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Abstract: An approach to preparing enynyl-aryl ethers
from phenols and phenylacetylenes is described. This
method without extra ligands, overcoming the favored
Glaser—Hay dimerization of alkyne, features a wide
substrate scope (38 examples including endofolliculina and
indole) and the merits of high atom and step economy,
good regio- and stereoselectivity (Z-isomers major) in
moderate to good isolated yields. Mechanistic studies show
that the reaction is enabled by distinctive copper/iodide
tandem catalysis.

Keywords: copper/iodide tandem catalysis; enynyl-aryl
ethers; regio- and stereoselectivity; cross-electrophile
coupling

Enynyl-aryl ether derivatives possessing conjugated
double and triple bonds are valuable and privileged
scaffolds widely embedded in organic materials,
pharmaceuticals and agrochemicals.l>24 Great efforts
have been made to gain access to this intriguing
structural unit. Published synthetic methods include
the addition of phenols to conjugated diynest?d,
Sonogashira  couplingst?*?d  and multistep
proceduresf?21, Although the chemical community
has made significant progress in this field, current
methods still suffer from various challenges, such as
the limited substrate scope, expensive catalysts,
prefunctionalized starting materials and/or the
requirement of multistep procedures. Ideally,
employing the commercially available and cheap
phenols and phenylacetylenes to directly construct
C(sp?)-O/C(sp?)—-C(sp) bonds can effectively avoid
the separation of halides, and therefore promoting the
elegance of synthesis. However, major challenges
happen, due to the high reactivity of phenols and
alkynest®], especially the oxidation of phenols and
unsaturated C-C bonds by high-valent iodine
reagents™® along with the homo-/heterocoupling of
phenylacetylenes in the presence of transition
metals®!, and straightforward methods for the
efficient synthesis of enynyl-aryl ether compounds

| Supporting information for this article is available on the WWW under http://dx.doi.org/10.1002/adsc.20 L##HHHH.

are still scarce. Copper catalysis, owing to the low
toxicity and cost-effective nature of copper, has
witnessed  significant  momentum  since  its
emergencel*®l. But the success of these protocols
generally relies on the auxiliary of extra ligands®7, in
particular of nitrogen- and oxygen-carrying
compounds, and the study of other factors boosting
copper catalysis is underdeveloped. Although organic
transformations involving iodine reagents are quite
elegant and particularly useful®®, a limited knowledge
has been acquired when employing the copper/iodide
combination for tandem catalysis without additiona’
ligands. Thus, driven by our previous works
constructing the scaffold of aryl alkenyl ether® anc
copper-catalyzed tandem reactions*¥ promoted by
equivalent iodides™*¥, we herein report a regio- anc
stereoselective route using unactivated phenols and
phenylacetylenes via the copper/iodide tandem
catalysist*?l without extra ligands to efficiently
prepare enynyl-aryl ether compounds (Scheme 1).

Previous work:

[Pd] cat Ar?
Ar'-OH + Ar—=—=—Ar2 : V=
Ar'o
Our work:
Cu | OAr!
Ar-OH + AP—= A~
——Ar?

38 examples
Scheme 1. Synthetic strategies of enynyl-aryl ethers.

Initially, we began our investigation by
examining phenol (1a) and phenylacetylene (2a) as
model substrates to optimize the reaction conditions
(Table 1). Testing of la and 2a did lead to 30%
isolated yield of enynyl-aryl ether products (Z)-
3aa/(E)-3aa’ with good Z:E selectivity (Z:E = 86:14)
(Table 1, entry 1). In consideration of the auxiliary
effect of ligands®®’l, we next investigated the
commonly used N-donor ligand and unexpectedly,
the ligand played a negative role in this
transformation (Table 1, entry2). Then switching to
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other base revealed that Cs,CO3;was suitable one and
a cheerful result could be achieved to deliver 3aa/3aa’
in 83% isolated vyield (Table 1, entry 3). In
comparison with TBAI, TBAB showed an analogous
performance, whereas TBAC seemed to be much less
effective (Table 1, entries 4-5). Finally, a slight
decrease in yield was observed when the reaction was
conducted at 100 °C, while the trace amount of
products could be obtained at 90 °C (Table 1, entries
6-7). Further screening the reaction conditions
including copper catalysts, oxidants, other iodide
sources, bases and solvents has been shown in
Supporting Information (SI) Table 1.

