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Copper-catalyzed homo- and cross-coupling
reactions of terminal alkynes in ethyl lactate

Jie-Ping Wan*, Shuo Cao and Yanfeng Jing

The bio-based chemical ethyl lactate (EL) has been discovered to be an excellent medium for the Glaser-type homo- and cross-
coupling reactions of terminal alkynes. Good to excellent yields of conjugate diynes have been obtained under ligand-free and
mild heating conditions in the presence of Cul and molecular oxygen. Copyright © 2014 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web-site.
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Introduction

The oxidative coupling reaction between two terminal alkynes,
also known as the Glaser reaction, is one of the most prevalently
known methods for the construction of C-C bonds."* The conju-
gate 1,3-diyne products from the coupling reactions are highly
useful compounds in organic synthesis such as natural products,
antibacterial medicine®® and organic conjugate diyne-based
functional materials.”~"" On the basis of the originally employed
palladium/copper and other bicatalyst systems for oxidative cou-
plings of terminal alkynes,">% numerous efforts have been
made to explore easy, low-cost and efficient new procedures to
run these reactions. The employment of a single alternative tran-
sition metal catalyst such as palladium,*'*? copper,'*>34
nickel®® and cobalt®®***”! in the reactions has been found to be
an improved protocol in terms of atom economics. In addition,
discovering new oxidants®*®*% constitutes another frontier of
the modern Glaser reaction.

Following daily increasing concerns on developing sustainable
synthetic procedures and methods, special attention has been
paid to the development of sustainable catalytic methods. In this
regard, designing catalytic methods for the Glaser reaction in
green media constitutes the major effort. During the past decade,
a variety of different green media such as supercritical carbon
dioxide,*" water,*? aqueous solvent,"** ionic liquid,** polyeth-
ylene glycol™#® and 1,1,1,3,3-pentafluorobutane®”! have been
successfully employed for the transformation. These methods
provide elegant procedures for the synthesis of 1,3-diynes with
cleaner operation. However, one or more disadvantages such as
high cost of the media, intolerance to cross-coupling reactions
and harsh reaction conditions have restricted the broad applica-
tion of these methods. In this context, catalytic methods using an
alternative low-cost green medium are still highly desirable,
especially for those methods simultaneously allowing both
homo- and cross-coupling reactions of terminal alkynes."8~>%

Recently, our research interests in devising green organic syn-
thesis in cheap, non-toxic and biodegradable bio-based media
have disclosed that ethyl lactate (EL) is an efficient medium for
different types of reactions such as ligand-free Suzuki coupling™*!
and catalyst-free synthesis of disulfides.*® In particular, during
the investigation on disulfide formation from the oxidative

coupling of thiols, we have observed that EL displayed an unique
advantage as the medium by better dissolving oxygen.*®
Inspired by this property of EL as well as the significance of present
research on bio-based solvent-mediated organic synthesis, >
we present herein the EL-mediated,®"? copper-catalyzed Glaser
reaction under ligand-free conditions, and both homo- and cross-
coupling of terminal alkynes are covered.

