of the second order rate constant for
the reaction of [SnCls]~ with cis-[Pt"(PPhs),CL].

The first reaction step is suggested to involve nucleo-
philic substitution of CI™ by [SnCl;]™ as concluded from
the linear concentration dependence. It proceeds via an
associative mechanism which can be deduced from the
very negative activation entropy. So the first reaction
step should yield the catalytically active complex cis-
[Pt"'(PPh;),Cl1(SnCl5)].

The second relatively slow reaction was very difficult
to study due to the precipitation of side products. Imme-
diately after addition of [SnCl;]™, the slow formation of
a white precipitate (suggested to be Sn(OH)CI or even
SnCl,) was observed, which complicated further moni-
toring of the slow reaction which has a reaction time
of about 24 h. Preliminary results suggest that the sec-
ond reaction itself consists of two parallel steps, one
dependent and one independent of the concentration
of [SnCl;]”. However, a more detailed study is required
to resolve the complications referred to above in more
detail before any definite mechanistic conclusions can
be reached.

In a recent paper, Daguenet and Dyson [14] described
the inhibition of the catalytic activity of a Ru(Il) com-
plex in ionic liquids in cases where the activating step in-
volved dissociation of a chloride ligand. They found
very low solvating interactions between chloride anions
and the [bmim]" cations, thus leading to a higher nucle-
ophilicity of chloride and thus preventing the easy disso-
ciation of chloride from the metal center. If the
activation of the metal complex includes such a dissoci-
ation step as in the system described above, inhibition of
the catalytic activity can occur.

However, in the case of [bmim][bta] the situation is
different. The added [bmim]SnCl; could act as a co-
solvent and thus increase the solvation of the chloride
to enable dissociation from the metal center. Daguenet
and Dyson [14] used water as a co-solvent, but other sol-
vents should work as well. Furthermore, the interaction
between the [bta]” anion, which has a very shielded

charge in the center of the anion since the CF;SO,
groups provide a “steric block”, and the [bmim]* cation
could be even weaker than the interaction between chlo-
ride ion and [bmim]*. This favors the solvation and dis-
sociation of chloride in this ionic liquid. If the second
possibility is correct, then other catalytic systems that in-
volve chloride dissociation steps could work in this ionic
liquid as well, in spite of the presence of [bmim]"(see
also theoretical calculations). Daguenet and Dyson
[14] checked the inhibition of catalyst activity only in
[bmim][CF3SO;] and [bmim][BF,4] ionic liquids with an-
ions whose charge is relatively located on the outside of
the anion contrary to the [bta]™ anion. It would there-
fore be interesting to check the activity of their catalyst
in [bmim][bta] to see if an inhibition occurs or not.

3.3. Theoretical calculations

Quantum chemical computations nowadays are
established as a valuable tool for elucidating reaction
mechanisms. We performed hybrid DFT computations
at the B3LYP/LANL2DZp level, i.e., with pseudo-
potentials on the heavy elements and the valence basis
set augmented with polarization functions [15] on sev-
eral species involved in this study [16]. The GAuUsSIAN
suite of programs was used throughout all the calcula-
tions presented here [17]. Corrections for zero point
vibrational energy are made. Solvent influences were
probed via single point calculations employing the
IPCM model [18]. Unfortunately, technical problems
prevented these computations for some species, includ-
ing SnCl, and [SnCl;]". For reasons of computational
efficiency, we replaced the PPh; ligand on the Pt(II)
complex by PH; and the butyl side chain on the [bmim]*
moiety by a methyl group (the computed results hence
refer to [mmim]").

Three pathways are conceivable for the formation of
cis-[Pt"(PH3),Cl(SnCl5)]:

(1) substitution of Cl™ by [SnCl5]™,
(i1) substitution of CI~ by [Sn,Cls]™, followed by fur-
ther reaction,
(ii1) insertion of SnCl, in a Pt—CI bond.

Reaction (i) was computed to proceed as shown in Fig.
13. First, a precursor complex between cis-
[Pt"(PH;),Cl,] and [SnCls]™ is formed. The computed
gas phase interaction energy of 25 kcal/mol is exagger-
ated; IPCM calculations were not possible. The Pt-Sn
distance is almost 6 A, i.e., no bonds are present
between cis-[Pt"(PH;),Cl,] and [SnCls]™. In the transi-
tion state structure for the substitution process, the
Pt-Sn bond is already well established (2.74 A) whereas
the Pt-Cl bond (2.57 A) is not yet significantly dis-
rupted. This indicates a high degree of associative char-
acter. An activation barrier of 20 kcal/mol was
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E [kcalimol]

cis-(HsP)oPtCly
+ SnCI3'

(25.0)

Reaction coordinate

Fig. 13. Calculated reaction pathway for the reaction of cis-[Pt"(PH3),Cl,] with [SnCl5]".

calculated. In the product complex, the chloride anion is
bound electrostatically at a distance of 3.6 A. To sepa-
rate cis-[Pt"(PH;),CI(SnCls)] and Cl~ in the gas phase
requires almost 50 kcal/mol. Correction for solvent
influences lowers this value to 16.7 kcal/mol.

