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ABSTRACT: Trialkylphosphine organocatalysts have enabled anti-
selective vicinal silaboration and diboration of the C−C triple bond
in alkynoates to produce β-boryl-α-silyl acrylates and α,β-diboryl
acrylates, respectively. The anti stereoselectivity was complete and
robust. A variety of functional groups were tolerated in the
alkynoates. The two vicinally installed heteroatom substituents of
the β-boryl-α-silyl acrylates and α,β-diboryl acrylates could be
differentiated and transformed in a stepwise manner, allowing the synthesis of a diverse array of unsymmetrical tetrasubstituted
alkenes.

Alkenylborons and alkenylsilanes are useful synthetic
intermediates in organic synthesis because of their chemical

stability and their applicability toward various transformations.1

1-Boryl-2-silyl-, 1,2-diboryl-, and 1,2-disilylalkenes are thus likely
to represent platforms for the synthesis of various tetrasub-
stituted alkenes that are found in many important pharmaceut-
icals and bioactive natural compounds (Figure 1).2 Addition of

interelement compounds such as silylborons (Si−B), diborons
(B−B), or disilanes (Si−Si) across C−C triple bonds is the most
straightforward and attractive method for formation of densely
functionalized alkenes.3 Most of the reported alkyne silabora-
tions, diborations, and disilylations occurred in syn addition
mode.4−8 anti-Selective additions were also reported, but they
were rare. For example, Suginome et al. reported the Pd-
catalyzed anti-selective silaboration of terminal alkynes with
silylboronates, but the stereoselectivity was not complete.9a

Recently, Uchiyama, Hirano, and co-workers reported the
completely anti-selective diboration of the C−C triple bond in
propargylic alkoxide anions.9b

We previously developed a nucleophilic phosphine catalysis
that promoted anti-selective carboboration of alkynoates with
alkyl-, alkenyl-, or arylboranes to form β-boryl acrylate
derivatives.10 Herein, we report that similar protocols were
applicable to the silaboration and diboration of alkynoates,
providing a versatile and efficient approach to densely function-
alized alkenes such as β-boryl-α-silyl acrylates and α,β-diboryl
acrylates.11 The anti-stereoselectivity was exclusive and robust
irrespective of substrate structures. The regioselectivity of the
silaboration across the polar C−C triple bond exhibited inverse
electronic demand, with the intrinsically electrophilic B-atom

being delivered to the positively charged β-carbon atom of the
α,β-unsaturated ester (alkynoate). A variety of functional groups
were tolerated in the alkynoates. Importantly, the two vicinally
installed heteroatom substituents of the β-boryl-α-silyl acrylates
and α,β-diboryl acrylates could be differentiated and transformed
in a stepwise manner, allowing the use of these densely
functionalized alkenes as a platform for the synthesis of a diverse
array of unsymmetrical tetrasubstituted alkenes. The potential of
this strategy was demonstrated by molecular transformations
toward the synthesis of tamoxifen-type compounds.
It should be noted that bis(pinacolato)diboron and a

silylboron reagent PhMe2SiB(pin) have been used as reagents
for protoboration or protosilylation of electron-deficient alkenes
under metal-free Lewis base catalyzed conditions.12 More
recently, the chemistry of the Lewis base catalyzed trans-
formation of the interelement compounds has been extended to
diboration and silaboration of the C−C double bonds in styrenes
and allylic alcohols.13 Importantly, however, the vicinal
difunctionalization of alkynes under transition-metal-free con-
ditions is still limited to the Uchiyama’s diboration of the
propargylic alkoxide anions discussed above.9b

Specifically, the reaction of ethyl 3-phenylpropiolate (2a) (1.1
g, 6 mmol) with PhMe2SiB(pin) (1a) (1.57 g, 6 mmol) in the
presence of PBu3 (10 mol %) without a solvent at 80 °C over 8 h
gave β-boryl-α-silyl acrylate 3aa in isomerically pure form in 84%
isolated yield (based on 2a; 99% NMR yield; complete
conversion of 2a) (eq 1).14 The Si−B bond addition was
completely regioselective and anti-stereoselective. The 11B NMR
spectrum of 3aa indicated that the carbonyl oxygen was
coordinated with the boron atom. The PBu3 loading could be
reduced to 5 mol % without affecting the yield of 3aa (84%).
The scope of the phosphine-catalyzed silaboration is shown in

