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The rapid equilibrium between five-coordinate trigonal-bi-
pyramidal [Pt(pt)(pp3)]

þ (pt = 1-propanethiolate, pp3 = tris[2-
(diphenylphosphino)ethyl]phosphine) and square-pyramidal
[PtI(pt)(pp3)] with an axially coordinated I� and dissociated ter-
minal phosphino group was clearly observed in the presence of a
large excess of I� at low temperatures. Such a square-pyramidal
intermediate is expected to be formed in the course of substitu-
tion reactions of trigonal-bipyramidal Pt(II) complexes.

The kinetic properties of four-coordinate square-planar d8

metal complexes have been well established and the associative
mechanism with the trigonal-bipyramidal 18-electron transition
state or intermediate have been proposed.1 On the other hand,
though a few mechanistic studies on five-coordinate trigonal-bi-
pyramidal d8 metal complexes with the 18-electron ground state
have been reported,2 there is no information about structures of
the transition state or intermediate, which can give us further in-
sight into the kinetic properties of the d8 metal complexes.

We have selected Pt(II) as the central metal, because Pt(II)
complexes generally have great activation energy for each reac-
tion step and the intermediate may be detectable. The tripodal
tetradentate phosphine, tris[2-(diphenylphosphino)ethyl]phos-
phine (pp3), was used for the bound ligand, which tend to form
[MX(pp3)]-type (M = metal ion, X = monodentate ligand)
trigonal-bipyramidal complexes for d8 metal ions.3 In the begin-
ning, we undertook the halo-ligand substitution reactions with
halide ions, but information about the intermediate or transition
state has been scarcely obtained so far. Then, the thiolato ligand,
which is strong � donor for Pt(II), was used for the bound mon-
odentate ligand X so as not to be easily dissociated, and iodide
ion, which is a relatively good � acceptor among halide ions,
was used for the entering ligand in order to reduce the electronic
repulsion on the Pt(II) center in the intermediate formed by the
entering ligand association.

The chloro complex, [PtCl(pp3)]Cl (1), was prepared by a
method similar to that described in the literature.4 The single
crystals were obtained from a mixture of chloroform and aceto-
nitrile, and the crystal structure of 1�CH3CN was determined by
an X-ray crystallography.5 The thiolato complex,
[Pt(pt)(pp3)](BF4) (pt = 1-propanethiolate) (2) was prepared
by the reaction of 1�2H2O with Hpt in chloroform by addition
of a 0.5M NaOH aqueous solution after removal of Cl� in 1with
AgBF4.

6 The iodo complex, [PtI(pp3)]I (3), was prepared by the
reaction of 1�2H2O with excess tetrabutylammonium iodide
(NBu4I) in chloroform.7 Deuterated chloroform (CDCl3, Al-
drich) for NMR measurements was dried over activated 4A mo-
lecular sieves and deoxygenated and distilled in a vacuum line.
The NMR samples for equilibrium experiments were prepared
by vacuum distillation of the purified CDCl3 into NMR tubes

containing completely dried solid sample that were then flame-
sealed after degassing. The chemical shifts of 31P NMR were de-
termined by using D3PO4 in external D2O.

The 31P NMR spectrum of 2 in completely deoxygenated
and dried CDCl3 exhibits two sharp signals coupled with 195Pt
assigned to the three equivalent terminal phosphorus atoms in
the equatorial position and the central phosphorus atom in the
axial position for the trigonal-bipyramidal geometry with C3

