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ABSTRACT: Access to 1,3-conjugated enynes with defined stereo-
selectivity is highly desirable and challenging. Herein, we report a
facile synthesis of stereodefined 1,3-conjugated enynes via Ni-
catalyzed intermolecular cross-alkylalkynylation of alkynes with
unsaturated carbonyl compounds and alkynes or alkynyl silicates.
The operational simple protocol proceeds at room temperature and
tolerates a wide range of functional groups, providing an attractive
enynes from easily accessible starting materials.

C onjugated 1,3-enynes are widely found substructures in
natural products, pharmaceuticals, and functional materi-
als." They also serve as precursors for diverse functional groups
and versatile intermediates to build molecular complexity.” To
date, significant advances have been achieved in the synthesis
of 1,3—enynes,3 such as the Wittig reaction or Horner—
Wadsworth—Emmons (HWE) reaction,” transition-metal-
catalyzed cross-couplings of alkynes with alkenes,” cross-
dimerization of alkynes,” dehydration of propargylic alcohols,”
and others.®* However, the existing methods suffer from several
drawbacks, such as harsh reaction conditions, inconvenience of
accessing advanced starting materials, difficulty to control the
regio- or/and stereoselectivity, and the use of expensive and
toxic precious metal catalysts. To this regard, the direct
synthesis of 1,3-enynes from readily available and stable
starting materials in a stereodefined manner is challenging and
highly desirable. Transition-metal-catalyzed carbo-alkynylation
of alkynes has emerged as one of the promising ways to
construct conjugated 1,3-enynes. Jiang and co-workers
developed a rhodium-/copper-catalyzed 1,1-alkylalkynylation
of terminal alkynes with a-diazoketones via a dediazotized
carbene C—H insertion process to access 1,3-enynes in an E-
selectivity (Scheme 1a).” Lv group reported a copper-catalyzed
1,1-alkylalkynylation of alkynes with a-haloacetamides to give
E-1,3-enynes (Scheme 1a)."” Zhu and co-workers reported a
tandem trans-carbohalogenation/Sonogashira coupling reac-
tion, furnishing substituted 1,3-enynes with E-selectivity
(Scheme 1b)."" Unfortunately, the above-mentioned methods
are limited to the homodimerization of alkynes to give 1,3-
enynes with two identical substituents. Moreover, only E-1,3-
enynes were accessible. On the other hand, nickel-catalyzed
intermolecular dicarbofunctionalizations of alkynes have
become one of the most straightforward and effective ways
to synthesize multisubstituted alkenes.'> However, few
examples utilizing this strategy to construct 1,3-enynes have
been developed, probably due to the competitive oligomeriza-

© 2021 American Chemical Society

7 ACS Publications 5186

R4
(0] room temp. | ‘
R“// * Rz/\)J\R3 +  RA-=—X + R 0
R®= H, alkyl X = H or silicate R' N R?
>40 examples H
W exclusive Z-selectivity B mild conditions and broad scope Z-selective

alternative to carbonyl-tethered trisubstituted conjugated 1,3-

Scheme 1. Strategies to Access Stereodefined 1,3-Enynes by
Difunctionalization of Alkynes

a) Cu or Cu/Rh-catalyzed 1,1-alkynylalkylation of alkynes

V 4 2 Q' CuorCuRh R? Z
R * X\)J\Rzor NZQ)J\RQ—> ]
o

R'

7 H
b) Cu/Pd-catalyzed 1,2-alkynylalkylation of alkynes R
R3 W R
7+ r—fx Cu/Pd RIA_Z
R’ EWG EWG R? R
E-selectivity

c) Ni-catalyzed alkyl-alkynylation of alkynes with alkynyl bromldes

B
// o L N &
1 R4

R3 R4 R2 R3
E-selectivity
d) Ni-catalyzed alkyl-alkynylation of alkynes with organotin reagent

0]
7 v prnHoge ¢ r——snr, ML

R1

H
Z-selectivity

B toxic and sensitive metallic reagents

B harsh reaction conditions B |imited scope
e) This work: Ni-catalyzed alkyl-alkynylation of alkynes with terminal alkyne
or alkynylsilicate R4
room temp.

