10290 J. Am. Chem. Soc. 1994, 116, 10290-10291

Silica as a Ligand: Reactivity of the Iridium-Oxygen
Bond of Cp*Irfsilica](Ph)(PMe;)

Tara Y. Meyer, K. A. Woerpel, Bruce M. Novak,"t and
Robert G. Bergman"®

Chemical Sciences Division, Lawrence Berkeley
Laboratory, and Department of Chemistry
University of California, Berkeley, California 94720

Received June 15, 1994

Silica-supported metals and metallic complexes catalyze many
significant reactions, such as olefin polymerization! and styrene/
propylene oxide synthesis.2 Although in most cases the catalyst
supports do not participate in substrate transformations, they are
postulated to contribute to the steric and electronic properties of
the active metal center.? The structures of these bound-metal
species have been investigated, but the focus of these studies has
been mainly spectroscopic.4% The use of chemical reactivity as
a structural tool has not been developed extensively.” In this
communication we discuss the preparation and chemistry of
Cp*Ir[silica}(Ph)(PMe;) (1). We have found methods not only
toattach theiridium complex tosilica but toalsoremove it cleanly
by treatment with specific reagents, sothat changesinits structural
integrity can be monitored using homogeneous solution analytical
methods. Moreover, equilibrium studies and reactivity com-
parisons with homogeneous analogues have provided information
about the nature of the iridium-silica interaction.

Our recent observation that Cp*Ir(OH)(Ph)(PMes) (2)%
reacted with phenol to produce phenoxide 3 suggested to us a
method for attaching the [Cp*(PMe;)(Ph)Ir]* fragment to the
silanol-containing silica surface.

Cp*Ir(OH)(Ph)(PMe;) + HOPh —
2
Cp*Ir(OPh)(Ph)(PMe;) (1)
3

Silica® treated with iridium hydroxide 2 in THF immediately
became yellow as the supernatant changed from tan to nearly
colorless. Although the 3C CPMAS NMR spectrum!? of the
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supported complex is consistent with the formation of Cp*Ir-
[silica] (Ph) (PMe;) (1) (Scheme 1), the typical broadness of the .
NMR signals and lack of connectivity information prevent an
unambiguous assignment. By exploiting the reactivity of the
complex with phenols, however, we were able to obtain further
structural evidence. Treatment of the iridium-silica species 1
with p-nitrophenol liberated the aryloxido complex Cp*Ir(p-
OC¢H,NO,)(Ph)(PMe;) (4) in >95% yield by 'H NMR
spectroscopy (78% isolated yield). Sincetheseexchange reactions
presumably involve only the Ir-O bound ligand, and hydroxide
2 and aryloxide 4 are otherwise analogous, the structure of bound-
iridium species 1 illustrated in Scheme 1 can be inferred.!!
Evidence that the iridium complex is in fact chemisorbed by an
iridium—oxygen bond, and not simply hydrogen-bonded to the
silica surface, was obtained by monitoring the reactions of Cp*-
Ir(p-NHC¢H,Me)(Ph)(PMe3) (8) or Cp*Ir(OSiMe,'Bu)(Ph)-
(PMe3) (6)!2 withsilica. These reactions led to 1 and liberated
1 equiv of free p-toluidine or HOSiMe,!Bu, respectively, both of
which were detected and quantified in the supernatant solution.

In contrast to the quantitative reaction of 1 with p-nitrophenol,
the silica-bound iridium species reacted with phenol, p-meth-
oxyphenol, p-chlorophenol, and 4-chloro-3,5-dimethylphenol to
produce detectable equilibrium ratios of 1 and the corresponding
aryloxidocomplexes3,7,8,and9. Silica-bound 1, whengenerated
from toluamide § or siloxide 6, behaved analogously. In order
to verify that the reaction of 1 with substituted phenols is an
equilibrium process, a solution of Cp*Ir(p-OC¢H4sOMe)(Ph)-
(PMe3) (7) of known concentration in THF-dg was treated with
silica and monitored by 'H NMR spectroscopy. The disappear-
ance of 7 and the concurrent appearance of p-HOC¢H,OMe
confirmed the reversible nature of the reaction.

