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ABSTRACT

5 mol % CuCl

20 mol % NaO#-Bu Bpin
6 mol % P(OEt
™S + _Omol% PORY R/'\‘/ VS
2-3 equiv MeOH Boi
pin

THF, 50-70 °C, 24 h

R=Ar,H (2.2 equiv)

>77% yield
>99% syn

Phosphite—copper(l) complexes efficiently catalyzed the double borylation of internal silylated alkynes to provide vicinal diboronates with
excellent regio- and stereoselectivity. The copper-catalyzed reaction between bis(pinacolato)diboron (B,pin,) and aryl-substituted silylacetylenes
in the presence of MeOH resulted in double syn addition of the pinacolboronate moiety (Bpin) and H across the triple bond with complete
selectivity. While the double borylation was highly efficient for aryl-substituted alkynylsilanes and silylacetylene, only monoborylation took place

with alkyl-substituted alkynylsilanes to yield (2)-(3-borylvinyl)silanes under the developed catalytic conditions.

Organoboron compounds are useful in organic synthesis
because of their versatility as synthetic intermediates.
Increasing attention has been paid to copper-catalyzed
boron addition reactions to carbon—carbon multiple
bonds as a straightforward procedure for preparing orga-
noboron compounds with high stereocontrol.' In copper-
catalyzed boron additions, catalytically active ligand-co-
ordinated copper(I)—boryl complexes,” generated from
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copper and diboron reagents, continue to show remark-
able efficiency and stereoselectivity.

Recently, we described a Cu-catalyzed regioselective
boron addition to carbon—carbon triple bonds, such as
alkynoates® and terminal® and internal alkynes,® using
bis(pinacolato)diboron (B,pin,, 1) and MeOH based on
phosphine—copper catalysts. These catalytic reactions
worked well for internal alkynes resulting in monohydro-
borated, alkenylboronate products with excellent regio-
and stereoselectivity, which would be challenging to obtain
by conventional hydroboration processes.” As part of our
ongoing project to synthesize functionalized organoboron
compounds, we became interested in the reactivity and
selectivity of silylated alkynes as substrates for copper-
catalyzed borylations. Silylated alkynes are intriguing
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molecules because the silyl group is known to display an
electronic boron directing effect to the a-carbon from the
silyl group® and less of an activating effect on the triple
bond than an alkyl substituent in the conventional hydro-
boration of alkynes with dialkylborane serving as the
electrophilic reagent.” Since a copper—boryl complex
serves as a nucleophilic entity in the borylation reaction,®
reactivity and/or selectivity complementary to hydrobora-
tion might be achievable. Herein, we report an efficient
borylation of silylalkynes with a phosphite—copper cata-
lyst to produce vicinal alkyldiboronates through the highly
regio- and stereoselective double addition of a boronate
moiety and H to silylalkynes.

Scheme 1. Borylation of 1-TMS-1-hexyne

5% CuCl, 6% P(p-tol)s Bpin H
20% NaOi-Bu —

CH3(CHp);—=—=—TMS

1.1 equiv1 ™S

2a 2 equiv MeOH
THF, 50 °C

HsC
3a
67% conv, 51% yield

In initial experiments, we carried out the borylation of
1-trimethylsilyl-1-hexyne (see Supporting Information)
using our previously reported conditions (CuCl, NaOt¢-
Bu, P(p-tol);, and 1.1 equiv Bypin,, 2 equiv MeOH in
THF)* at 50 °C for 24 h. The reaction proceeded to 67%
conversion, which was higher than the 7-butyl analogue,®
and a single product was isolated in 51% yield (Scheme 1).
The product was characterized as (Z)-(-borylvinyl)silane,
whose formation could be explained by S-carbon attach-
ment of the boronate group from the TMS group and syn
addition of boron and H. A similar borylation was con-
ducted employing a more hindered but activated 1-phenyl-
2-trimethylsilylacetylene (2b) (Table 1, entry 1). The reac-
tion led to partial conversion and the formation of a single
isomeric product. Surprisingly, the isolated product was
determined to be a vicinal diboronate with the two boronyl
groups in a syn relationship, and no monoborylated
vinylsilane intermediate was detected. The stereochemistry
of the resulting 1,2-bis(boronate) was determined by sub-
sequent oxidation to the corresponding syn-1,2-diol.’
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Table 1. Borylation Reaction of 1-Phenyl-2-trimethylsilylethyne
Under Various Conditions

