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Abstract. A unique and practical Cu-catalyzed cis-
alkynylboration of terminal alkynes with diboron reagents
and bromoalkynes has been realized. This process enables
the convenient synthesis of a large variety of trisubstituted
enynylboronates under mild reaction conditions with broad
functional-groups compatibility, high regioselectivity and
stereoselectivity. The usability and practicability of this
process was further demonstrated by the successful
modular synthesis of enediynes.

Keywords: copper catalysis; carboborylation; regio- and
stereoselectivity; cis-alkynylboration; enynylboronates

Alkenylboronates units are valuable synthetic building
blocks whose C-B bond can be transformed into C-C
or C-X bond to give multisubstituted alkenes.™! Many
approaches have been developed for the synthesis of
alkenylboronates,? such as metal exchange reactions
with organolithium or Grignard reagents and
borylation reactions of alkynes.B41 Among the
methods reported, copper-catalyzed carboboration
reaction of alkynes with bis(pinacolato)-diboron
[B2(pin)2] and subsequent interception of the putative
S-boryl alkenyl-copper intermediate species with
carbon based electrophiles, which appears to be the
most straightforward and effective method to obtain
tri- and tetra-substituted alkenylboronates, have
received increasing interest.®”8° Copper-catalyzed
carboboration of internal alkynes involving
boracarboxylation, 2 alkylboration, -
arylboration®®6l and alkynylboration®™ have been
extensively established for synthesis of tetra-
substituted alkenylboronates, but only few examples
of carboboration of terminal alkynes were reported.

For examples, Tortosa’s and Yoshida’s group
pioneered  Cu-catalyzed  methylboration  and
benzylboration of activated terminal alkynes (Scheme
1, a).7 Hou’s group reported a Cu-catalyzed
boracarboxylation of phenylacetylene, only one
example was given in this paper (Scheme 1, b).[
Then, Cu- or Cu/Pd catalyzed allylboration® and
alkenylboration®! of terminal alkynes synthesis of
skipped and conjuction dienes were realized (Scheme
1, ¢). Moreover, our group reported a regiodivergent
copper-catalyzed alkylboration of unactivated
terminal  alkynes,®  anti-markovnikov ~ and
markovnikov alkylboration products were obtained by
using two different ligands (Scheme 1, d). To the best
of our knowledge, alkynylboration of terminal alkynes
has not been reported to date.

On the other hand, enynes are widely used for
designing nanostructures, polymer synthesis and
organic synthesis.’%  Although, transition-metal-
catalyzed cross-dimerization of alkynes, Suzuki,
Sonogashira-coupling reaction and alkynylboration of
internal alkynes have been developed toward the
synthesis of enynes.[*"6m1l The search for new
synthetic approaches to enyne compounds is still a
challenging issue in chemical synthesis. Taking into
account our ongoing interest in the development of
new Dboration/functionalization reactions of C-C
unsaturated bonds®*?l and the important of enynes
units in organic synthesis, we envisioned that
alkynylboration of terminal alkynes could be applied
to rapidly synthesis trisubstituted enynylboronates
which were inaccessible by previous methods. To
achieve this idea, two formidable challenges should be
overcome. The first challenge is the reactivity,
regioselectivity and stereoselectivity.l*®l Athough the
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carboboration of terminal alkynes has been studied,
until now alkynylboration of terminal alkynes have
never been reported to access conjugated enynes
scaffolds. The second challenge is to prevented the
side reactions, including the Cadiot-Chodkiewicz
reaction** and the further boration of the enynel*’
products, which were also catalyzed by copper catalyst
under base condition.

Herein, we report an example of copper-catalyzed
cis-alkynylboration of terminal alkynes with Bpin;
and bromoalkynes synthesis of conjugated boron-
enynes (Scheme 1, e). This reaction presents an
efficient route to construct C(sp)-C(sp?) and C(sp?)-B
bond in a single step with tolerance of a broad range of
substituted alkynes. Subsequent manipulations of the
boron-enynes products proved to be efficient access to
a variety of high-value products.

Previous work: carboboration of terminal alkynes
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¢ Using abundant terminal alkynes
¢ Regioselective & Stereoselective
¢ Broad substrate scope of alkynyl bromides

¢ Mild reaction condition & Gram scale & Modular synthesis

Scheme 1. Scheme Caption.