Table 1. Optimization of the reaction conditions.

Ph
Cul, iodide source, Phl(OAc),, base [o]
Oronr O= et
DMSO, 110 °C, air, 22 h =——Ph
1a 2a

(2)-3aal(E)-3aa"

10.1002/adsc.201900626

under the standard conditions, but the performance of
naphthalen-2-ol was much better than that of
naphthalen-1-ol ((Z)-3za and (2)-3ya, respectively).
However, the success of this transformation could not
be extended to phenols containing heterocycles such
as pyridin-4-ol and quinolin-4-ol because of these
heterocyclic phenols as strong bidentate ligands
blocking the catalytic cycle of copper catalyst (not
shown in Table 2).

Table 2. Substrate scope of phenolstl.

R1

==
Q
Cul, TBAI, Phl(OAc),, Cs,CO; o
DMSO, 110 °C, air, 22 h
(2)-31(E)-3'

1 2a

iodide

entry source/additive base yield [%](Z:E) []
1 TBAI K3POa 30 (86:14)
20 TBAI KsPOa 26 (82:18)

3 TBAI Cs2COs3 83 (86:14)

4 TBACI Cs2CO3 42 (86:14)

5 TBABIf Cs2CO3 74 (86:14)
69l TBAI Cs2CO3 72 (86:14)
7 TBAI Cs2C0s trace

[ Reaction conditions: 1a (0.4 mmol), 2a (0.4 mmol), Cul
(0.02 mmol), iodide source (0.02 mmol), Phl(OAc), (1
equiv), base (2 equiv), DMSO (1 mL) in a sealed tube
under air at 110 °C for 22 h.

1 solated yields (Z-3aa isomer and E-3aa isomer can be
completely separated by flash column chromatography, and
the yield in Table 1 is the sum of the isolated yield of Z-3aa
and that of E-3aa). The ratio of Z isomer to E isomer is
calculated by the Z and E isomers’ isolated yields.

[l TBAI = tetrabutylammonium iodide.

[d11,10-Phenanthroline monohydrate (0.1 mmol) was added.

EITBAC = tetrabutylammonium chloride.

[T TBAB = tetrabutylammonium bromide.

[¢1 100 °C.

i g0 °C.

With the optimized protocol in hand, we next
examined the substrate scope. First, phenols bearing
various substituents on the phenyl ring were tested
(Table 2). Pleasingly, both electron-rich and electron-
deficient phenols undergo effective transformations
and this reaction appears to be relatively insensitive
to steric effects: ortho, meta and para substitution can
be well-tolerated, except for the methoxyl group and
the nitro group. Due to 2-methoxyphenol serving as a
strong bidentate ligand on the copper catalyst®®!, no
desired product (Z)-3ga was observed in this
transformation. And in the case of 4-methoxyphenol,
only a very minor amount of the product (Z)-3va was
formed. Notably, the structure of (Z)-3wa was
confirmed by X-ray crystallography (Please refer to
SI for details). ™ Naphthols were also compatible

yield yield

product [%)] product [%]
R'=H, (2)-3aa, 71 R'=3-CH,, (2)-3na, 43
(E)-3aa’, 12 (E)-3na’, 10
= 2-F, (2)-3ba, 52[° =3-OCH;, (Z)-30a, 37
=2-Cl, (2)-3ca, 500! (E)-30a', 8