TMS gOmrr(:Io(I%‘)’/Cl‘\ng(l)t Bu Bpin Boin
Yz N ; 6 mol % l;igand Ph X Ph ™S
Ph/ e MeOH, THF, 24 h )\TMS /'\B(pin
2b 50°C 3b ab
Boping  MeOH conv product yield of 4b
entry ligand (equiv) (equiv) (%) 38b:4b (%)°
1 P(p-tol)s 1.1 2 52 1<:>99 44
2 P(p-toDs 2.2 2.2 100 1<:>99 86
3 P(OEt)s 2.2 2.2 100 1<:>99 89
4° P(OEt)3 2.2 3 100 1<:>99 89
5 P(OEt)3 2.2 0 13 - 4
6 xantphos 1.1 1 78 >99: <1 49 (8b)
7 xantphos 1.5 2 100 >99:<1 83 (3b)
87 xantphos 2.2 2.2 100 80: 20 40 (3b)

“Determined by GC analysis based on consumption of 2b. ® Isolated
yield of purified diboronate 4b. ¢ Reaction time was 17 h.  Reaction was
carried out at 70 °C.

Increasing the amount of B,pin, (1) to 2.2 equiv relative
to acetylene substrate led to complete conversion to pro-
duct 4b in high yield (entry 2). Using P(OEt); as the ligand
instead of P(p-tol); efficiently afforded the same product'®
(entries 3 and 4), and MeOH was necessary for high con-
version (entry 5). On the other hand, the bidentate ligand
xantphos (= 9,9'-dimethyl-4,5-bis(diphenyl-phosphino)-
xanthene) selectively gave monoaddition product (3b) as a
single product (entries 6 and 7). Increasing reaction tem-
perature with excess B,pin, resulted in a mixutre of 3b and
4b, but the alkenylboron compound was still the major
product with the xantphos ligand (entry 8).

While catalytic diborations of alkenes with diboron
compounds offer a straightforward route to diboronate
compounds,'! alkene diboration has been most success-
ful thus far with terminal alkenes,'? cyclic alkenes with
internal strain,'*™® and disubstituted alkenes'** by em-
ploying bis(catecholato)diboron, which is less stable
and more reactive than bis(pinacolato)diboron. The
present approach provides a complementary synthetic route
to diboronates."”’ Furthermore, sterically encumbered
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Table 2. Synthesis of syn-Vicinal Diboronates Through Cu-
Catalyzed Double Borylation

5 mol % CuCl
20 mol % NaOt-Bu

Bpin

) 6 mol % P(OEt)
R—=—TMS + Bpin, ———— ™S
2.2-3 equiv MeOH Boin
THF, 50-70 °C, 24 h P
2 4
entry product conv (%)” yield (%)°
Bpin
1 ™S 4e >99 92
HyC Bpin
Bpin
2¢ ™S 4d >99 87
MeO Bpin
Bpin
3¢ ™S 4e >99 81
F Bpin
Bpin
TMS
4 4f >99 88
F\C Bpin
Bpin
5 MeO TMS 4g 99 93
Bpin
Bpin
Me TMS
6° . 4h >99 95
Bpin
Me
Bpin
7 ™S >99 88
Bpin
Cl  Bpin
8 ™S 4 80 46¢
Bpin
Bpin
9¢ H/\/T'V'S 4K >99 77
Bpin
Bpin
10 TBOMS g >99 87
Bpin

“Determined by GC analysis. ? Isolated yield of purified products.
¢Reaction was performed at 70 °C. A 34:66 ratio for 3j and 4j was
measured by GC. Monoborylated product (3j) was also isolated in 14%
yield. ¢ Reaction was performed at 40 °C.” ~5% of germinal diboronate
was detected by GC of the crude mixture.

trisubstituted alkenes have not been the subject of copper-
catalyzed borylation'* using diboron reagents. Thus,
further examples of the double borylation were examined
with the catalytic combination of CuCl, NaO#-Bu and
P(OEt); in THF in the presence of 1 and MeOH, and the
results are summarized in Table 2.

