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ynthesis of pentasubstituted 1,3-
dienes via Ni-catalyzed reductive coupling of
unsymmetrical internal alkynes†

Zhijun Zhou, Jiachang Chen, Herong Chen and Wangqing Kong *

The reductive coupling of alkynes represents a powerful strategy for the rapid synthesis of highly substituted

1,3-dienes. This method has the advantages of high atom and step economy, and readily available

substrates. Unfortunately, the intermolecular coupling of unsymmetrical internal alkynes remains

extremely challenging due to the difficulty in controlling self-dimerization and cross-coupling, as well as

stereo- and regioselectivity. Previous reports are still limited to intramolecular processes or the use of

stoichiometric amounts of metal catalyst. Herein, we report that nickel-catalyzed reductive coupling of

two unsymmetrical internal alkynes can overcome the above-mentioned limitations by using

a hemilabile directing group strategy to control the regioselectivity. A series of synthetically challenging

penta-substituted 1,3-dienes are obtained in good yields with high regio- and enantioselectivity (mostly

> 20/1 rr, >90% ee).
Introduction

The 1,3-dienes have been recognized to be among the most
useful building blocks for the construction of diverse carbo- and
heterocycles by Diels–Alder or pericyclic reactions.1 They are
also important industrial chemicals in the production of
rubbers and adiponitrile, an intermediate in nylon production.2

In addition, 1,3-dienes are ubiquitous structural units in many
biologically active natural products such as callystatin A and
arenicolide C (Fig. 1).3

Not surprisingly, many synthetic approaches have been
developed for the synthesis of 1,3-dienes.4 Less-substituted 1,3-
dienes can be easily prepared via olenation of unsaturated
carbonyl compounds5 or ene-yne metathesis.6 However, when
considering the stereo- and regioselective alignment of those
substituents on the 1,3-diene skeleton, the synthesis of highly
substituted 1,3-dienes is very challenging, and the synthetic
difficulty increases with a growing number of substituents
(Scheme 1a).

Traditional cross-coupling reaction of alkenyl halides with
alkenyl metals or alkynes is effective for the synthesis of highly
substituted 1,3-dienes.7 However, this approach usually
requires many steps to pre-prepare two stereodened coupling
partners. So far, the rapid synthesis of highly substituted 1,3-
University, Wuhan, Hubei 430072, P. R.
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10211
diene is still rare.8 The direct reductive coupling of two alkynes
constitutes an efficient and atom-efficient methodology for the
rapidly synthesis of highly substituted 1,3-dienes. Unfortu-
nately, the intermolecular coupling of unsymmetrical internal
alkynes is extremely challenging due to the difficulty in
controlling homo-dimerization and cross-coupling, as well as
the stereo- and regioselectivity in the carbon–carbon forming
process (Scheme 1b). The vast majority of examples describe the
coupling of alkynes is the self-dimerization of diarylacetylenes,
or intramolecular diyne cyclization,9 where regioselectivity is
determined by the enforced proximity of these two triple bonds.

The reductive coupling of alkynes with active carbonyl-based
systems has made great progress,10 while there are only few
reports on regioselective coupling of relatively low reactivate
internal alkynes. In 1989, Buchwald pioneered a Zr-mediated
coupling reaction of internal alkynes with TMS-substituted
Fig. 1 Conjugated 1.3-dienes.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Challenges in reductive coupling of internal alkynes for the
stereoselective synthesis of pentasubstituted 1,3-dienes.
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alkynes.11 Subsequently, Sato and co-workers reported a Ti-
mediated coupling of terminal alkynes with TMS-substituted
alkynes or conjugated 2-alkynoates (Scheme 1c).12 Micalizio's
group further developed the regioselective coupling of two
internal alkynes through Ti-mediated alkoxide-directed
strategy,13 which has been used to the synthesis of many
bioactive natural products containing 1,3-diene moiety (Scheme
1d).14 The main limitation of this method is that it requires
cumbersome operations, using stoichiometric amounts of
catalyst and excess organometallic reagents, such as Grignard
reagents or organolithium reagents, which preclude the incor-
poration of sensitive functional groups. To the best of our
knowledge, the catalytic, regio- and stereoselective reductive
coupling of two unsymmetrical internal alkynes has never been
reported.15

Herein, we report Ni-catalyzed reductive self- and cross-
coupling of two unsymmetrical internal alkynes using hemi-
labile directing group strategy to control the regioselectivity,
This journal is © The Royal Society of Chemistry 2020
providing the direct access to pentasubstituted 1,3-dienes in
good yields with high enantioselectivity. The present protocol
features high efficiency and atom-economy, simple operation,
and is tolerant of a variety of functional groups (Scheme 1e).

