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ABSTRACT: Selective 1,2-hydrosilylation of 1,3-dienes is
a challenging problem in transition metal catalysis.
Butadiene, specifically, would be a useful substrate because
3-butenylsilane products have promise as superior
coupling reagents for hybrid organic/inorganic materials
synthesis. We report the first selective 1,2-hydrosilylation
of conjugated dienes including butadiene. Hydrosilylation
proceeds through a Pt(II/IV) cycle, and selectivity is
generated at a hexacoordinate Pt(IV) complex that favors
η2-diene coordination and prevents π-allyl complex
formation.

Despite the prevalence of transition metal-catalyzed olefin
hydrosilylation methods,1 no selective method for 1,2-

hydrosilylation of 1,3-dienes has been reported.2 Conjugated
dienes represent a significant selectivity challenge because
various coordination and insertion modes are accessible to a
conjugated π-system at a transition metal catalyst. The
prevalence of 1,4-selective additions may result from the
likelihood of transition metals to form π-allyl intermediates
upon migratory insertion of dienes into M−X bonds (Scheme
1).2,3 Products of 1,2-selective hydrosilylation, specifically 3-
butenylsilanes derived from butadiene, would be valuable as
superior coupling agents to link silicate-based materials to olefin
polymers in hybrid materials synthesis.1d,4 Known catalysts
cannot generate 3-butenylsilanes from an inexpensive and readily
available feedstock, such as butadiene.5 Here, we report the first
1,2-selective hydrosilylation of conjugated dienes, including
butadiene. Hydrosilylation by a platinum precatalyst bearing a
cyclometalated phosphine ligand creates coordinative saturation
at the catalyst following 1,2-migratory insertion and prevents π-
allyl formation during the catalytic cycle, which leads to 1,2-
selectivity.
Butenylsilanes, such as the product of 1,2-hydrosilylation of

butadiene, can act as coupling agents to covalently link the
surface of silicate-based sol-gel materials with hydrophobic olefin
polymers.4 Coupling reagents contain a silicon group with
hydrolyzable ligands and an α-olefin from which olefin
polymerization can be initiated.4b Although vinyltriethoxysilane
and hexenyltriethoxysilane are currently used as coupling
reagents, vinylsilanes are less active than α-olefins for initiating
olefin polymerization,4c and hexenylsilanes are produced from an
expensive feedstock.6

Selective 1,4-additions to dienes can be achieved with known
catalysts by using the thermodynamic favorability of metal-allyl
intermediates (products of 1,4- or 2,1-migratory insertion) over
their σ-alkyl isomers (products of 1,2-migratory insertio-
n).3a−g,l,m In contrast, 1,2-selective addition to conjugated dienes

is rare. General methods for 1,2-addition are limited to two
examples of diene hydro- and diboration reactions, and the
factors leading to 1,2-selectivity in these cases are not
understood.7 Few isolated examples of 1,2-hydrosilylation for
specific substrates or as part of product mixtures have been
reported, but 1,2-selectivity is substrate-dependent and does not
extend to butadiene in any reported case.2,3g,8 We propose that a
transition metal catalyst that excludes formation of π-allyl
intermediates upon migratory insertion of 1,3-dienes would
result in catalyst-controlled 1,2-selective addition (see σ-alkyl
intermediate in Scheme 1). Because π-allyl ligands require two
coordination sites while σ-alkyls require only one, π-allyl
intermediates can be excluded by coordinative saturation at the
transition metal catalyst.
Upon activation with methylmagnesium chloride, cyclo-

metalated platinum complex 19 catalyzes the selective 1,2-
hydrosilylation of butadiene with 10:1 selectivity for the 1,2-
addition product (Scheme 2) and a turnover frequency (TOF) of
480/h at 50 °C. Precatalyst 1 is air- and moisture-stable and can
be used for catalysis without special purification. Precatalyst 1 is
activated with MeMgCl at −45 °C in dichloromethane, at which
temperature transmetalation from theGrignard reagent proceeds
more quickly than reaction with solvent. For hydrosilylation,
diene and silane are added to the preactivated catalyst solution,
and the vessel is sealed and heated to 50 °C until the reaction is
complete. Butenylsilane products can be isolated by distillation
of the reaction mixture without additional purification. A slight
excess of diene, although unnecessary for full conversion,
prevents isomerization of the 1,2-addition product to the 1,4-
addition products after the reaction reaches full conversion.
Selectivity for 1,2- versus 1,4-addition extends to substituted
diene substrates and increases with diene substitution, reaching a
maximum of 90:1 for 2,3-dimethylbutadiene (Scheme 2).
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Scheme 1. Regioselectivity in Diene Hydrosilylation
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We propose a Pt(II/IV) catalytic cycle to rationalize the
selectivity for 1,2-addition (Scheme 3).10 Catalyst activation
(vide inf ra) provides an electron-rich anionic Pt(II) complex (A)
that can undergo oxidative addition of triethoxysilane to form
coordinatively saturated Pt(IV) intermediate B. Because B is
coordinatively saturated, a ligand must dissociate prior to diene
coordination (C). Importantly, because the phosphine contained
in the bidentate ligand is the only ligand which can readily
dissociate from B, the incoming diene is restricted to η2-
coordination. 1,2-Migratory insertion forms linear alkyl complex
D, which may dissociate a ligand (such as the phosphine) to form

a pentacoordinate complex prior to reductive elimination of the
desired 1,2-hydrosilylation product and regeneration of A.11