As shown in Table 2, the Cu-catalyzed double boryla-
tion of aryl-substituted silylated alkynes with different
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substitutions smoothly occurred to give the corresponding
diboronates in a highly regio- and stereoselective fashion.
Substrates with electron-withdrawing or electron-donat-
ing substituents at either the para or meta positions under-
went clean reaction (entries 1—7). However, a substrate
bearing ortho substitution gave only partial conversion
generating the desired diborylated product along with a
monoborylated (3-borylvinyl)silane product (entry 8). The
reaction of trimethylsilylacetylene gave the 1,2-diboronate
in good yield as the major product (entry 9). To assess the
effect of the silyl group size on the reactivity and stereoselec-
tivity, bulky zerz-butyldimethylsilyl (TBDMS) and tri-isopro-
pylsilyl (TIPS)-substituted phenyl acetylenes were prepared.
Under the present catalytic conditions, a TBDMS group was
accommodated in the reaction, but the TIPS-substituted
substrate resulted in low reactivity (entries 10 and 11).

The formation of syn-vicinal diboronate products can be
rationalized by the following mechanism. Insertion of the
alkyne into the phosphite-ligated Cu—boryl complex
places the pinacolboronate moiety at the S-carbon and
the Cu at the a-carbon from the silyl group, and subsequent
protonolysis of the Cu—C bond by MeOH gives (Z)-3b.
A fast second insertion of intermediate 3b into the Cu—B
complex occurs regio- and stereoseletively with o-boron place-
ment to yield the diborylated product 4b.

Scheme 2
Bpin Bp'w Bpin
B-B H o-B PR )YTMS
Ph—=——TMS —— X — =
! syn Ph)\/ syn P YBp'n Ph .
™S ™S Bpin
2b 3b 4b

The S-selectivity (from TMS) for the first insertion is
different from the conventional hydroboration of sub-
stituted-(trimethylsilyl)acetylenes with alkyl boranes.®” Pre-
sumably, the first Cu—B insertion is directed by a steric
effect of the silyl group that overrides electronic effects from
the aryl and TMS groups.””> Under conditions using a
monodentate ligand, the second insertion of the intermedi-
ate (Z)-(B-borylvinyl)silane into the Cu—B complex occurs
faster than the starting alkyne, because it is electronically
activated by both the aryl and Bpin groups despite its steric
congestion. In contrast, the intermediate alkenyl boron is
less reactive than the alkyne'® with xantphos as the ligand
leading to the selective monoborylation.

A brief investigation of an enantioselective version of
this reaction was carried out with the silylacetylene 2b.
Among the screened chiral ligands including binaphthol-
based phosphites and phosphine ligands, Me-duphos

(15) The ability of the carbon-silicon bond to stabilize an adjacent
electron-deficient center through hyperconjugation was proposed as an
explanation of the o-boron-directing effect. See: Wang, K. K.; Gu,
Y. G.; Liu, C. J. Am. Chem. Soc. 1990, 112, 4424-4431.

(16) See entries 7 and 8 in Table 1 and Scheme 3 for results with
bidentate ligands, such as xantphos and Me-duphos. The steric effect of
bidentate ligand-coordinated copper complexes possibly accounts for
the slow addition to the trisubstituted alkenyl intermediate.
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Scheme 3. Enantioselective Diborylation

5% CuCl, 20% NaOt-Bu ot OH
6% L, 2.2 equiv 1 oxidation

2b i i _oxidation. Ph/k(ﬂvls
3 equiv l\ileOH OH
THF, 50 °C, 24 h (9-5b

(S, S)-Me-duphos
85% conv

H

HP
tBu tBu

(S,S,R,R)-tangphos
100% conv

3b:4b = 14:86 (68% ee) 3b:4b = 40:60 (27% ee)

and tangphos ligands with small bite angles have been
the most effective thus far in achieving appreciable
conversion of the starting material and produced the
chiral diboronate 4b in 68% and 27% ee, respectively
(Scheme 3).
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In summary, we have described a highly regio- and stereo-
selective double borylation of silylalkynes catalyzed by a
phosphite—copper complex that produces syn-vicinal di-
boronates in good yield. Asymmetric synthesis of chiral
vicinal diboronates and the stereoselective synthesis of
(B-borylvinyl)silanes, which are versatile intermediates that
include both vinylborane and vinylsilane moieties as well as
synthetic applications of these multifunctional compounds
are currently underway in our laboratory.
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