We initially used 1-hexyne,
bis(pinacolato)diboron (B2iny) and
triisopropylsilylethynyl bromide as model substrates,
and systematically screened the influence of all
reaction parameters to attempt the alkynylboration
reaction. when the substrates were treated with the
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conditions: CuCl, dppbz, and LiO'Bu in THF at room
temperature for 12 h, which were used in our previous
alkylboration reaction,” we are pleased to found that
the target alkynylboration product 3a was obtained in
27% yield with moderate anti-Markovnikov
regioselectivity (3a : 4a = 5:1, entry 1).Then we
explored the effects of other ligands on this reaction.
Unfortunately, when Dppf, IPr-HCI, which are
superior in the migratory insertion of CuBpin
complexes across alkynes, were used, alkynylboration
was completely suppressed. It’s found that IMes-HCI
was the optimal ligand for the transformation, the
alkynylboration product 3a was obtained in 45% yield
with moderate anti-Markovnikov regioselectivity (3a:
4a = 6:1, entry 9). Then, the influences of various
bases were tested, indicated that a mild base LIOTMS
(lithium trimethylsilanolate, LiOSiMes, pKa'= 12.7) 3¢l
was the optimal choice, whereas other bases such as
NaO'Bu, KO'Bu, K,COs; and Cs,CO; afforded the
desired product in diminished yields with slightly
lower regioselectivity. We tentatively suggest that the
increase  in  regioselectivity  observed  with
the LIOTMS are due to its increased size. Moreover,
when we used the precatalyst IMesCuCl instead of
CuCl and IMes-HCI, the yield of 3a was slightly
improved (entry 15). Gratifyingly, when dioxane was
used as solvent, the yield of product 3a was promoted
to 80% with higher regioselectivity (r.r. = 15:1). The
loading of the catalyst (IMesCuCl) could be reducec
to 2 mol % without influencing the conversion effect
significantly.

Table 1. Optimization of reaction conditions.[®

\/\/// R Br CS(Z::)i(:Zo %) ‘ Bein . = TPs
TIPS/ %’ BUT N ‘ !
it 12 h TIPS "Bu” Bpin
1a 2a 3a 4a
entry Ligand Base Yield %] " [b]
1 DppBz LiO'Bu 27 5:1
2 DMAP LiO'Bu 10 1.5:1
3 Dppe LiOBu 23 5:1
4 PCys LiO'Bu 20 6:1
5 PPhs LiO'Bu <2 -
6 1,10-phen  LiO'Bu <2 -
7 Dppf LiO'Bu <2 -
8 I'Pr-HCl  LiO'Bu 5 2:1
9 IMes-HCI  LiO'Bu 45 6:1
10 IMes-HClI  NaO'Bu 37 5:1
11 IMes-HCI  KO'Bu 31 5:1
12 IMes-HCI  Cs,CO;5 34 6:1
2
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13 IMes-HCl  K,CO; 40 6:1

14 IMes-HCl  LiOTMS 72 12:1
15 IMesCuCl  LiOTMS 77 12:1
16L IMesCuCl LiOTMS 87 (809) 15:1

1761 |MesCuCl LiOTMS 84 (76°) 15:1

la] Reaction conditions: alkyne 1a (0.2 mmol), (Bpin)2 (0.3
mmol), 2a (0.4 mmol), CuCl (0.02 mmol), ligand (0.022
mmol), base (0.4 mmol), and THF (1 mL) were stirred at
room temperature for 12 h.

b1 Determined by GC analysis.

[l IMesCuCl instead of CuCl and IMes-HCI.

[ Dioxane was used instead of THF.

eI Isolated yield.

12 mol% of IMesCuCl was used. B,pin, = bis(pinacolato)-
diboron.

Table 2. Substrates scope.?