For theoverall reaction writtenin eq 2, an apparent equilibrium
quotient, K5, may be defined (eq 3). The “concentrations” of
the insoluble species, designated by { }, are approximated by the
ratio of molar quantity present to the volume of solvent.!? K,y’s,
determined for a selection of phenols, were found to be independent
of temperature (25-80 °C) and the initial concentrations of 1 or
HOATr over the ranges of concentrations studied.!4

[Ir]-O-silica + HOAr = [Ir]-OAr + HO-silica (2)
[Ir] = Cp*Ir(PMe,)(Ph)

[[Ir]-OAr]{HO-silica}

Kopp = {[Ir]-O-silica}[HOATr] @

By analysis of the reaction in terms of heterolytic O-X
ionization free energies, these K,y data can be used to examine
the relative affinity of the iridium fragment for the aryloxides vs
silica. The proton-transfer equilibrium in eq 4 is expected to lie
toward the left with Koq = 2.5 X 10 to 6.3 X 10~ based on the
differences in the pK, values of the phenols studied (9.6-10.2)1516
and silica hydroxyls (4-7).!” Because the K, values for the
overall reaction in eq 2 are larger (0.026-0.25), it must be true
that the [Ir]-O-silica/[Ir]-OAr equilibrium (eq 5) lies
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toward the right. Thatis, the relative affinity of the two alkoxide
groups for [Cp*(PMe;)(Ph)Ir]* correlates with their affinity for
protons.

H-OAr + silica-O™ = ArO™ + silica-O-H 4)

[Ir]-O-silica + ArO™ = [Ir]-OAr + silica-O~  (5)

The silica-iridium interaction was further investigated by
comparison of the reactions of the supported complex with those
of the analogous monomeric iridium hydroxide 28 and iridium
triflate 10 (Scheme 2). Interestingly, with the three classes of
substrates examined, the reactivity of silica-bound 1 was found
to be intermediate between that of the hydroxide and that of the
triflate. With phenols, for example, the iridium-silica complex
1forms equilibrium mixtures with K, = 0.026-0.25 (vide supra).
Analogous reactions of phenols with hydroxide complex 2 proceed
to completion (K > 1000), whereas with the triflate species 10
noexchange isobserved. Inasecond reaction, theinternal alkyne
dimethyl acetylenedicarboxylate (DMAD) rsacted with both
silica-bound 1 and triflate 10 (with 1 equiv of base) to produce
iridacycle 11 in 82% (NMR) and 97% (isolated) yields,
respectively (Scheme 2). Presumably, the reaction proceeds by
m-coordination followed by an intramolecular electrophilic
substitution reaction. Hydroxide2, however, is known toundergo
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insertion of DMAD into the Ir-OH bond to form vinyl hydroxide
complex 12.8 The terminal alkyne ethyl propiolate (EP) reacted
with both the silica-bound species 1 and hydroxide 2 to form
acetylide complex 13 in 85% (NMR) and 44% (isolated) yields,
respectively. Incontrast, triflate 10led toiridacycle 14inanalogy
to its reaction with DMAD. Finally, 10 and 1 activated the C-D
bond of benzene-dg to produce 10-ds (105 °C) and 1-d5 (135 °C)
by aryl exchange (eqs 6 and 7), a class of reaction that was
previously observed for Cp*Ir(OTf)(Me)(PMe;).!8 In the reac-
tion of 1 with C¢Dg, formation of 1-ds wasestablished by complete
removal of deuterated benzene, followed by treatment of the silica-
bound product with p-nitrophenol. Free silica and a 15% yield
of 4-ds were obtained. Competing thermal decomposition
reactions were responsible for the relatively low yields of 4-ds;
hydroxide 2 completely decomposed at 80 °C before any C-D
activation was observed. One explanation for the apparent
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intermediate Ir-OH vs Ir-OTf reactivity of the iridium-silica
complex 1, which is consistent with the equilibrium studies
described above, is that the reactivity correlates with the polarity
of the Ir-O bond: Ir-OTf > Ir-OAr > Ir-O-silica > Ir-OH.
In summary, we have successfully prepared a silica-bound
iridium complex and exploited the exchange reactivity of the
complex to provide strong evidence for its structural identity and
to probe the nature of the iridium-silica interaction. We have
also shown that silica can be treated as a simple ligand!® in this
system, and that a complex made with this ligand exhibits
reactivity, including C-H activation, similar to that of its
monomeric analogues. Further investigations of the reactivity
of the iridium species 1 and extensions of this chemistry to metal
complexes with additional reactive sites are ongoing.
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