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Some 6 years ago we reported alkene oxidation and platinaox-
etane formation from Pt oxo complex 1 (Scheme 1).1 At the time,
this was a unique example of 2-metallaoxetane formation from
coupling of an alkene and an oxo complex, a potentially important
reaction in catalytic alkene oxidations.2-7 Since then, one other
example has been reported along with the closely related formation
of 2-metallaoxetanes from a hydroxo complex.8,9 Herein we
describe our mechanistic studies of 2-metallaoxetane formation from
1. The reaction unexpectedly shows catalytic behavior, which we
have traced to a hydroxo complex that reacts directly with
norbornene (NB) to form a protonated 2-metallaoxetane.

A plot of the concentration of 2-platinaoxetane 2 against time
for the reaction of 1 with excess NB is shown in Figure 1. The
linearity of the plot demonstrates the pseudo-zeroth-order character
of the reaction. Further experiments (see the Supporting Informa-
tion) indicated a first-order dependence on [NB], giving the
following rate expression for the reaction: rate ) kobs[NB]. Since
it is very unlikely that only NB is involved in the rate-determining
step, the presence of a catalyst is indicated. Consistent with a
catalytic impurity in 1, the reaction rate varied from batch to batch
of 1 and changed with sample age. In addition, the nonzero intercept
of the plot suggests “burst kinetics”,10 where there is a rapid reac-
tion of the catalyst or a catalyst complex with 1 to produce product
followed by a slower renewal of the catalytic species.

In an effort to discover the nature of the reaction catalyst, small
amounts of BF3 ·Et2O (10%), Pt(COD)(OTf)2 (10%),11 or HBF4 ·
Et2O (18%) were added at the beginning of the reaction. Since all
three of these species increased the rate of the closely related alkene
exchange reaction of 2,12 it was anticipated that a similar effect
would be observed here. Surprisingly, almost no effect was found
for BF3 ·Et2O or Pt(COD)(OTf)2. However, a considerable rate
increase was observed for HBF4 (Figure 1), suggesting that H+ or
a protonated species is responsible for the catalysis. Consistent with
this idea, addition of the polymer base poly(vinylpyridine) (pvp)
to 1 followed by addition of NB gave a small amount of 2 but
little further progression of the reaction (Figure 1).

Given these observations and the recent report of 2-platinaoxetane
formation from a Pt hydroxo complex and alkenes,9 we began
investigating the preparation of [Pt(COD)(µ-OH)]n

n+ (5). Treatment
of Pt(COD)Cl2 with NMe4OH ·5H2O followed by AgOTf yielded

5 as the triflate salt (5-OTf). An X-ray crystal structure analysis
gave poor results with severe disorder of the two independent OTf
anions but revealed a tetrameric (n ) 4) structure for cation 5 (see
the Supporting Information). Solution NMR spectra for 5 (see the
Supporting Information) showed the expected peaks but did not
distinguish the value of n, which may be different from that in the
solid state.

As anticipated, 5 reacted cleanly and rapidly (<10 min) with
excess NB to give the new 2-platinaoxetane 7 (Scheme 2). The
mixture was not stable, and with time (5 h) the known “ene-yl”
complex 614 began to appear along with another unidentified
complex. Attempts to isolate 7 immediately after its formation give
back 5 or mixtures of 5 and 6, suggesting that formation of 7 is
reversible. Stoichiometric amounts of 5 and NB yield equilibrium
mixtures of 5, NB, and 7 with Keq ≈ 40.

Although 7 could not be isolated, its identity is clear from
the NMR data (see the Supporting Information). Particularly
diagnostic is the 1H NMR OH peak at 8.8 ppm that shows
coupling to Pt and the adjacent norbornyl H1 proton (Scheme
2). Finally, the reaction of 5 and NB in the presence of polymer-

Scheme 1. Platinaoxetane Formation from 1 (L2 ) COD)

Figure 1. Plots of product concentration [2] against time for the reaction
of 1 and a 10-fold excess of NB: ([) no additive; (red b) 10% HBF4 added
(same batch of 1); (blue 2) poly(vinylpyridine) added (different batch of
1).

Scheme 2. Formation of 2-Platinaoxetane 7 (L2 ) COD, ∼NEt2 )
Polymer-Bound NEt2)
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bound diethylamine (∼NEt2) yielded known 2-platinaoxetane 815

by deprotonation of 7.
Kinetic data for the reaction of 5 and NB at -10 °C revealed

the reaction to be half-order in 5 and first-order in NB, giving the
rate expression rate ) k[5]1/2[NB] (see the Supporting Information).
This strongly suggests that the reactive solution species of 5 is the
dimer (n ) 2), the most commonly observed13 solid-state structure
for [PtL2(µ-OH)]n

n+ complexes. A proposed mechanism for the
reaction, in which breakup of the dimer by NB is rate-determining,
is given in Scheme 3. The fragment 10 may be coordinated with
solvent or remain bonded to the hydroxo group of 9 until the fast
reaction with the second NB in step 2.

The reaction of 5 with NB to give 2-platinaoxetane 7 even at
-10 °C qualifies 5 as a catalytically competent species for the
reaction of 1 with NB. This is further supported by the following
observations: (1) small amounts of 5 increase the reaction rate of
1 with NB, and (2) the reaction of protonated 2-platinaoxetane 7
with 1 yields a mixture of 5 and 2-platinaoxetane 2, a critical step
in the cycling of 5. On the basis of these observations, the probable
catalytic cycle for the formation of 2 from 1 and NB is given in
Scheme 4.

In summary, our investigation of 2-platinaoxetane formation from
oxo complex 1 has revealed a proton-catalyzed process involving
a Pt(II) hydroxo complex that undergoes extremely facile coupling
with norbornene. The rate-determining step in the coupling reaction
is most likely associated not with C-O bond formation but with
breakup of the dimer hydroxo bridge. (Breakup of related Pt and
Pd hydroxo dimers by solvent or protonation has recently been
found to be important in C-H activation reactions.16) The formation
of 2-platinaoxetane 7 from hydroxo complex 5 lends further support
to the involvement of protonated 2-metallaoxetanes in Wacker
alkene oxidation,17 especially considering the fact that the coordina-
tion environment of the Pt(II) center of 5 consists solely of alkene
and hydroxo ligands.
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Scheme 3. Proposed Mechanism for the Reaction (L2 ) COD)

Scheme 4. Probable Catalytic Cycle for the Formation of 2 from 1
and NB (L2 ) COD)
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