(0]
R1// + szl\Rs + RV—= —'—> -

R3=H, alkyl X =H or silicate >40 examples
Z- selectmty
B exclusive Z-selectivity B mild conditions and broad scope

Letters

Received: May 23, 2021 organic

Published: June 14, 2021

https://doi.org/10.1021/acs.orglett.1c01728
Org. Lett. 2021, 23, 5186—5191


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nan+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Zhou+Zhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huan+Meng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Shu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.1c01728&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c01728?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c01728?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c01728?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c01728?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c01728?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/orlef7/23/13?ref=pdf
https://pubs.acs.org/toc/orlef7/23/13?ref=pdf
https://pubs.acs.org/toc/orlef7/23/13?ref=pdf
https://pubs.acs.org/toc/orlef7/23/13?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c01728?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c01728?fig=sch1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.orglett.1c01728?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf

Organic Letters

pubs.acs.org/OrgLett

tion of alkynes. Recently, Koh and Zhao"® reported a nickel-
catalyzed three-component reductive alkylalkynylation of
terminal alkynes with alkyl precursors and alkynyl bromides
to deliver E-13-enynes (Scheme 1c). The Ikeda group
reported a three-component reaction of nickel-catalyzed
cross-coupling of alkynes, enones with organostannane,
organozing, or organoaluminum reagents, providing access to
1,3-enynes in Z-selectivity."* However, the methods required
employing a stoichiometric amount of toxic and sensitive
reagents, such as DIBAL-H, organometallic reagents (organo-
tin/zinc/aluminum), and TMSCI, under harsh conditions,
resulting in limited scope with narrow functional group
tolerance (Scheme 1d). As our interest continued in earth-
abundant metal-catalyzed selective transformations,”> we
envisioned building stereodefined 1,3-enynes via intermolecu-
lar oxidative cyclometalation of alkynes and enones, followed
by a selective cross-coupling reaction with an easily available
and user-friendly alkynyl precursor. Herein, we reported the
regio- and stereoselective synthesis of 1,3-enynes by Ni-
catalyzed intermolecular cross-coupling of alkynes with enones
and alkynyl silicates/alkynes at room temperature (Scheme
le), enabling the access to 1,3-enynes with exclusive Z-
configuration under mild conditions with user-friendly
reagents.

To test the feasibility of the reaction, we set out to evaluate
the reaction conditions using phenylacetylene (1a), pent-3-en-
2-one (2a, mixture of isomers), and trimethylsilylacetylene
silicate (3a) as the prototype substrates. After extensive
optimization of the reaction parameters, we defined the use
of Nil, (10 mol %) as catalyst, zinc (30 mol %) as reductant,
and methanol (5 uL) as additive in DMF (0.1 M) at room
temperature as the standard conditions, affording the three-
component cross-coupling product 4,5-enynone 4a in 89%
isolated yield (Table 1, entry 1). The reaction proceeded
smoothly in the absence of methanol to give 4a in 81% yield
(Table 1, entry 2). Alternating the amount of methanol
decreased the efficiency of the reaction, delivering 4a in 83%
and 90% yields, respectively (Table 1, entries 3 and 4). No
desired product was obtained without zinc (Table 1, entry 5).
Decreasing the amount of zinc led to lower yield of 4a (Table
1, entry 6). Comparable yield of 4a was obtained with higher
loading of zinc (Table 1, entry 7). The use of Mn instead of Zn
delivered 4a in 11% yield (Table 1, entry 8). The selection of
nickel precatalyst is also crucial to the reaction (Table 1,
entries 9—13). The reaction proceeded smoothly in DMA,
giving the desired product 4a in 75% yield (Table 1, entry 14).
Other solvents, such as tetrahydrofuran, acetonitrile, and
dioxane, were not suitable for this sequential three-component
transformation (Table 1, entries 15—17). Alternating the
concentration and stoichiometry of 3a delivered inferior results
(Table 1, entries 18—20).'° Conducting the reaction at higher
concentration led to a heterogeneous mixture, which
significantly decreased the yield of 4a (Table 1, entry 18).
Diluting the concentration of the reaction led to slower
reaction rate, delivering 4a in 39% yield (Table 1, entry 19).

With the optimized conditions in hand, we turned to
evaluate the scope of this reaction (Figure 1). The reaction
tolerated a wide range of functional groups with different
substitution patterns for alkynes, enones, and alkynyl silicates.
First, the scope of the terminal alkyne was tested. Electron-
donating- and electron-withdrawing-substituted aryl alkynes
were all good substrates for this transformation. Aryl terminal
alkynes with para-, meta-, or ortho-substitution patterns could
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Table 1. Evaluation of the Reaction Conditions”