Next we provide support for the proposed mechanism and
evidence against a Pt(0/II) mechanism, typical for conventional
Pt-catalyzed hydrosilylation.12

Activation of precatalyst 1 with 2 equiv of methylmagnesium
chloride at −45 °C generates electron-rich, anionic Pt(II)
complex 5, which reacts with triethoxysilane to give platinate 6
(Scheme 4). Platinates 5 and 6 are isolable as air- and moisture-
sensitive aggregates with MgCl2(THF)2 and have been
characterized by 1H, 13C, and 31P NMR spectroscopy as well as
by X-ray diffraction (XRD, 6). Both 5 and 6 are competent
precatalysts for 1,2-selective hydrosilylation, which indicates that
these complexes are intermediates on the catalyst activation
pathway (Table 1). Precatalyst 6 further reacts with triethoxy-
silane to form as yet unidentified products. We propose that
precatalyst 6 further reacts with triethoxysilane by oxidative
addition (E) to afford, after reductive elimination of methane
(observed by GCMS), active catalyst A. Intermediate E has a
second accessible C−H reductive elimination pathway available,
which releases the cyclometalated arm of the phosphine ligand to
form P(tBu)3 and leads to catalyst decomposition (Scheme 4).
Consistent with this analysis, P(tBu)3 was observed during the
early stages of hydrosilylation for precatalysts 1, 5, and 6 (see
Supporting Information (SI)). Although degradation of
homogeneous precatalysts can sometimes generate catalytically
active metal nanoparticles,12c,13 adding elemental mercury had
only a moderate effect on the observed selectivity and conversion
of hydrosilylation using precatalyst 6 (Table 1). We conclude
that catalysis by nanoparticulate platinum is unlikely to be the
major pathway for hydrosilylation. However, because all

Scheme 2. Hydrosilylation of Butadiene andOther 1,3-Dienes

aStandard conditions for substituted diene substrates: 1 mol%
platinum precatalyst 6 (vide inf ra), 2.0 mol% MgCl2(THF)2, 1.0
equiv HSi(OEt)3, DCM, −45 °C→ 75 °C, 12 h. Optimization data for
solvent, reductant, and silane are provided in the SI. bDCE, −45 °C→
125 °C. Precatalyst 6 was used for 1,3-dienes other than butadiene due
to more reliable catalyst activation in those cases (see SI).

Scheme 3. Proposed Mechanism of 1,2-Hydrosilylation

Scheme 4. Catalyst Activation

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja5008596 | J. Am. Chem. Soc. 2014, 136, 4857−48604858



precatalysts showed decomposition during activation, we were
unable to obtain reproducible kinetic data to determine a rate
law, and we do not speculate as to the turnover-limiting step or
the reversibility of proposed steps on the catalytic cycle.
Our data suggest that the magnesium counterion plays an

active role in catalysis. In situ generation of precatalyst 6 results in
a visibly homogeneous solution, whereas at the higher
concentrations employed during isolation of 6, MgCl2(THF)2
precipitated and was removed by filtration. X-ray data show that
multiple aggregates of 6 with Mg2+ salts are formed under
different conditions (see SI). Aggregation with fewer Mg2+ ions
may explain why isolated precatalyst 6 shows significantly
reduced activity and selectivity in the hydrosilylation of
butadiene (Table 1). Notably, much of the loss in activity and
selectivity can be recovered by adding MgCl2(THF)2 to
reactions catalyzed by isolated 6. We attribute the slight
difference in yield with 6 + MgCl2(THF)2 compared to the in
situ generated catalyst (from 1 + 2MeMgCl) to the low solubility
of MgCl2(THF)2 in the chlorinated solvents used in hydro-
silylation. Adding ligand quantities of 1,4-dioxane, which binds
strongly to Mg2+ and causes precipitation of magnesium halide
salts,14 dramatically reduces conversion in the hydrosilylation of
butadiene with 6 (Table 1).