= 2-Br, (2)-3da, 49!  =3.C(CH,);, (Z)-3pa, 37"
=21, (Z)-3ea, 42P1 =4, (2)-3qa, 61
= 2-CHj, (2)-3fa, 35! (E)-3qa’, 14
=2-OCH;,  (Z)-3ga, NP =4, (2)-3ra, 58
= 2-CH(CHy),, (Z)-3ha, 290! (E)-3ra’, 14
= 3-F, (2)-3ia, 69 =4, (2)-3sa, 53
(E)-3ia’, 14 (E)-3sa’, 12

=3-Cl, (2)-3ja, 63 = 4-NO,, (2)-3ta, NPU

(E)-3ja’, 14 =4-CHg, (2)-3ua, 210

= 3-Br, (Z)-3ka, 62 =4-OCHj3, (Z)-3va, trace
(E)-3ka’, 13 = 4-Ph, (2)-3wa, 74
=31 (2)-3la, 56 (E)-3wa’, 14

(E)-3la’, 12 =4-CHO,  (2)-3xa, 420!

= 3-CF,, (2)-3ma, 44! = 1-Naphthol, (Z)-3ya, trace

= 2-Naphthol, (2)-3za, 27"

[ Reaction conditions: 1 (0.4 mmol), 2a (0.4 mmol), Cul
(0.02 mmol), TBAI (0.02 mmol), PhI(OAc), (1 equiv),
Cs,CO;3 (2 equiv), DMSO (1 mL) in a sealed tube under air
at 110 °C for 22 h with isolated yields.

bl Because the E-isomer is too little to separate and purify,
only Z-isomer was isolated and analysed.

[ NP = no desired product.

Phenylacetylenes bearing different substituents
were also explored to further expand the substrate
scope of our catalytic system (Table 3). Similarly,
except for these functional groups including 2-OCHs,
4-OCHs; and 4-NO, a range of phenylacetylenes
participated smoothly in this reaction and provided
the corresponding products with high stereo-
selectivity in moderate to good isolated yields. And
the treatment with 2-ethynylthiophene and 3-
ethynylpyridine proceeded well to obtain the desired
products ((Z2)-3ag/(E)-3ag’ and (Z)-3ar/(E)-3ar’) in
moderate  isolated vyields, albeit in lower
stereoselectivity. However, aliphatic alkyne such as
1-ethynylcyclohex-1-ene showed a poor performance
giving a trace amount of the products.

This article is protected by copyright. All rights reserved.
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Table 3. Substrate scope of phenylacetylenesl.

@ = Cul, TBAI, PhI(OAc),, Cs,c0; /—\ QPPh
OH+ ( p—= c ) —
g/ DMSO, 110 °C, air, 22h  RZ = 2
Ree
1a 2

(2)-31(E)-3'

yield yield
product (%] product [%]
R2=2-Cl, (Z)-3ab, 48P R2=4.F (2)-3ak, 63
=2-Br, (2)-3ac, 43! (E)-3ak’, 14
= 2-OCHj, (2)-3ad, NP =4-Cl, (2)-3al, 60
=3-F, (2)-3ae, 630! (E)-3al', 12
=3-Cl, (2)-3af, 55 = 4-Br, (2)-3am, 58
=3-Br, (2Z)-3ag, 511 (E)-3am’, 13
=3-CHs, (2)-3ah, 46l = 4-CHj, (2)-3an, 440!
= 3-OCHs, (2)-3ai, 360! = 4-CH,CH,CHg, (2)-3a0, 410!
= 4-NO,, (2)-3aj, NPM = 4-OCHg, (2)-3ap, trace

N OPh — OPh OPh
| (O -
QL@ N MN:—Q Qw

(2)-3aq, 38% (2)-3arl(E)-3ar', Z)-3as/(E)-3as"
(E)-3aq’, 19% 54% (75:25) st

el Reaction conditions: 1a (0.4 mmol), 2 (0.4 mmol), Cul
(0.02 mmol), TBAI (0.02 mmol), Phl(OAc)., (1 equiv),
Cs,COs3 (2 equiv), DMSO (1 mL) in a sealed tube under air
at 110 °C for 22 h with isolated yields.

bl Because the E-isomer is too little to separate and purify,
only Z-isomer was isolated and analysed.