Mo Tms 20 50 mol%) e
n mol%
PH " o i(OMe)s  DMF (0.1 M), 1t Me
1a 2a 3a ‘standard conditions' H 4a
entry variation from “standard conditions” yield of 4a
1 none 94% (89%)"
2 no MeOH 81%
3 3 uL of MeOH 83%
4 8 uL of MeOH 90%
S no Zn 0%
6 10 mol % of Zn 27%
7 50 mol % of Zn 91%
8 Mn instead of Zn 11%
9 no Nil, 0%
10 NiBr, instead of Nil, 23%
11 NiBr,-glyme instead of Nil, 26%
12 NiCl, instead of Nil, 20%
13 Ni(OAc), instead of Nil, 0%
14 DMA instead of DMF 75%
15 THEF instead of DMF 2%
16 MeCN instead of DMF trace
17 dioxane instead of DMF 0%
18 DMF (02 M) 11%
19 DMEF (0.05 M) 39%
20 3a (2 equiv) 77%

“The reaction was carried out using 1a (0.15 mmol), 2a (0.1 mmol),
and 3a (0.3 mmol) under indicated conditions. Yield was determined
by GC using n-dodecane as the internal standard. blsolated yield after
flash chromatography. TMS = trimethylsilyl.

be converted to corresponding ketone-tethered Z-1,3-enynes
in moderate to good yields (4b—40). It is noteworthy that
alkynyl arylhalides were compatible in this reaction with
halides intact (4f, 4g, 4j, 4m, and 4n), leaving halides as a
chemical handle for further elaboration. Multisubstituted aryl
and fused aromatic alkynes were successfully transformed to
corresponding Z-1,3-enynes (4p and 4q) in 68% and 76%
yields, respectively. Heteroaryl alkynes were also good
subtrates for this reaction, delivering heteroaromatic-contain-
ing Z-1,3-enynes (4r and 4s) in 62% and 68% yields. The Z-
configuration of the product was confirmed by the NOE of 4p.
Unfortunately, the use of aliphatic alkynes failed to deliver the
desired enyne products. Next, the scope of unsaturated alkenes
was examined. Acyclic 2,3-enones with different substitution
patterns were all well-tolerated under the reaction conditions,
giving the desired products (5a—Sd) in 75%—85% vyields.
Five-, six-, and seven-membered cyclic 2,3-enones were good
substrates in the reaction, furnishing cyclic ketone tethered
conjugated Z-1,3-enynes (Se—5g) in S5—70% yields. Then, the
scope of alkynyl silicates was investigated. Aliphatic alkyne,
silyl alkyne, and aryl alkyne derived silicates could be coupled
with terminal alkynes and enones to deliver diverse conjugated
2,3-enynes with exclusive Z-selectivity in 60%—94% yields
(6a—6g). Notably, this protocol provides direct access to 1,3-
enynes with similar substituents at 2- and 4-positions (6e—6g),
which are difficult to access using other methods.

Next, we tested the reactions of alkylalkynylation of alkynes
with enones using terminal alkynes as both alkene and alkyne
equivalents (Figure 2). Transition-metal-catalyzed dimeriza-
tion of terminal alkynes provided efficient and atom-economic
synthetic routes to 1,3-enynes.” However, the regio- and

https://doi.org/10.1021/acs.orglett.1c01728
Org. Lett. 2021, 23, 5186—5191


https://pubs.acs.org/doi/10.1021/acs.orglett.1c01728?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c01728?fig=tbl1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c01728?rel=cite-as&ref=PDF&jav=VoR

Organic Letters pubs.acs.org/OrgLett
R4
i I
RW// . Rz/\)]\R"' +  Ré-==Si(OMe); "standard conditions" RZ O
1 2 3 R 46 R
H

Scope for terminal alkynes

S @ﬁ Qﬁm Cgﬁm Broﬁ

70% (4b) 85% (4c) 75% (4d) 74% (4e) 82% 4f 71% (49)
o o]
Me Me
H
| Me H | Me H |
\\ T™MS \\
MeO,C ™S o
55% (4h) 70% (4i) 83% (4j) 63% (4k) 75% (4I) 79% (4m)
o 0]
Me
Me Me H Me
H H
| Me | Me | Me
O 74 X
X X Nrus
o T™S T™S N ™S
OMe Bod
70% (4n) 72% (40) 68% (4p) 76% (49) 62% (4r) 68% (4s)
Scope for unsaturated olefins
0] 0]
Me
Me
H
| |
S Ph™ S
™S T™S T™S T™S
77% (5a) 75% (5b) 85% (5¢) 82% (5d) 55% ( 5e 70% (5f 65% ( 5g
Scope for silicates
o o o} o 0 0 0
Me Me Me Me Me Me Me
H H H H H H
| Me | Me Me | Me ‘ Me | Me | Me
& T F S
Ph™ S Ph™ ™ N Ph™ S A on S on A
t-Bu TBS n-Bu TES ¢ Br Ph
70% (6a) 75% (6b) 60% (6¢) 72% (6d) 94% (6e) 92% (6f) 76% (69)