Results and Discussion

First, based on the model coupling reaction between two
molecules of phenylacetylene 1a, different reaction conditions
have been optimized. Initially, the reaction was performed in the
presence of Cul and pyrrolidine in EL under aerobic and oxygen at-
mosphere, respectively. A comparison of the results suggested that
the reaction under oxygen was evidently superior (Table 1, entries 1
and 2). Consequently, the experiments in aqueous EL media of
different ratios showed that the presence of water was not favored
(Table 1, entries 3-5). Different copper catalysts such as CuO, CuBr,
CuBr,, Cu(OAc), and CuCl, were also screened, and the results
revealed that Cul was the best copper catalyst (Table 1, entries
6-10). Subsequently, an amount of Cul of 10 mol% was found
to be most appropriate according to corresponding experiments
(Table 1, entries 2, 11 and12). Similarly, the amount of base addi-
tive was also varied, and 1.0 equiv. mol pyrrolidine was able to
assist the reaction to give an equally good yield of 2a as in the
entries using larger amount of pyrrolidine (Table 1, entries 13
and 14). A parallel comparison of different bases including
inorganic and organic ones, on the other hand, proved that
pyrrolidine was the best base additive for this reaction (Table 1,
entries 15-20). Finally, a slight increase in temperature (50°C)
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Table 1. Optimization of reaction conditions®
Cu cat. — o —
2 ( > = base @ T :@
1a solvent 2a
Entry Catalyst Solvent Base Oxidant Yield (%)°
Cul EL Pyrrolidine air 68
Cul EL Pyrrolidine 0, 84
3 Cul EL/H,O Pyrrolidine 0, 35
(1:1)
4 Cul EL/H,0O Pyrrolidine 0, 17
(3:1)
5 Cul EL/H,O Pyrrolidine 0, 14
(1:3)
6 CuO EL Pyrrolidine 0, Trace
7 CuBr, EL Pyrrolidine 0, 48
8 CuBr EL Pyrrolidine 0, 24
9 Cu(AcO),. EL Pyrrolidine 0, 32
H,0
10 CudCl,.2H,0 EL Pyrrolidine 0, 29
11°€ Cul EL Pyrrolidine 0, 83
12¢ Cul EL Pyrrolidine 0, 62
13¢ Cul EL Pyrrolidine 0, 84
14 Cul EL Pyrrolidine 0, 83
15f Cul EL Na,CO3 0, Trace
16 Cul EL NaOH 0, Trace
17 Cul EL Et;N 0, Trace
18f Cul EL Morpholine 0, 25
19° Cul EL t-BuOK 0, Trace
20f Cul EL DMAP 0, 20
21%9 Cul EL Pyrrolidine 0, 90
“General conditions: phenylacetylene (0.6 mmol), copper catalyst
(0.06 mmol) and base (1.2 mmol) in solvent (2 ml) under open air
or oxygen balloon (for entries using O, as oxidant), stirred at room
temperature for 16 h.
PYield of isolated product.
€0.09 mmol Cul.
90.03 mmol Cul.
€0.9 mmol pyrrolidine.
f0.6 mmol base.
9The temperature was 50°C.

was able to promote the reaction to give the target 1,3-diyne 2a
in an excellent yield of 90% (Table 1, entry 21).

Following the experimental results from optimization, various
terminal alkynes of different properties have been employed for
corresponding homo-coupling reactions. The results from this
section are presented in Table 2. It can be seen from these results
that this EL-mediated protocol was generally applicable for alkyl
alkynes and aryl alkynes bearing different functional groups.
Corresponding diynes were obtained in moderate to excellent
yields. It was notable that the present method enabled the
coupling reaction of alkyl alkynes with equally good efficiency
as aryl alkynes. In particular, alkyl alkynes such as cyclopropyl
ethyne was able to dimerize to give the corresponding diyne
product with excellent yield (Table 2, entry 11), while aryl alkynes
p-chloro- and p-bromophenylacetylene provided corresponding
products in only moderate yield probably because of loss of

Table 2. Homo-coupling reactions of terminal alkynes®

R—— Cul, pyrrolidine Ro— — g

1 EL, 50 °C, O, 2

Entry R Product Yield (%)°
1 Ph 2a 90
2 4-MeCgH, 2b 80
3 4-MeOCgH, 2c 42
4 4-FCgH, 2d 68
5 4-CICgH, 2e 30
6 4-BrCeH,4 2f 33
7 2-CICeH, 29 64
8 3-BrCeH, 2h 63
9 n-butyl 2i 62
10 n-hexyl 2j 77
1 cyclopropyl 2k 86
12 t-butyl 2] 48

“General conditions: alkyne 1 (0.6 mmol), Cul (0.06 mmol) and
pyrrolidine (0.6 mmol) in EL (2 ml), stirred at 50°C for 16 h in an
atmosphere of 1 atm O,.