[ NP = no desired product.

[ The Z/E ratio was determined by *H NMR analysis.

To elucidate the reaction mechanism, a series of
control experiments has been conducted (Schemes 2-
4 and Table 4). Radical trapping experiment was
carried out at first by adding 1 equivalent of TEMPO
(2,2,6,6-tetramethyl-piperidine-1-oxyl) under the
standard conditions and the result indicated that this
transformation was not involved in free radicals

(Scheme 2).
OPh
= e "
PROH + Ph—= 1 eq. TEMPO — ph
1a 2a 3aal3aa’
0.4 mmol 0.4 mmol

78% (86:14)M
TEMPO = 2,2,6,6-tetramethylpiperidine-1-oxyl

SC: Standard Conditions (10 mol% Cul, 10 mol% TBAI, 1 eq. Phl(OAc),,
2 eq. Cs,CO5, DMSO, 110 °C, air, 22 h)
@l The Z/E ratio was determined by flash silica column chromatography
and was calculated by the Z and E isomer's isolated yields.

Scheme 2. Radical trapping experiment.

Then experimental results of benzoquinone 4
and 1,4-diphenylbuta-1,3-diyne 5 instead of l1a and
2a, respectively, excluded 4 or 5 as the reaction
intermediate, and therefore demonstrated that this
work differed from Yamamoto’s? and Yao’s work!*#!
via palladium catalysis (Scheme 3). Probably due to
the high reaction temperature and the lack of extra
nitrogen-containing ligand, our reaction did not
involve the Glaser—Hay dimerizations via the
homocoupling process of the alkynyl-copper complex

10.1002/adsc.201900626

in the presence of terminal alkynes and copper
catalyst.[*5]

SC
) 2a + O O ———— > 3aal3aa’

0.4 mmol 4, 0.4 mmol 0%
(2) 1a + | ph—=—=—Ph sC 3aal3aa’
0.4 mmol 5, 0.4 mmol 0%

Scheme 3. Experimental results of 4 and 5.

The role of each relevant chemical reagent (such
as Cul, TBAI, PhI(OAc). and Cs;COs) in this
reaction was next investigated (Table 4). Although
the base was necessary, the influence of Cs,COs only
existed when it combined with the other three
partners (Table 4, entry 1) and any two or threns
factors of them would lead to a poor performance
(Table 4, entries 2-9), which might indicate a
synergistic effect among them.

Table 4. The role of each relevant chemical reagent.

control conditions

1a + 2a 3aa/3aa' (Z:E)+ 5

0.4 mmol 0.4 mmol DMSO, 110 °C, air, 22 h 0%
. ield [%

entry control conditions y (Z:E[) 1

1 [Cul®, [1]], PhI(OAC),!, Cs,CO! 83 (86:14)°!

2 [Il, PhI(OAc),, Cs,CO3 12 (91:9)Mf

3 [Cu], PhI(OAG),, Cs,CO3 34 (82:18)(1

4 [Cu], [I'], Cs,CO4 23 (90:10){1

5 [Cul, [I], PhI(OAC), 0

6 Cs,CO; 0

7 [Cu], Cs,CO3 0

8 I, Cs2CO3 0

9 PhI(OAc),, Cs,CO5 0

&l [Cu] = 10 mol% Cul.

9 [I] = 10 mol% TBAI.

(11 eq. PhI(OAC)..

[ 2 eq. Cs,CO:s.

] The Z/E ratio was calculated by the Z and E isomer's
isolated yields.

M The Z/E ratios were determined by 1H NMR analysis.