Results and discussion

Based on the hypothesis that we proposed in Scheme 1e, we
started to explore the nickel-catalyzed reductive coupling reac-
tion of unsymmetrical internal alkynes using alkynone 1a as
model substrate (Table 1). Aer carefully evaluating many
reaction parameters, we are delight to nd that a combination
of Ni(OAc)2$4H2O/Phox ligand (L1) as catalyst that was found to
be effective in alkynone cyclization,16 Zn0 as reducing agent and
MeOH as solvent, provided pentasubstituted 1,3-diene 3a in
44% yield with 91% ee, along with the cyclization side product
2a in 12% yield (entry 1). Various solvents were tested (entries 2–
6), revealing that TFE is the most suitable, providing 3a in 56%
yield with 95% ee (entry 6). Reducing the reaction temperature
to 40 �C resulted in a signicant deterioration of the regiose-
lectivity (entry 7, 3a/3a0 ¼ 2/1). We also found that the reaction
concentration had a pronounced inuence on the reaction
outcome. A low concentration slowed down the reaction; while
high concentration resulted in poor regioselectivity (entry 8, 3a/
3a0 ¼ 2/1). To further improve the yield and enantioselectivity of
3a, different types of chiral ligands L3–L9 were investigated
(entries 9–15). L9 gave the highest enantioselectivity (98% ee),
but the chemoselectivity was poor (entry 15). The best result was
achieved using TFE/HFIP (4/1) as solvent, providing 3a in 85%
yield and 95% ee with high chemo- and regioselectivity (3a/3a0 >
20/1) (entry 16). Unsurprisingly, the reaction did not proceed in
the absence of Ni(OAc)2$4H2O or Zn0 (entries 17 and 18).
Finally, the absolute conguration of pentasubstituted 1,3-
diene 3a was determined by X-ray crystallography (Fig. 2).17

With the optimized reaction conditions on hand (Table 1,
entry 16), we sought to investigate the generality of regio- and
enantioselective reductive self-coupling of alkynones. As shown
in Scheme 2, a wide range of pentasubstituted 1,3-dienes were
synthesized in good yields and excellent enantioselectivity.
Whether the terminal of the alkyne is an electron-rich or
electron-decient aryl group (3a–3l), high yields and ee values
were observed. Useful functional groups such as methoxyl (3b),
uoro (3c), chloro (3d), cyano (3e and 3i), triuoromethyl (3f),
ester (3g), free hydroxyl (3h) and triuoromethoxyl (3j) are well
compatible. A range of heterocycles such as benzodioxan (3l and
3m), thiophene (3n), dibenzofuran (3o), dibenzothiophene (3p),
pyridine (3q), and indole (3r) could be successfully embedded
into the target products in good yields with high enantiose-
lectivity (90–97% ee). The reaction of estrone-substituted alky-
none 1s under standard conditions produced the desired
product 3s in 83% yield with complete diastereospecicity (>99/
1 d.r.), which demonstrated the practicability of our method.
However, complex mixture was observed with alkyl-substituted
alkynone.

The inuence of the substituents (R2) at the 2-position of the
cyclopentane-1,3-diones on the reaction outcome was also
studied. Ethyl, benzyl, including those functionalized with 3-
Chem. Sci., 2020, 11, 10204–10211 | 10205
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Table 1 Optimization of the reaction conditionsa

Entry Ligand Solvent Yield of 2ab (%) Yield of 3ab (%) ee of 3ac (%) rrd

1 L1 MeOH 12 44 91 20/1
2 L1 MeCN 18 — — —
3 L1 THF 40 — — —
4 L1 EtOH 31 29 85 20/1
5 L1 iPrOH 31 26 78 20/1
6 L1 TFE <2 56 95 20/1
7e L1 TFE <2 42 94 2/1
8f L1 TFE <2 35 95 2/1
9 L2 TFE <2 57 86 20/1
10 L3 TFE No reaction — — —
11 L4 TFE No reaction — — —
12 L5 TFE No reaction — — —
13 L6 TFE 4 59 33 20/1
14 L7 TFE 18 62 88 20/1
15 L8 TFE 39 14 98 10/1
16 L1 TFE/HFIPg <2 87 95 20/1
17h L1 TFE/HFIPg No reaction — — —
18i L1 TFE/HFIPg No reaction — — —