PYield of isolated products.

products during purification caused by their very low solubility
(Table 1, entries 5 and 6).1®

After examining homo-coupling reactions, we paid more atten-
tion to running cross-coupling reactions between two different
terminal alkynes with this catalytic protocol. We were pleased
to discover that this EL-mediated method also tolerated well
the cross-coupling reactions of terminal alkynes containing
different functional substructures. Results of the synthesis of
1,3-diynes of unsymmetrical structures are shown in Scheme 1.
Satisfactory application scope was demonstrated by this section
of experiment. For example, phenylacetylene reacted with
phenylacetylene containing different functional groups such as
alkyl, halides (3a, 3b, 3¢, 3d), and two phenylacetylenes
containing different functional groups could also couple to give
corresponding  1,3-diynes (3e, 3f 3g, 3h). Furthermore,
cyclopropyl-functionalized terminal alkyne also successfully
reacted with phenylacetylene to yield diyne 3i. Owing to the pres-
ence of related homo-couplings as side reactions, experiments in
this section gave generally moderate yields (26-69%).

According to the experimental results and analysis of the struc-
ture of EL itself, we assumed that EL acted not only as a medium
in the reaction but also as a ligand of copper catalyst to promote
the reactions. A mechanism of the reaction based on this
assumption is shown in Scheme 2. The O,0-chelating sites in EL
incorporated copper salt to generate the active CuL catalyst 4,
which was able to activate the terminal alkyne substrate via tran-
sition state | to give intermediates 5. The dimerization of 5 under
oxidative conditions led to the final production of 1,3-diyne prod-
ucts 2 or 3 through another transition state II.

In conclusion, we have established a new and environmentally
benign catalytic method for the Glaser reaction by employing EL
as a green medium. The present method is effective for both
homo-coupling of identical terminal alkyne and cross-coupling
between two different terminal alkynes under ligand-free condi-
tions, which consequently allowed the facile synthesis of both
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Ri—= Cul, pyrrolidine
+ Ri———R,
EL, 50 °C, O
Ry—— 2 3
O==0- O—0-
3a, 69 % 3b, 42 %
=0 O==5
3d, 26 %
3¢, 47 % ° ¢l
MeO O e O Br MeO O ——aa— O
3e, 39 % 3f,51 % Br
MeO O — O F MeO O = = O
39,57 % 3h,50% ()
MeO ——
3i,44 %

Scheme 1. Cross-coupling reactions of terminal alkynes (the yield of isolated
product was reported); general conditions: two different alkynes 1 (0.3 + 0.3
mmol), Cul (0.06 mmol) and pyrrolidine (0.6 mmol) in EL (2 ml), stirred at 50°
C for 16 h in an atmosphere of 1 atm O,.

[101]
(1]

EL + Cul—> CuL R———=CuL
4 5
[12]
[13]
[14]
R——=—-R R—=—CuL  [15]
20r3 R—:i:—quL ° H?}
CuL—==R sl
1

[19]
Scheme 2. The proposed reaction mechanism. 0]
[21]
[22]

structurally symmetrical and unsymmetrical 1,3-diynes. The pres-
ent method could therefore serve as a complementary option in gi}
the field of 1,3-diyne synthesis. [25]
[26]
Experimental [27]
[28]
General Procedure for Homo- and Cross-Coupling of Terminal  [29]
Alkynes 30]
To a 10 ml round-bottom flask equipped with a stirring bar was ~ [31]
added aterminal alkyne (0.6 mmol, for homo-coupling) or two (321
different terminal alkynes (0.3 + 0.3 mmol, for cross-coupling), 133]
pyrrolidine (0.6 mmol, 1 equiv.), Cul (0.06 mmol, 0.1 equiv.) and [34]
EL (2 ml). The resulting mixture was stirred at 50°C under oxygen  [35]

atmosphere (balloon) for 16 h (thin-layer chromatography, TLC).
After cooling to room temperature, water (5 ml) was added and 6l
then extracted with ethyl acetate (3 x 10 ml).The combined (37
organic solution was dried over anhydrous sodium sulfate and  [38]

filtered. Subsequently, the solvent was removed under
reduced pressure and the resulting residue was subjected
to preparative TLC to provide pure product by using petro-
leum ether as eluent. All known compounds have been
clearly identified by comparing their '"H NMR data with
the corresponding literature, and new products have
been characterized with abundant spectroscopic analysis
(see supporting information).
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