X-ray data from single crystals of 6 show an interaction ofMg2+

with the O atoms of the triethoxysilyl ligand (see SI). We
propose that the Mg2+ counterion assists reductive elimination
from electron-rich Pt(IV) (5 → A, D → A) by binding to
triethoxysilyl ligands of the Pt(IV) anion. Mg2+ could also
promote catalyst activation and/or hydrosilylation by binding to
(EtO)3SiH prior to oxidative addition, which would increase the
electrophilicity of the Si−Hbond and facilitate oxidative addition
(5→ A, A→ B). Lewis acids have been shown to promote both
oxidative addition15 and reductive elimination16 at transition
metal complexes. Other silanes, such as Et3SiH, are unreactive in
hydrosilylation using precatalyst 1 (see SI), consistent with
interaction of Mg2+ with the O atoms of triethoxysilane.
A key step in the proposed mechanism is dissociation of the

phosphine ligand prior to diene ligation (B → C). As evidence
for such a dissociation event, we synthesized an analogue of 5
with a 5-membered platinacycle (7). Hydrosilylation using
platinate 7 as a precatalyst was significantly slower than using
precatalyst 5 (Table 1, see SI). Because there is less angle strain in
a 5-membered platinacycle (7) than a 4-membered platinacycle
(5), the rate of phosphine dissociation from Pt should be slower
for 7 than for 5. If phosphine dissociation represents a step in the
catalytic cycle prior to the turnover-limiting step, the rate of
catalysis by the 5-membered platinacycle would be slower
compared to that by the 4-membered platinacycle precatalyst, as
observed in this system.
Pt-catalyzed olefin hydrosilylation often proceeds by Pt(0/II)

cycles, such as the well-established Chalk−Harrod mechanism.12
A Pt(0/II) cycle for the transformation described herein would
include an intermediate such as 8 (Table 1). To probe this
mechanistic possibility, we synthesized and tested anionic Pt(II)
complex 8 as a precatalyst for the hydrosilylation of butadiene.
Because significant decomposition is observed from precatalysts
1, 5, and 6, if complex 8 were an intermediate on the catalytic
cycle, then adding an amount of 8 equivalent to precatalysts 1, 5,
and 6 would result in a much higher proportion of active catalyst
and, therefore, a faster reaction rate. Complex 8 did not show
improvement in rate or selectivity over the other tested
precatalysts and decomposed to free tri-tert-butylphosphine
during hydrosilylation (Table 1). Additionally, platinum complex
8 did not undergo reductive elimination at 50 °C in the presence
of butadiene, which excludes this reductive elimination as a step
in the catalytic cycle. These data demonstrate that the
mechanism of butadiene hydrosilylation from 1 cannot proceed
via a Chalk−Harrod-like Pt(0/II) cycle involving 8.
To investigate whether precatalyst degradation produces a

neutral monodentate phosphine complex of Pt(0) as the active
catalyst, we tested an olefin-supported Pt(0) complex, Karstedt’s
catalyst,1b,17 as a precatalyst for hydrosilylation. Karstedt’s
catalyst was not selective for 1,2-addition (Table 1), alone or
in the presence of P(tBu)3. If formation of Pt(0) or loss of
cyclometalation were the critical event in catalyst activation, we
would expect to see selectivity for 1,2-addition from a Pt(0)
phosphine catalyst generated by another method.
Other possible mechanisms exist, including variations on both

Pt(0/II) and Pt(II/IV) cycles. However, none that we have
considered explains the unprecedented selectivity for 1,2-
hydrosilylation that we observe using precatalysts 1, 5, and 6.
Specifically, none is expected to prevent the formation of π-allyl
intermediates. We propose that the platinacycle, which
contributes both a non-dissociable ligand and a negative charge
to the complex, is a key component that induces coordinative
saturation and prevents π-allyl formation. In addition, the high

Table 1. Performance of Platinate and Pt(0) Precatalysts

aYield and selectivity determined by integrating 1H NMR resonances
corresponding to the alkenyl H atoms vs TMS2O (internal standard).
bYield corresponds to conversion, as no other products are observed.
cIsolated yield; reaction halted by 10 μL of N,N′-DMEDA after 25
min. dAdding MgCl2(THF)2 simulates conditions for catalysis with
precatalyst 1.
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electron density of platinates 1, 5, and 6 allows access to the +IV
oxidation state, which is not typical for platinum catalysts under
the reducing conditions generated by large quantities of
hydrosilane that are necessary for hydrosilylation.10,12

In conclusion, we report the first general 1,2-selective
hydrosilylation reaction of conjugated 1,3-dienes, including
butadiene. We propose that the reaction proceeds through a
Pt(II/IV) cycle and selectivity arises at a hexacoordinate Pt(IV)
intermediate with a hemilabile phosphine ligand that favors η2-
diene coordination and prevents formation of π-allyl inter-
mediates. 1,2-Selective hydrosilylation of conjugated dienes may,
after further development, enable the industrial synthesis of
butenylsilanes that hold promise as coupling reagents to fuse
silicates with olefin polymer materials.
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