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ABSTRACT: The first example of gold-catalyzed silaboration of alkynes
with PhMe,SiBpin is documented in the presence of supported gold
nanoparticles. In the case of terminal alkynes, the reaction proceeds at
ambient conditions in very good yields and the regioselectivity is opposite to
that observed in the presence of Pd or Pt catalysts. The abnormal
regioselectivity is attributed to steric factors imposed by the Au nanoparticle

during the 1,2-addition of silylborane to the alkyne.

he reaction among o silylboranes and alkynes under

catalysis by Pd(0) and Pt(0) provides cis-1,2-addition
products,' useful precursors for the synthesis of stereodefined
functionalized alkenes” via Hiyama and Suzuki cross-coupling
reactions at the C—Si or C—B functionalities, respectively. The
accepted reaction mechanism involves oxidative insertion of the
Si—B bond on metal (M°) forming a (silyl)M"(boryl)
intermediate that undergoes insertion from the alkyne. Finally,
reductive elimination of the metal affords the cis-1,2-addition
products. Products with opposite configuration (trans-addition)
can be obtained by tunin§ the stoichiometry of the reactants in
favor of the silylborane.” Typically, in the case of terminal
alkynes, the boryl functionality is attached on the terminal
carbon atom of the alkyne, while the silyl group is on the
internal one (1-boryl-2-silyl-1-alkenes).* A remarkable switch in
regioselectivity of silaboration to yield 2-boryl-1-silyl-1-alkenes
was observed by using a very bulky phosphine as ligand [o-
biphenyl(-Bu),P] and (n*-C5H;)Pd(L)Cl as catalyst.”

As it has been recently shown that 1,2-disilanes® or
distannanes’ undergo oxidative insertion on Au(I), forming
bis(silyl) or stannylgold(III) complexes, it would be compelling
to uncover the ability of gold to catalyze the addition of
silylboranes to alkynes, just as Pd(0) or Pt(0) do. For instance,
the stereoselective syn insertion of the gold—silicon bond from
Ph;PAu-SiR; to alkynes has been recently documented.® The
interest in the so far unknown gold-catalyzed silaboration
originates from the recent results from our group regarding the
activation of ¢ disilanes by gold nanoparticles (Au NPs). While
typical homogeneous Au(I) catalysts seem to be unreactive, Au
NPs supported on metal oxides’ are efficient catalysts. Thus,
Au/TiO, catalyzes the hydrolysis/alcoholysis*® of Si—Si linkage
and the cis-selective addition of 1,2-disilanes to alkynes."" The
mechanism possibly involves oxidative insertion of the Si—Si
moiety on gold nanoparticles.'” This precedent urged us to
examine the possible reaction among silylboranes and alkynes
in the presence of Au/TiO,. The readily available and fairly
stable PhMe,SiBpin [pin = pinacolato] was chosen. Upon
mixing 1.0 equiv of heptyne (1) with 1.2 equiv of PhMe,SiBpin
in DCM under strictly dry conditions, we observed after
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addition of Au/TiO, (1 mol %) the smooth consumption of
alkyne within 1 h at 25 °C, with primarily formation of the 1,2-
silylboration product 1a in 76% relative yield and its regiosomer
1b in 10% relative yield (Scheme 1). In addition, 14% of the

Scheme 1. Reaction of PhMe,SiBpin with 1-Heptyne (1) and
Its Hydrolysis in the Presence of Au/TiO,
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B-O-Si/B-B = 1/1; B-B/(Si-O-Si+Si-OH) = 1/1