In order to evaluate the overall energetics of the reac-
tion, we avoided the technical difficulties (vide supra) as
well as the problems associated with huge electrostatic
interaction energies by considering the reaction

[mmim]SnCl; + [Pt" (PH3),Cl,]
— [mmim]Cl + [Pt" (PPh;),Cl(SnCl;)]

Interestingly, we computed this reaction to be endother-
mic. The gas phase reaction energy is +12.6 kcal/mol.
However, inclusion of solvent effects reduces this to
+5.1 kcal/mol. We expect this value still to be too high;

E [kcal/mol]

6/ +SnCl,

——
18.7

the computations were done using gas phase optimized
structures and employing the rather simplified IPCM
model that does not include specific solvent—solute inter-
actions. For comparison, the energy difference between
precursor and product complex is computed to be
+8.3 kcal/mol.

Preliminary results for reaction (ii) showed very sim-
ilar behavior as for reaction (i). Therefore, this pathway
was not pursued any further at present.

A significantly different picture emerges for reaction
(iii) as shown in Fig. 14. cis-[Pt"((PH3)>Cl,] and SnCl,
form a strongly bound precursor complex which is
18.7 kcal/mol more stable than the separated reactants.
The interaction energy stems from the newly formed
Sn—Cl bond, which is computed to be 2.73 A, only
slightly longer than the bridging Sn-Cl bond in
[Sn,Cls]™ (2.67 A). The reaction proceeds through a

Reaction coordinate

Fig. 14. Calculated reaction pathway for the reaction of cis-[Pt"(PH3),Cl,] with SnCl,.
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tightly bound three-center transition structure. The gas
phase activation barrier of 16 kcal/mol is lower than
the value computed for reaction (i); inclusion of solvent
effects via the IPCM model lowers the barrier to 9.0
kcal/mol. The overall reaction is exothermic: the prod-
uct, [Pt"(PH;),CI(SnCl3)], is 13 kcal/mol (IPCM: 10.3
kcal/mol) more stable than the precursor complex and
32 kcal/mol more stable than the separated reactants.

Based on the above, we conclude that formation of
[Pt'(PPh;),CI(SnCl;)] in chlorostannate melts with
x(SnCly) > 0.50 most probably proceeds via insertion
of SnCl, in a Pt-Cl bond. As mentioned above, free
SnCl, is not present in the ionic liquid, but it should
be available in the reaction mixture since our NMR re-
sults indicate a rapid exchange of SnCl, between
[bmim]SnCl; and [bmim]Sn,Cls [8]. This can clearly be
seen from the fact that only a single ''”Sn signal is ob-
served in the employed melts.

On the other hand, the formation of [Pt"(PPhs),Cl-
(SnCl;)] via the reaction of cis-[Pt"(PPh;),Cl,] with
[bmim][SnCl; in [bmim][bta] must proceed via substitu-
tion of C1™ by [SnCl3], since no SnCl, is available under
those conditions. In contrast with the observations made
by Daguenet and Dyson [14], we find that this reaction
proceeds very well, although it involves, in the final reac-
tion step, abstraction of chloride. However, in our case,
CI™ is abstracted from a negatively charged species and
[mmim]* is present as counter ion. Furthermore, model
computations on [mmim][bta], [mmim]SnCl;, and [mmim]-
ClI indicate the latter to be the most stable species. Ex-
change of the anion by chloride is exothermic in both
reactions:

[mmim][bta] + CI” — [mmim|Cl + [bta]”
— 27.4 kcal/mol

[mmim|SnCl; + CI” — [mmim]|Cl + [SnCl;]~
— 21.2 kecal/mol

Bonding between the [bmim]* and [bta]” moieties is
not strong, such that [bmim][bta] is likely to be present
as separated ion pairs. This should further favor the
abstraction of Cl™ in this solvent.

4. Conclusions

The possibility to perform systematic kinetic studies
in the room temperature ionic liquids studied could be
demonstrated. We were able to observe the addition of
SnCl, or [SnCl;]™ to the Pt(II) catalyst according to a
two step mechanism in both ionic liquids. The formation
of [Pt"(PPh5),CI(SnCl5)] is suggested to occur in the first
reaction step and was studied in terms of its concentra-
tion and temperature dependence in [bmim][bta]. In the
chlorostannate melts, an increase in reaction rate of this

first step was observed that correlated with the molar
fraction of SnCl, in the melt. The second reaction step
is suggested to involve the formation of
[Pt"(PPh;3),»(SnCls),] and is considerably slower than
the first step. Theoretical calculations underline the
validity of the mechanistic conclusions. The [bmim]*
cations show a strong tendency to bind C1~; this can as-
sist the activation of the catalyst.
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