Bapin, Bpin R?
H CuCl (10 %) ‘ N Z
o+ R=—mr WesHOI(1%) A ‘
R LiIOTMS, dioxane ., : )
rt, 12 h R R Bpin
1 2 3 a4
TIPS TIPS TIPS

I
nBuLBpin

3a, 80%, 15:1

Il ll
X Bpin oy o Bpin

3b, 72%, 13:1 3c, 71%, 12:1

TIPS TIPS TIPS

By X Bpin TBDMSO\/\/L/Bpin

3e, 15%, 12:1

™S X Bpin

3d, 52%, 15:1 3f, 90%, 15:1

TIPS TIPS TIPS

I I I
Ph/\/L/Bpin BnO. X Bpin Ph X Bpin

3g, 71%, >20:1 3h, 55%, 12:1 3i, 68%, >20:1

TIP
TIPS TIPS S
. X Bpin
TsO\/\/L/Bpin BHOV\/L/Bpm P
BocN
3j, 58%, 12:1 3K, 64%, 14:
) 557 + 64%, 141 31, 60%, 13:1
TIPS TES ™S

Bpi Bpi
Me X Bpin By X BPin

3m, 88%, 10:1 3n, 80%, 18:1

I
HBU/L/Bpin

30, 73%, 14:1

OBn
I
"By X Bpin

3r, 65%, 14:1

By "Bu

Lo L
gy X Bpin By X Bpin

3p, 57% , >20:1 3q, 50%, 12:1

Ph Ph
J\/ A/L/
oh L Bpin Ph X Bpin

3s 60% , 4:1 3t, 79% , 13:1
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[l Reaction conditions: alkynes (0.2 mmol), Bapinz (0.3
mmol), haloalkynes (0.4 mmol), IMesCuCl (0.02 mmol),
and LiOTMS (0.4 mmol) were stirred in dioxane (1 mL)
at room temperature for 12 h. r.r. was determined by GC
analysis. Isolated yield.

With the optimized reaction conditions in hand, we
sought to examine the scope of copper-catalyzed
alkynylboration with a wide scope of terminal alkynes.
As shown in Table 2, these alkynes could be converted
to the desired products smoothly in all case with
excellent regioselectivities and acceptable isolated
yields (up to 90%). The reaction of cyclopropyl and
cyclohexyl acetylene proceeded smoothly under the
standard conditions (3b, 3c). The introduce of a bulky
TMS group led to a less reactive substrate, the desired
product 3d could be formed in 52 % yield. Under th2
same conditions, the substrate with 'Bu group afforded

3e in only 15% vyield. This result shows the

substituents at the alkyne have a large effect on the
reactivity of the alkynylboration, larger steric
hindrance substituents at alkynyl reduces the catalytic
efficiency. Under the mild reaction conditions, this
alkynylboration reaction showed good compatibility
with many synthetically relevant functional groups
such as ether (3f, 3h, 3k), ester (3j), and carbamate (3I).
Remarkably, propyne, which is manufactured on a
huge scale by the petrochemical industry, successfully:
gave out alkynylboration product in good yield of 88%
(3m). Then, we investigated the scope o
bromoalkynes. A variety of silylated alkynylbromides
were well tolerated in this reaction (3n, 30). In additio,
this reaction proceeded well with aromatic (3s, 3t) and
aliphatic alkynylbromides bearing different functional
groups, offering products bearing a ‘Bu group (3p,
57%) or protected alcohols (3r, 65%).

. B,pin, Bpin
u Br  IMesCuCl (10%
P an / __MesCuCl (10%) ‘ )
é TIPS LiIOTMS (2 equiv) 4 %
2u dioxane, rt, 12h g, TIPS
3u, 69%, 13:1
Bopiny Bpin
Br IMesCuCl (10%) |
//\/\ + = - 5
Z TIPS/ LIOTMS (2 equiv) = A @
2v dioxane, rt, 12 h TIPS

3v, 76%, 17:1

Scheme 2. Intramolecular competitive experiments.

Regarding to the chemoselectivity of this
alkynylboration reaction, it exhibited that in the case
of substrate with both terminal and internal alkynes,
the former is much more reactive. Thus, when 2u was
treated with the reaction conditions (Scheme 2, eq 1),
we observed only the alkynylboration at the terminal
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alkyne with excellent regioselectivity (69%, 13:1),
whereas the transformation at the internal alkyne did
not take place. The similar chemoselectivity was also
found in substrate 2v with both terminal alkyne and
terminal alkene (Scheme 2, eq 2), the alkynylboration
occurred exclusively at the position of the terminal
alkyne, which was consistent with our previous
work. [

Gram-scale synthesis of boron-enynes 3a was
carried out to test the scalability of the transformation.
The alkynylboration of 1la on a 5.0 mmol scale
afforded 3a in 78% vyield (Scheme 3). To test the
synthetic utility of this copper-catalyzed cis-
alkynylboration reaction, alkenylhalogenation
products (5, 6) were obtained with the halogenation of
the vinylboronic ester.l!

|
Br—=—TIPS T, 2300 &
r—— , 23° n
i Bpin Bu X
Bapiny TIPS
_# MesCuCI 2 %) \ 5, 90%
"Bu LiOTMS — "BI ]
5 mmol dioxane, rt, 12 h TIPS Br
3a, 78% CuBr, \
1.52g MeOH, 80°C  "Bu™ Ny

6, 88% TIPS

Scheme 3. Gram-scale experiment and derivatization of
product.