Figure 1. Scope for the stereodefined synthesis of 1,3-enynes from alkynyl silicates. The reaction was run on a 0.2 mmol scale. For detailed reaction
conditions, see Table 1 (entry 1). Isolated yield after flash chromatography is shown. TBS = tert-butyldimethylsilyl, TES = triethylsilyl.

stereoselectivity control remains challenging, and the homo-
dimerization of terminal alkynes may lead to different
regioisomers. It is noteworthy that 2 equiv of alkynes
underwent sequential coupling with 1 equiv of enones to
give ketone-tethered conjugated 1,3-enynes with good func-
tional group tolerance. Terminal aryl alkynes with electron-
donating or electron-withdrawing substituents were all
tolerated in this transformation, furnishing a wide range of
conjugated 1,3-enynes with Z-selectivity in moderate to good
yields (7a—7j). The Z-configuration of the product was further
confirmed by the NOE of 7b and X-ray diffraction analysis of
71. Cyclic enones with different ring size were all compatible
under the reaction conditions, furnishing the desired 1,3-enyne
products in synthetic useful yields (7k and 71). Conjugated
enals with diverse a- or [-substitution patterns could be
converted to the corresponding aldehydes with conjugated Z-
enynes (7m and 7n) in 55% and 61% yields, respectively.

To shed light on the mechansim of this reaction, we set up a
series of control experiments to probe the reaction mechanism
(Figure 3). First, deuterium-labeling experiments for three-
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component reaction were investigated. Reactions of an alkyne
and an enone with an alkynyl silicate in the presence of
deuterated methanol under otherwise standard conditions
were conducted (Figures 3a and b). The reactions proceeded
smoothly to deliver the desired 1,3-dienynes (8 and 9) in 68%
and 77% yields, respectively. The reaction of a deuterated
alkyne, an enone, and an alkynyl silicate in the presence of
methanol was conducted to give 10 in 62% yield (Figure 3c).
Deuterium was found at the a-position of the carbonyl group
in the presence of CD;0D, while no deuterium was detected at
the a-position of the carbonyl group when CH;OH was used
as the additive. Deuterium was detected on alkene when
deuterated alkyne was used, while no deuterium was involved
on alkenes using regular alkynes. Next, a deuterium-labeling
experiment for a two-component reaction was conducted
(Figure 3d). The reaction of a deuterated alkyne with an enone
delivered the desired product 11 in 88% yield with 95%
deuterium incorporation on the alkene moiety and partial
deuterium incorporation at the a-proton of the carbonyl group.
These results indicated the proton on an alkene moiety
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Figure 2. Scope for the stereodefined synthesis of 1,3-enynes from
terminal alkynes. The reaction was conducted using alkyne 1 (0.8
mmol) and enone 2 (0.2 mmol) under the indicated conditions.

exclusively originated from the terminal alkyne, and the a-
proton of the carbonyl group was exchangeable with the
surroundings.

Based on the mechanistic results and the literature,"* a
plausible mechanism of this reaction is depicted in Figure 3e.
First, Ni(0) species from Ni(Il) by reduction initiated
metallacyclic intermediate A via cross-oxidative cyclometala-
tion between an alkyne and an enone. C-Bound intermediate A
could equilibriate with O-bound intermediate B. In the
presence of a proton source (methanol or terminal alkyne),
intermediate C was formed via protonation, which could
further undergo transmetalation with an alkynyl silcate or a
teminal alkyne to give intermediate D. In the case of an alkynyl
silicate, the formation of a pentavalent silicate intermediate
might be essential to transfer the alkynyl group to nickel. In the
case of a terminal alkyne, a deprotonated acetylide might
directly attack a Ni(II) center. D underwent reductive
elimination to form the final product along with the Ni(0)
intermediate to complete the catalytic cycle.

In summary, an efficient synthesis of conjugated 1,3-enynes
via Ni-catalyzed intermolecular cross-coupling reaction be-
tween terminal alkynes, ,f-unsaturated carbonyl compounds,
and alkynes or alkynyl silicates was reported. The reaction
features intermolecular regio- and stereoselective alkylalkyny-
lation of alkyne from easily available and user-friendly starting
materials, providing a highly flexible method for introduction
of trisubstituted 1,3-enynes to the $-C of carbonyls in exclusive
Z-selectivity from easily available starting materials.
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Figure 3. Mechanistic study and proposed mechanism for the
reaction.
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