Table 1. The reaction of (i-PrO)Me2SiB(pin) (1b) with 2a
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Figure 1. Synthesis of tetrasubstituted alkenes.
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occurred cleanly without touching the potentially sensitive Si−O
bond to give β-boryl-α-alkoxysilyl acrylate 3ba in excellent yield
(Table 1, entry 1). Substituted phenylpropiolates (2b−f) with a
methoxy, fluoro, ketone, ester, or 2-(dimethylamino)ethoxy
group at the meta- or para-position of the aromatic β-substituent
and 2-thienyl-substituted alkynoate (2g) reacted with

PhMe2SiB(pin) (1a) in high yields (entries 2−7). Alkyl-
substituted alkynoates 2h−l also underwent efficient silaboration
(entries 8−12).15
The diboration was possible by using a symmetrical diboron

compound bis(pinacolato)diboron (4a) as a reagent, allowing
the selective preparation of trans-α,β-diboryl acrylate derivatives
(Table 2). For instance, the phosphine-catalyzed diboration of 2a

with 4a occurred with complete anti-stereoselectivity to afford
the corresponding α,β-diboryl acrylate 5aa (entry 1). Neither B-
atom in 5aa had an interaction with the carbonyl oxygen as
indicated by 11B NMR spectroscopy. The use of bis(neopentyl-
glycolato)diboron or bis(catecholato)diboron instead of 4a
resulted in no reaction (data not shown).
Functional groups such as methoxy, fluoro, ketone, ester, and

2-(dimethylamino)ethoxy moieties were tolerated at themeta- or
para-position of the β-substituent in the alkynoates (Table 2,

Table 1. Phosphine-Catalyzed Silaborationa

aConditions of silaboration reaction: 2, 0.3 mmol; 1, 0.3 mmol; PBu3,
10 mol %; 80 °C, 8 h. bYield of the isolated product (silica gel
chromatography). c1H NMR yield. d2i (0.45 mmol) was used.

Table 2. Phosphine-Catalyzed Diborationa

aConditions of diboration reaction: 2, 0.3 mmol; 4a, 0.3 mmol; PBu3,
10 mol %; THF (0.05 mL, entries 2−5 and 7) or neat (entries 8 and
9), 80 °C, 8 h. b1H NMR yield. Yield of the isolated product is in
parentheses (silica gel chromatography; entries 1−5 and 7−9,
recrystallization; entry 6). cThe isolated yield was significantly lower
than the 1H NMR yield due to material loss during silica gel
chromatography or recrystallization. dReaction at 6 mmol scale.
eReaction at 0.9 mmol scale.
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entries 2−6). The thiophene-substituted propiolate 2g was a
suitable substrate (entry 7). The reaction of alkyl-substituted
propiolates such as 2-butynoate 2h and 2-pentynoate 2i gave
alkyl-substituted alkenylboranes 5ah and 5ai, respectively, in
good yields (entries 8 and 9).15

A possible catalytic cycle for the silaboration and diboration is
illustrated in Figure 2. As proposed for the carboboration of

alkynoates with organoboranes,10 the phosphine catalysis should
be initiated by the conjugate addition of PBu3 to the alkynoate 2
with the assistance of Lewis acidic activation of the carbonyl
group to form a zwitterionic allenolate intermediate (A).16 The
B-atom of the silylboronate (1) or diboron (4) should be a Lewis
acid center in the present case. The terminal silyl or boryl groups
migrate to the sp-hybridized central carbon of the allene moiety
to form ylide intermediates (B1/B2).17 Next, the ylide carbon of
B2 attacks the B-atom bound to the enolate oxygen to form cyclic
borate C. Finally, elimination of Bu3P associated with B−O
cleavage affords 3 or 5.
The two vicinally installed heteroatom substituents of the β-

boryl-α-silyl acrylates and α,β-diboryl acrylates could be
differentiated and transformed in a stepwise manner (eqs 2−