1,2-disilylation product 1c'' was seen, as well as equimolar
amounts of pinB-Bpin [bis(pinacolato)diboron] relative to 1c.
It is remarkable that the observed regioselectivity is opposite to
what has been seen under typical Pd or Pt catalyst conditions,
except a specific case commented earlier’ utilizing an extremely
bulky phosphine as ligand. Increasing the amount of
PhMe,SiBpin to 3 equiv results to a faster consumption of 1.
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Yet, the relative yield of side product 1c increases to 30%. The
amount of lc can be reduced to <10% by slow addition of
PhMe,SiBpin into the reaction mixture over the reaction time
period (~1 h). Under this modification, silaboration product 1a
can be obtained in 72% isolated yield after column
chromatography. Au/Al,O; provides even better regioselectiv-
ity (1a/1b = 94/6), yet the reaction rate is slow and the
amount of disilyl side product 1c increases substantially to 25%.
In the presence of Au/ZnO, the reaction rate is even slower,
the ratio 1a/1b = 85/15, and the isolated yield of 1a below
50%. Notably, the Au/TiO,-catalyzed reaction can be
performed in nondried DCM under open air conditions, at
the expense of PhMe,SiBpin (typically 1.5 equiv) to
compensate its partial hydrolysis, yielding PhMe,Si-O-Bpin.
The formation of side disilylation adduct 1c along with pinB-
Bpin arises from a competing pathway, as by mixing
PhMe,SiBpin with nondried DCM and subsequent treatment
with Au/TiO, (1%) resulted after 2 h in the disappearance of
silylborane and formation of the fairly unstable hydrolysis
product PhMe,Si-O-Bpin,"> pinB-Bpin, and an equimolar
diborane mixture of PhMe,SiOH + (PhMe,Si),0 which varies
with time (Scheme 1). Traces of PhMe,SiH were also detected.
The relative ratio PhMe,Si-O-Bpin/pinB-Bpin was ~1/1.
Apparently, a metal-catalyzed silylborane methathesis is taking
place, forming diborane and disilane; the latter undergoes
hydrolysis under the reaction conditions, forming silanol and
1,3-disiloxane via the transient participation of PhMe,SiH"
(see also the mechanistic analysis in Scheme 2). Pd-catalyzed
analogous element—element ¢ bond metatheses in disilanes'*
and silylstannanes' are already known. The reaction is
heterogeneous as leaching of gold into the supernatant solution
under of the reaction conditions is below parts per billion level
(ICP analysis) as also observed in the disilylation'' reaction.
Among homogeneous Au(I) catalysts tested in the reaction of 1
with PhMe,SiBpin, only Ph;PAuNTf, (3 mol %) provided
traces of products after heating at 70 °C in DCE for 12 h (~1%
yield; 1a/1b = 50/50). In the meantime, ~4% of PhMe,SiBpin
had been disproportionated to pinB-Bpin and ~20% into
PhMe,SiOBpin via hydrolysis by residual water.

The scope and limitations of the Au/TiO,-catalyzed
silaboration were examined with various functionalized alkynes.
The results are presented in Table 1.° In our experiments, a
series of terminal alkynes reacted smoothly with excess of
PhMe,SiBpin (typically 1.5 equiv) in nondried DCM (1.0 mol
% of gold from Au/TiO,). The reaction proceeds in good to
excellent yields in favor of 2-boryl-1-silyl-1-alkenes (products
a). The regioselectivity (a/b) varies from 85/15 to >99/1,
while the stereochemistry of all silaboration adducts is >97% cis
(E configuration) as proven by NOE experiments. In all cases
under the reaction conditions, cis-1,2-disilylation adducts are
also formed in 2—15% relative ratio, which can be removed
with column chromatography. Alkynes with pronounced steric
hindrance adjacent to the internal acetylenic carbon atom
exhibit the highest regioselectivity of silaboration, providing
essentially only one regioisomer (e.g, products 7a, 9a, and
11a). Notably, CFj-substituted aryl alkyne 1S, which is
unproductive under Pd catalysis conditions,” forms product
15a in good yield. Also, enyne 11 which is extremely
unreactive'” provides silaboration adduct 11a in low yield
due to an extensive disilylation as a single regioisomer. No
cyclization product(s) were seen in the crude reaction mixture
as occurs’ in the presence of (n*-C;H;)Pd[o-biphenyl(t-
Bu),P]Cl. In general, increasing the molar equivalents of
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Table 1. Addition of PhMe,SiBpin to Alkynes Catalyzed by
Au/TiO,

Me R—== Bpin_  SiPhMe, Me,PhSi Bpin
Bpin—8i-Ph —— — . _
Me AUWTIO(1%) R a2 R b
DCM, 25°C
alkyne relative ratio a/b yield of a®time
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2
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3
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4
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s
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Ph—0 ¢
Me
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MeO@O 7
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Ph-Si-0 g
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t~Bu\ ——D —
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OH
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P
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1
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Me—< >—: 89/11 75%I1h
13
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OMe
Fﬁ@{ 85/15 62%/6 h
15
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Me—==—COOEt — . —
16¢ Me COOEt Mé¢ COOEt
16a (16%)° 16b (17%, E/Z = 4/1)¢
Ph % Ph Et % Et unreactive
alkynes
Ph——=—n-Bu MeOOC—=—=—COOMe
18

“Isolated yield of the major regioisomer a. bWith 2.5 equiv of
PhMe,SiBpin. The lower yield of 7a is due to partial cleavage of 4-
methoxyphenol under chromatographic conditions. “With 6 equiv of
PhMe,SiBpin, 36 h. The low isolated yield of 11a is due to the
competing formation of disilylation product in ~70% relative yield.
“With 4 equiv of PhMe,SiBpin, 12 h. The low yield of 16a,b is due to
the formation of disilylation products in ~55% relative yield. “Isolated
yield.
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PhMe,SiBpin results in gradual increase of the 1,2-disilylation
products, lowering the yield of the desired silaboration pathway
(e.g., enyne 11).