symmetry.6 On the other hand, the 31P NMR spectrum of the
CDCl3 solution of 2 containing a large excess of NBu4I was ex-
tremely broadened at room temperature, and reversibly changed
with temperature as shown in Figure 1. Three sets of signals oth-
er than the signals of 2 were clearly observed at the lower tem-
perature. By comparison with 31P NMR spectra of the square-
planar oxidized complex obtained from 2, [Pt(pt)(pp3O)]BF4
(4 in Figure 2),8 and free pp3 ligand,9 the two signals at 44.0
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Figure 1. 31P NMR spectra of CDCl3 solution of 2
(2:2� 10�2 mol kg�1) containing a large excess of NBu4I
(4:1� 10�1 mol kg�1) at various temperature (298.3(a),
250.0(b), 236.9(c), and 206.7(d) K). 2 and 5 denote the signals
for the corresponding complexes.
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and 89.6 ppm coupled with 195Pt (JP-Pt = 1322 and 1058Hz, re-
spectively) are reasonably assigned respectively to the two ter-
minal and central phosphorus atoms on the square-planar geom-
etry of Pt(II) and a pair of signals at �9:1 and �11:4 ppm
corresponds to the free terminal phosphorus atom. Considering
that the relative strength of these signals increases with an in-
crease of the concentration of I�, the above finding is attributa-
ble to the formation of the square-pyramidal Pt(II) complex with
one dissociated terminal phosphorus atom and apically coordi-
nated I� (5 in Figure 2). Coordination of the pt ligand in the
square-plane is confirmed by the values of JP-Pt for the coordinat-
ed terminal and central phosphorus atoms of 5 that are in good
agreement with those of 4 but entirely different from those of
[PtI(pp3O)]

þ (6 in Figure 2)10 with I� in the square plane (see
below). Because the two isomeric structures, one with the iodo
ligand and free Ph2PCH2CH2– group on the same side of the
Pt(II) square plane and the other on the opposite side, are possi-
ble for 5, we can assume that the two NMR resonance lines ob-
served in the region of the free diphenylphosphino group are due
to the two different steric surroundings.

By addition of a small amount of water to the equilibrated
solution, the substitution reaction of pt ligand with I� proceeded
to give the five-coordinate trigonal-bipyramidal iodo complex 3
(Figure 2). This fact indicates that the re-coordination of the free
Ph2CH2CH2– group accompanies the release of the thiolato li-
gand bound to Pt(II) into the moist chloroform because of the
greater solvation energy for pt� compared with dry chloroform.
Formation of the square-pyramidal intermediate 5 with one
pendant Ph2PCH2CH2– group in the course of the pt ligand sub-
stitution reaction of 2 with I� is consistent with the fact that one
terminal phosphino group of coordinated pp3 was partially oxi-
dized during the substitution reaction under air (6 in Figure 2).
The equilibrium constant and enthalpy and entropy changes
for the formation of 5 in CDCl3 were obtained by using the
change in ratio of the 31P NMR intensity with temperature as
follows: K298 ¼ 7:5� 10�1 mol�1 kg; �H� ¼ �10� 2:4
kJmol�1;�S� ¼ �36� 10 kJ K�1 mol�1. These thermodynam-
ic parameters reveal that 5 is enthalpically a little stable but en-
tropically unstable compared with 2 by coordination of free I�.
The observed chemical exchange rate constant at 298K was es-
timated to be 1:3� 104 s�1 by using the 31P NMR line-broaden-
ing data of 2 in the temperature range from 219.5 to 234.9K.11

This exchange rate is extremely faster than the usual substitution
rates for Pt(II) complexes. Expecting that such a rapid pre-equi-

librium is included in the substitution process of the trigonal-bi-
pyramidal Pt(II) complexes (Eq 1), the observed rate constants
can be given by kobs ¼ kK½Y�=ðK½Y� þ 1Þ under the pseudo-
first-order conditions with a large excess of Y.

½PtXðpp3Þ�þ þ Y �
K

fPtXYðpp3Þg !
k
½PtYðpp3Þ�þ þ X ð1Þ

In other words, it is possible that the pre-equilibrium constant K
and rate constant k are obtained from the dependence of kobs
on [Y].
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Figure 2. Reaction mechanism for the substitution and oxida-
tion reactions of 2. The positive charges of the cationic com-
plexes are omitted.
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