The reactivities of intermediates 6, 7 and 8 were
further investigated (Scheme 4). When the model
reaction was conducted for 2 h, phenylethynyl copper
intermediate 6 was obtained (Scheme 4, Eq 1), which
proved that 6 was an important reaction intermediate
in our reaction system. What’s more interesting was
that the treatment of 2a with TBAI and PhI(OAc):in
DMSO at 110 °C for 22 h successfully gave
(iodoethynyl)benzene 7 in 45% isolated yield
(Scheme 4, Eq 2). 7 reacting with 1a in the presence
of Cul and Cs»COs also afforded (Z)-3aa/(E)-3aa’ in

This article is protected by copyright. All rights reserved.
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10 mol% Cul, 10 mol% TBAI,

1 eq. Phl(OAc)y, 2 eq. Cs,CO4 Ph—=——cCu
3aa/3aa’ + —

DMSO, 110 °C, air, 6

9 mg (86:14)l 17 mg

(Eq1) 1a + 2a

0.4 mmol 0.4 mmol

10 mol% TBAI, 1 eq. Phl(OAc), Ph——

(Eq2) 2a
DMSO, 110 °C, air, 22 h 7
0.2 mmol 45%
— 10 mol% Cul, 2 eq. Cs,CO3
(Eq3) 1a + | Ph——=——I 3aa/3aa’ + 6
7 DMSO, 110 °C, air, 22 h detected
0.4 mmol 0.4 mmol 62% (86:14)!

2 eq. Cs,CO3 PhO |
(Eq4) 1a + 7 3aal3aa' + >:/
DMSO0, 110 °C, air, 12 h PH
0.4 mmol 0.4 mmol 0% 8,72%
2 eq. Cs,CO;3

3aa/3aa’ + 5

(Eq5) 1a + 6
DMSO, 110 °C, air, 22 h

0.4 mmol 0.4 mmol 0% 0%

(Eq6) 8 + 6 3aa/3aa" + 5

41% (86:14)°1 0%

0.2 mmol 0.2 mmol

(Eq 7) Cross-electrophile coupling of C(sp?)-l/C(sp)-l iodine compounds
10 mol% TBAI,

1 eq. Phl(OAc),, 2 eq. Cs,CO
8 + 7 ed (OAc) 2 eq. Cs,C0q 3aa/3aa’ + 5

DMSO, 110 °C, air, 22 h
0.2 mmol 0.2 mmol 10% (84:16)@1 0%

(Eq8) 8 + 2a 3aal3aa’ (Z:E)

0.2 mmol 0.2 mmol

entry changes from the optimal condition yield [%] (Z:E)
1 none 75 (81:19)tl
2 without Cul trace
3 without TBAI 28 (80:20)t!
4 without PhI(OAc), 12 (81:19)@
5 without Cs,CO3 0

12l Z/E ratios were determined by 'H NMR analysis.
161 Z/E ratios were determined by flash silica column chromatography
and were calculated by the Z and E isomers' isolated yields.

Scheme 4. The reactivities of intermediates 6, 7 and 8.

62% isolated yield along with a certain amount of
compound 6, which probably meant that 7 was
another intermediate in our reaction involving
umpolung of 7 (Scheme 4, Eq 3)1¢l. On the contrary,
we found that compound 8" was obtained as a main
product®®? in the absence of Cul and no desired
products 3aa/3aa’ were obtained (Scheme 4, Eq 4),
which illustrated the important role of copper catalyst
in the reaction. Subsequently, la reacted with 6
instead of 7 under similar conditions and the result
showed that desired products 3aa/3aa’ and 5 were
not produced (Scheme 4, Eq 5). Further exploration
of 8 demonstrated that our reaction probably involved
a high-valent copper intermediate™, but regrettably,
owing to the fast reductive elimination of a four-
coordinated Cu"' intermediate, we cannot obtain the
corresponding high-valent copper complex (Scheme
4, Eq 6). Recently, cross-electrophile coupling has

10.1002/adsc.201900626

been an increasingly popular approach via the
combination of metal catalysis and external
reductants, which has enabled the advancement of
sorts of new  cross-coupling  processes®l.
Unexpectedly, we obtained an exciting finding on the
cross-electrophile coupling of different C(sp?)-
I/C(sp)-I iodine intermediates without homocoupling
product 5 in the absence of metal catalyst and
reductant in the transformation (Scheme 4, Eq 7),
which opened an entry to the cross-electrophile
coupling enabled by iodine reagents. Screening
experiments of 8 and 2a under a series of control
conditions testified that our transformation did
undergo a copper/iodide tandem catalytic procedure
in this reaction (Scheme 4, Eq 8).