4). For example, β-boryl-α-silyl acrylate 3aa underwent Suzuki−
Miyaura coupling with 1-bromo-4-fluorobenzene at the boron
site [Pd(OAc)2−DtBPF (1,1′-bis(di-tert-butylphosphino)-
ferrocene) catalyst/K3PO4] to afford the corresponding
trisubstituted alkenylsilane 6aa with excellent yield and complete
E selectivity; the C−Si bond remained untouched (eq 2). The
obtained 6aa could be derivatized to the trisubstituted alkenyl
bromide 7aa without E/Z isomerization.18

We were delighted to find that the two boron sites in 5aa could
be efficiently differentiated for a stepwise twofold cross-coupling.
Thus, the cross-coupling between the α,β-diboryl acrylate 5aa

and 4-bromoanisole under the influence of a Pd(OAc)2−DtBPF
catalyst and i-Pr2NEt base occurred selectively at the α-boron site
to give alkenylboronate 8aa (83%, E/Z > 99:1), and no
diarylation occurred (eq 3).19 The second arylation with 4-
bromotoluene (Z/E > 99:1) was possible by subjecting 8aa to
the coupling conditions using the Pd(OAc)2/DtBPF/K3PO4
system: isomerically pure tetrasubstituted alkene 9aa was
obtained in good yield (eq 3). The site selectivity in the first
cross-coupling favoring C(α)−B bond transformation is likely
due to the electron-withdrawing resonance effect of the ester
group rendering C(β) less nucleophilic. Additionally, the α,β-
diboryl acrylate 5aa underwent site-selective Rh-catalyzed
conjugate addition to tert-butyl acrylate followed by Pd-catalyzed
cross-coupling with 4-bromoanisole to produce tetrasubstituted
alkene 11aa (eq 4). Overall, these transformations (eqs 2−4)
demonstrated the usefulness of the β-boryl-α-silyl acrylates and
α,β-diboryl acrylates as precursors to a diverse array of
unsymmetrical tetrasubstituted alkenes.
We then used this strategy for molecular transformations

toward the synthesis of (Z)-tamoxifen, an antiestrogenic
anticancer drug, and its analogues (Scheme 1).20 The Pd-

catalyzed α-selective cross-coupling of the α,β-diboryl acrylate
5afwith an aryl bromide (Ar1−Br) followed by a second coupling
with the same or different (hetero)aryl bromide (Ar2−Br)
afforded the diarylated products 9af-a−d in isomerically pure
forms. The reduction of the ester group in 9af-a (Ar1 = Ar2 = Ph)
with DIBAL-H produced the alcohol 12af-a. The synthesis of
(Z)-tamoxifen from 12af-a was reported previously.20c,i,l Thus, a
formal total synthesis of (Z)-tamoxifen was achieved.
In summary, we have developed phosphine-catalyzed anti-

selective silaboration and diboration of the C−C triple bond in
alkynoates to produce β-boryl-α-silyl acrylates and α,β-diboryl
acrylates, respectively. The anti-stereoselectivity was exclusive
and robust irrespective of substrate structures. The silaboration
across the polar C−C triple bond occurred with inverse
electronic demand with regard to the regioselectivity, with the
intrinsically electrophilic B-atom being delivered to the positively
charged β-C atom. A variety of functional groups were tolerated
in the alkynoates. Importantly, the two vicinally installed
heteroatom substituents of the β-boryl-α-silyl acrylates and
α,β-diboryl acrylates could be differentiated and transformed in a
stepwise manner, allowing the use of these densely functionalized
alkenes as a platform for the synthesis of a diverse array of
unsymmetrical tetrasubstituted alkenes. The power of this
strategy was demonstrated by molecular transformations toward
the synthesis of tamoxifen-type compounds.

Figure 2. A possible catalytic cycle.

Scheme 1. Synthesis of Tamoxifen-Type Compounds
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