A series of internal alkynes examined herein are unproduc-
tive. The possible reasons for this unreactivity, as well as the
importance of steric hindrance of alkyne in controlling the
regioselectivity of silaboration, will be analyzed in the
accompanying mechanistic discussion. An exception among
internal alkynes is acetylenic ester 16, which yields excess of
PhMe,SiBpin (4 equiv) an almost equimolar mixture of
regioisomers 16a and 16b (16a/16b = 48/52) in relatively
low yield due to competing 1,2-disilylation. Addition product
16b appears as a mixture of double bond isomers (E/Z ~ 4/1).
The enhanced reactivity of this specific substrate has already
been shown in its dehydrogenative cyclization with a series of
1,n-dihydro 1,n-oligosilanes'” and ascribed to its low-energy
LUMO.

The Au-catalyzed addition of PhMe,SiBpin to the deuterium-
labeled alkyne 8-d (95% D, Table 1) revealed almost complete
deuterium retention in product 8a-d (94% D), which excludes
the formation of gold acetylides as intermediates. Also, as Au/
TiO, is inefficient in catalyzing hydroboration of alkynes,'® a
pathway involving cross-coupling among a terminal alkyne and
PhMe,SiBpin to form silyl alkyne + hydroborane (pinBH)
followed by hydroboration of the internal silyl alkyne with
pinBH is also excluded. In Scheme 2, we present a mechanistic

Scheme 2. Proposed Mechanism for the Regioselective Au-
Catalyzed Reaction of Silylboranes with Terminal Alkynes
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rationalization, postulating cationic gold”'? as the reactive
catalytic sites of Au/TiO,, capable of undergoing oxidative
insertion from the Si—B bond (intermediate I), as already
proposed in the case of ¢ disilanes.'" Intermediate I adds to the
alkyne, forming either II or IIL Intermediates of type III have
been proposed* in the Pd- or Pt-catalyzed silaboration of
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terminal alkynes and type II only when an extremely bulky
phosphine is ligated on Pd.® In our case, we suggest that III is
destabilized by the steric interactions among the Au NP-bound
silane and the germinal R group. In other words, the metal
preferentially binds on the terminal carbon atom of alkyne. This
concept explains the lack of reactivity of internal alkynes, as
steric interactions among Au NP and the alkyne substituents
are developing at any binding approach, not counting the steric
hindrance among the substituents of the internal alkyne who
become cis to each other in the transition state of the addition.
In the case of ester 16, surprisingly, there is not any electronic
preference for the formation of the regioisomeric adducts (16a
and 16b are formed in almost equal amounts),'® but solely
steric factors operate, as the hindrance imposed to the C-bound
Au moiety by a methyl group (formation of product 16b) or an
ester functionality (formation of 16a) is more or less the same.
A similar regioselectivity profile has been previously seen by us
in the Au/TiO,-catalyzed hydrosilylation of 16.*° An additional
competing pathway also operates, which involves ¢ bond
metathesis among intermediate I and a neutral PhMe,SiBpin
molecule that generates PhMe,Si-Au-SiMe,Ph (IV) and pinB-
Bpin. The diborane is unreactive®’ under gold nanoparticle
catalysis conditions toward triple-bond 1,2-diboration. Re-
cently, it was reported that pinB-Bpin diborylates alkynes in the
presence of a nanoporous gold material as catalyst.”* Similar &
bond metatheses are known in 1,2-disilanes’* and 1,2-
silylstannanes."® Intermediate IV undergoes cis-addition to
alkynes, forming the 1,2-disilylation side products,'’ or is
captured by H,0' to form eventually (PhMe,Si),0. In
general, increasing the molar equivalents of PhMe,SiBpin
relative to the alkyne results in an increase of the relative yield
of 1,2-disilyl side products due to the operation of the ¢ bond
metathesis pathway (see, for example, the cases of alkynes 11
and 16). The preferential delivery of the Bpin moiety, relative
to the silyl group on the alkyne in the proposed intermediates
II and III, has already been rationalized in terms of
thermodynamics.> The C—B bond is more stable compared
to the C—Si by approximately 24 kcal/mol, which is a larger
difference upon comparing the dissociation energies among the
Au—B and Au—Si bonds (87.8 and 74.8 kcal/mol, respectively).
Au—Si insertion from intermediate I to the alkynes cannot be
excluded, but is unlike on the basis of thermodynamics as
analyzed above and the lack of cyclization products in the
silaboration of 1,6-enyne 11.

In conclusion, we have presented herein the first example of
a Au-catalyzed silaboration of alkynes with PhMe,SiBpin. The
reaction proceeds under mild conditions, no external additives
or ligands are necessary, while the regioselectivity is abnormal,
providing 2-boryl-1-silyl-1-alkenes which can be formed under
Pd catalysis conditions only utilizing an extremely bulky
phosphine as additive.® Additionally, PhMe,SiBpin undergoes
gold-catalyzed disproportionation to disilane and diborane via ¢
bond metathesis. Once more, the ability of gold to catalyze
reactions so far feasible with Pd, Pt, and other late transition
metals is expanding its significance in synthetic organic
chemistry.
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Copies of 'H, *C NMR of all products, and selected NOE
experiments for key compounds. This material is available free
of charge via the Internet at http://pubs.acs.org.
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