a Reactions were carried out with 1a (0.2 mmol), Ni(OAc)2$4H2O (10 mol%), ligand (20 mol%), reducing agent (0.6 mmol) in 2 mL solvent (0.1 M) at
80 �C, unless noted otherwise. b Isolated yields. c Determined by HPLC analysis with a chiral column. d rr is regioisomeric ratio of 3a/3a0. e 40 �C.
f Reaction concentration: 0.2 M. g TFE/HFIP ¼ 4/1. h Without Ni(OAc)2$4H2O.

i Without Zn0. TFE ¼ triuoroethanol. HFIP ¼
hexauoroisopropanol.

Fig. 2 ORTEP representation of the product 3a.
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(tert-butoxy)-3-oxopropyl, were all well tolerated leading to the
corresponding 1,3-dienes 3t–3v in good yields with excellent
enantioselectivity. Notably, the allyl substituted 1,3-dione pro-
ceeded efficiently to provide 3w in 98% ee, providing an
opportunity to further functionalize these obtained products. It
10206 | Chem. Sci., 2020, 11, 10204–10211
is remarkable that the indan-1,3-dione-containing substrates,
which usually resulted in very low enantioselectivity in previous
report,16 were also found to be compatible with this trans-
formation, affording the desired 1,3-dienes 3x and 3y in 93% ee
and 90%, respectively.

Based on the successful realization of the self-coupling of
internal alkynes, we further explored the regio- and enantiose-
lective cross-coupling of two unsymmetrical internal alkynes.
Alkynone 1b and propargyl amide 4a were chosen as model
substrates to test our reaction design (Table 2). Under the
previously established self-coupling reaction conditions (Table
1, entry 6 or entry 16), only a trace amount of cross-coupling
product 5ba was detected (Table 2, entry 1), which reinforces
the concept that the catalytic cross-coupling of two unsym-
metrical internal alkynes is far from easy.

Montgomery et al. found that the introduction of electron-
decient olens to NHC–Ni(0) complexes can signicantly
This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Substrate scope for the reductive self-coupling reaction of
alkynones.

Table 2 Optimization of the reaction conditions for the cross-
coupling of unsymmetrical internal alkynesa

Entry Ligand Additive Yield of 5bab (%) ee of 5bac (%) rrd

1e (S)-L1 — <5 — —
2 (S)-L1 A1 64 92 20/1
3 (S)-L1 A2 29 92 20/1
4 (S)-L1 A3 31 92 20/1
5 (S)-L1 A4 58 92 20/1
6 (S)-L1 NEt3 0 — —
7 (S)-L1 PPh3 0 — —
8 (S)-L1 P(OEt)3 0 — —
9 (S)-L2 A1 62 88 20/1
10 (S)-BINAP A1 0 — —
11 L6 A1 24 35 20/1
12f (S)-L1 A1 No reaction — —
13g (S)-L1 A1 Complex mixture

of products
— —

a Reactions were carried out with 1b (0.2 mmol), 4a (0.1 mmol),
Ni(OAc)2$4H2O (10 mol%), ligand (20 mol%), Zn0 (0.3 mmol) and
additive (0.1 mmol) in 1 mL TFE (0.1 M) at 80 �C, unless noted
otherwise. b Yields are of isolated products. c Determined by HPLC
analysis on a chiral stationary phase. d 5ab/5ab0. e Using TFE/HFIP (4/
1) or TFE as solvent. f 4b was used instead of 4a. g 4c was used
instead of 4a.
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enhance their stability and catalytic performance.18 Inspired by
this discovery, various p-acidic additives such as acrylates A1–
A3 and fumarate A4, were evaluated (entries 2–5). To our
delight, the addition of methyl acrylate (A1) indeed led to
a dramatic improvement of the reaction efficiency, delivering
cross-coupling product 5ba in 64% yield with 92% ee and
a more than 20 : 1 ratio of regioisomers (entry 2). The structure
of p-acidic additives has a great inuence on the reaction
outcome (entries 3–5), indicating that they may be used as
additional ligands coordinated with the nickel catalyst, thereby
enhancing the catalytic activity. Lewis base additives (Et3N,
PPh3 or P(OEt)3) were also tested, but they completely sup-
pressed the transformation (entries 6–8). (S)-Cy-PHOX was also
effective, giving similar result to L1 (entry 9). Other chiral
ligands such as (S)-BINAP and (R,S)-Mingphos (L6) were less
effective and afforded lower yields of 5ba (entries 10 and 11).