Considering that enediynes units are widely existed
in natural compounds and nanostructures,* we
exploited the synthetic application of the
alkynylboration process for modular synthesis
enediynes by using three simple alkynes (Scheme 4).
As an example, coupling of 1-hexyne with
triisopropylsilylethynyl bromide resulted in the
formation of boron-enyne. Through further Pd-
catalyzed alkynylation, target enediynes unit 7 was
made in 63% yield in two-steps. Other enediynes (8, 9,
and 10) can also be obtained in the same way.

alkynylboration [Pd]
= = =

Z Bnoy 2 Z | —Q——>——0—= Diversity enedi
”Bu/ 5 TIPS/ Diversity enediynes
[Cu] alkynylation

OBn

branZ]giar::yne TIPS bromoalkyne TIPS
/// IMesCuCl (10 %) ‘ ‘ Pd(PPhs), \ \
_— —_—
"Bu LIOTMS ) NaOH, THF =
dioxane, rt, 12 h u X Bpin 60°C,16h "Bu

"Bi
7,63%

/DOBH TIPS "By

Il BnO Il BnO. Il

TIPS "Bu TIPS
By NS // X 4 X //

8, 54% 9,40% 10, 43%

Scheme 4. Modular synthesis of enediynes from three
simple alkynes.
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Based on previous work, we propose a plausible
catalytic cycle for borylalkynylation of terminal
alkynes as illustrated in Scheme 5. First,
IMesCuOTMS complex was generated from the
reaction of IMesCuCl with LiOTMS. Then o-bond
metathesis with pinB-Bpin generates borylcopper
species | with an ‘ate’-salt form under excess base
condition (see SI for more information).* An ‘ate’-
salt form borylcopper species may be the real catalyst
in this borylalkynylation. Subsequent insertion of the
terminal alkyne into the Cu-B bond of | with high
regioselective furnishes a pg-boryl vinylcopper
intermediate I1l. Then oxidative addition with the
bromoalkyne to form intermediate IIl, which
undergoes a reductive elimination to furnish the
desired alkynylboration product along with the
regeneration of the Cu® catalyst.

OTMS7-

pinB-OTMS v "
LCu—Bpin | Li R—=—H

B,pin; |
LiIOTMS
Lcucl LCu—OTMS
LiX
LiIOTMS cuL
R1)\r5pm
H
LCu—Br
1]
R, R
2
Ry pZ
Z
I | o
Br—CuL
Bpin i
c AN Ao

H H
n

Scheme 5. Plausible catalytic cycle.

In summary, we described a copper-catalyzed
alkynylboration of terminal alkynes for the first time.
The present reaction provided convenient and efficient
access to a large variety of functionalized conjugated
boron-enynes under mild reaction conditions which
exhibited well functional groups compatibility with
excellent regio-selectivity. This process would be an
important supplement to previous alkynylboration
reactions.

Experimental Section

A 10 mL Schlenk tube equipped with a magnetic
stirrer was charged with IMesCuCl (10 mol%, 0.02
mmol), LIOTMS (2.0 equiv., 0.4 mmol) and Bopin;
(1.5 equiv., 0.3 mmol). The tube was evacuated and
backfilled with argon for three times, and then dioxane
(1 mL) was added. After stirring for 5 min, the alkyne
1 (0.2 mmol) and bromoalkyne 2 (2.0 equiv., 0.4
mmol) was added by syringe under argon. The reaction
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mixture was stirred at room temperature for 12 h. Then
EtOAc and water were added and the layers were
separated. The aqueous phase was extracted with
EtOAc (x2) and the combined organic layers were
dried over Na,SO,, filtered, and concentrated. The
residue was purified by flash column chromatography
on silica gel with petroleum ether/ethyl acetate as the
eluent to give the enynylboronates 3.
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