Interestingly, in a comparative experiment, the reductive
coupling reaction of alkynone 1b with an unsymmetrical
internal alkyne lacking a carboxyl group (4b or 4c) resulted in
a complex mixture of products (entries 12 and 13). These
experiments clearly show that the carboxyl group plays a crucial
role in determining the regioselectivity in C–C bond formation
process and achieving a productive mode of reactivity.
This journal is © The Royal Society of Chemistry 2020
Aer identifying suitable reaction conditions for regio- and
enantioselective cross-coupling of unsymmetrical alkynes, we
decided to investigate the substrate compatibility of the reac-
tion with propargyl amides, esters, ketones, and alcohols
(Scheme 3). Both the propargyl amide 4a, imides 4d–4e and
carbamates 4f–4h were found to be compatible with the cross-
coupling reaction with alkynone 1b, providing the correspond-
ing 1,3-dienes 5ba–5bh in 94–97% ee and more than 20/1 ratio
of regioisomers. As the N-Boc is easily removed, it constitutes
a way to generate 1,3-diene bearing a free amine group. Prop-
argyl sulfonamide 4i also gave the desired product 5bi in 92%
yield with 97% ee, but the regioselectivity is slightly reduced (4/
1). The homopropargyl ester 4j–4l were all viable substrates for
this transformation and gave the desired products 5bj–5bl in
92–95% ee with more than 20/1 regioselectivity. Moreover, we
also found that two structurally distinguishable alkynones
Chem. Sci., 2020, 11, 10204–10211 | 10207
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Scheme 3 Substrate scope for the cross-coupling of unsymmetrical
internal alkynes.

Scheme 4 Synthetic transformations.
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could also undergo reductive cross-coupling, affording the
pentasubstituted 1,3-dienes 5bm–5bo in good yields with high
regio- and enantioselectivity. To further extend the synthetic
applications of the reductive cross-coupling, we found that
internal alkyne 4p bearing a free hydroxyl group was also
tolerated, providing the desired 1,3-diene 5bp in 80% yield with
94% ee and a more than 20 : 1 ratio of regioisomers. These
results indicate that either the carbonyl group or the free
hydroxyl group can be used as a hemilabile directing group to
control regioselectivity.19

Under slightly modied reaction conditions, the reactions of
alkynones 1a with symmetrical diarylacetylenes bearing uo-
rine (4r and 4t) and chlorine (4s), or dithiopheneacetylene (4u)
10208 | Chem. Sci., 2020, 11, 10204–10211
proceeded smoothly to afford the conjugated dienes 5aq–5au in
synthetically useful yields with 82–90% ee. Remarkably,
unsymmetrical diarylacetylenes 4v–4w were also effective
coupling partners, providing the stereodened 1,3-dienes 5av–
5aw with highly regioselectivity (10/1), where the carbon–carbon
bond was formed on the alkyne carbon with an electron-
decient aryl group. These results show that the electronic
properties of the substituents also have a great inuence on the
regioselectivity of the reaction. However, no reaction was
observed using a dialkylacetylene.

To access the synthetic potential of the reductive coupling of
internal alkynes, we are pleased to nd that the resulting penta-
substituted 1,3-dienes can be converted to various complex
polycyclic molecular architectures containing multiple stereo-
genic centers (Scheme 4). Heating of 3a with DMAD (dimethyl
but-2-ynedioate) under reux in toluene afforded the [5,5,6]-
tricyclic product 6 as a single diastereoisomer in 53% yield.
To our surprise, treatment of 3a with maleic anhydride in
toluene under reux furnished the tetracyclic diene 8 bearing
ve stereocenters in 71% yield and high diastereoselectivity
(>99/1). We speculate that product 8 is formed by the Diels–
Alder reaction of maleic anhydride with diene intermediate 7,
which was generated in situ from 3a via protonation of the
hydroxyl group followed by elimination of H2O. The structure of
8 was conrmed by X-ray crystallographic analysis.20 Moreover,
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Relationship between the ee values of the ligand Ph-PHOX (L2)
and product 3a.
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the tetracyclic compound 9 was obtained in 70% yield with high
diastereoselectivity (>99/1) by reacting enantiopure diene 5bm
(92% ee) with PTAD (4-phenyl-1,2,4-triazoline-3,5-dione) at
room temperature.21

To provide some mechanistic insight for the cross-coupling
reaction, isotope labelling by deuterium was performed to
determine the origin of H. As shown in Scheme 5, the conver-
sion of 1a to 3a-D1 was rstly conducted under our standard
reaction conditions using deuterium-labelled CD3OD as the
solvent, the desired product 3a-D1 was isolated in 75% yield
with 91% deuteration rate. This result clearly shows that
methanol instead of water is the proton source for this trans-
formation (Scheme 5a). When CD3OH was used as solvent, no
incorporation of deuterium was detected in the product 3a
(Scheme 5b), suggesting that the methyl moiety of MeOH is not
the proton source. Further investigation with CH3OD as solvent
furnished 3a-D1 in 76% yield with 91% deuterium incorpora-
tion (Scheme 5c), revealing that the hydroxyl of methanol is the
proton source of the reaction.22

When the reaction was conducted in benzyl alcohol, not even
traces of benzaldehyde were detected in the crude reaction
mixture (Scheme 5d). This result further conrms that the
alcohol solvent is not a reducing agent for this transformation.
Alcohols with different structures have a great inuence on the
reaction outcome (Table 1), which may suggests that alcohol is
Scheme 5 Mechanistic study.

This journal is © The Royal Society of Chemistry 2020
not only hydrogen source, but also interacts with the reaction
intermediate in the catalytical cycle. To our surprise, under
previously reported reaction conditions for intramolecular
reductive cyclization of alkynones using HSiEt3 as both the
hydride source and reductant,23 the reaction virtually stopped
(Scheme 5e). Using benzyl acrylate instead of methyl acrylate
(A1) as p-acidic additive, the target product 5ba was obtained in
54% yield and 92% ee, while more than 60% of benzyl acrylate
could be recovered (Scheme 5f). This result further conrms
that acrylate may serves as additional ligand to activate nickel
catalyst rather than reactant.

To further verify the catalytic model, Ph-PHOX ligand L2 was
prepared in six different levels of enantiopurity and used in the
reductive coupling and cyclization reaction of alkynone 1a. As
shown in Fig. 3, the ee value of the product 3a was linearly
correlated to the ee value of the chiral ligand (R2 ¼ 0.99), which
supports that the active catalytic species was composed of
a nickel complex with a single Ph-PHOX ligand.

Although a detailed mechanism for this transformation
requires further investigation, based on the above-mentioned
experimental observations, a possible catalytical cycle for the
reductive cross coupling is depicted in Scheme 6. Initially,
reduction of NiII precatalyst by Zn0 gave a catalytically active Ni0

species. Oxidative cycloaddition of alkynone 1 with unsym-
metrical internal alkyne 2 afforded a ve-membered
Scheme 6 Proposed reaction mechanism.

Chem. Sci., 2020, 11, 10204–10211 | 10209
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nickelacycle A. The tethered carbonyl or hydroxyl group may
serve as a hemilabile directing group to control the regiose-
lectivity.24 Selective protonation of intermediate A by alcohol25

would then produce the conjugated dienylnickel species B. The
crowded environment promotes the reversible cis–trans isom-
erization of nickel intermediate B,16a,26 thereby forming a new
dienylnickel intermediate C. Finally, the target pentasub-
stituted 1,3-diene 3 was formed through the nucleophilic attack
of the dienylnickel C to one of the ketone carbonyls, and the
subsequent protonation.

Conclusions

In conclusion, we have demonstrated a Ni-catalyzed reductive
self-coupling and cross-coupling of two unsymmetrical internal
alkynes using a hemilabile directing group strategy to control
the regioselectivity, enabling the rapidly synthesis of penta-
substituted conjugated dienes with diverse functional groups in
good yields with high regio- and enantioselectivity. The reaction
features high atom- and step-economy, without requiring the
use of prepared stereodened coupling partners (vinyl halide or
vinyl organometallic) compared to traditional cross-coupling
reactions. The penta-substituted 1,3-dienes are very useful
and can be converted to various complex polycyclic molecular
architectures containing multiple stereogenic centers. Further
synthetic applications and mechanistic studies are ongoing in
our laboratory.
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R. Muñoz-Rodŕıguez and D. J. Cárdenas, Org. Lett., 2008,
10, 3619–3621; (c) V. Pardo-Rodŕıguez, E. Buñuel,
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