(
a + base
Ph4<\;
1
Oxidative 8
addition
Ph Ph—=——=Cu
base
AoPh
|7(‘:u”‘ =—Ph
[
[I"]: TBAl or Cul

Reductive
elimination

m ioac =—[ 11+ PhI(OAC),
cu /<Ph|(OAC)z

Scheme 5. Plausible mechanism.

o (2)-3aa

\:Ph

Based on the control experimental results and
the previous publications®81¥  we tentatively
propose a plausible mechanism in Scheme 5. First.
the transformation is initiated by the reaction of an
iodide source (TBAI or Cul) and PhI(OAc). to
generate I0OAc?  which works as a strong
electrophile  against alkyne 2a to give
(iodoethynylbenzene 7 in the company of a
hydrogen/iodine exchange equilibrium processi?t,
Then intermolecular nucleophilic addition of phenol
la to 7 assisted by base delivers 8 with excellent
regio- and stereoselectivity®l. Subsequently, 8
rapidly reacts with 6 which is mainly produced by the
reaction of 7 and Cull®® to form a Cu"" intermediate |
via oxidative addition, and then intermediate |
undergoes reductive elimination to give (Z)-3aa and
release Cull’®’®l, which can regenerate I0Ac assisted
by PhI(OAc).. Since the alkene isomerization ir.
intermediate | may occur before the reductive
elimination process, a trace amount of (E)-3aa’ is
obtained.

To demonstrate the broad applicability of our
method, different coupling partners such as
structurally complex bioactive compound
endofolliculina and indole were tested for this
transformation (unoptimized) as shown in Scheme 6.
And the reactions proceeded smoothly under standard
conditions, respectively vyielding the expected
products (2)-9/(E)-9° and (Z)-10/(E)-10" in good
yields, albeit in slightly lower stereoselectivity.
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" 2a 10 mol% Cul, 10 mol% TBAI, H Ph
> o 1 eq. Phl(OAc),, 2 eq. Cs,CO; o}:_i/
OH o \
o 6 O DMSO, 110 °C, air, 22 h \\Ph
(2)-9/(E)-9', 65% (Z:E = 80:20)l!

Ph):
OZN/) L\\Ph

(2)-10/(E)-10", 70% (Z:E = 75:25)l2)

2a 10 mol% Cul, 10 mol% TBAI,
1 eq. Phl(OAc),, 2 eq. Cs,CO3

i\ zx

DMSO, 110 °C, air, 22 h

12l Z/E ratios were determined by 'H NMR analysis.
Scheme 6. Applications of our approach.

In conclusion, we have developed an efficient
extra-ligand-free approach to the enynyl-aryl ether
scaffold via distinctive copper/iodide tandem catalysis.
The reaction features broad functional group tolerance
(38 examples including endofolliculina and indole) with
good regio- and stereoselectivity (Z-isomers major) in
moderate to excellent isolated yields. More important,
the present findings on copper/iodide tandem catalysis
not only open a distinct dimension of Cu catalysis, but
also enrich the known catalytic mechanism of cross-
electrophile coupling involving iodine compounds
without reductant. Currently, further studies of our
desired products are still underway and will be reported
in due course.

Experimental Section
General Information

Reagents and solvents were purchased from commercial
sources (Energy Chemical and J&K) and were used without
further purification. All reactions were monitored by TLC
with silica gel coated plates. *H NMR and *C NMR spectra
were recorded on a Bruker Avance 600 spectrometer. The
chemical shift was given in dimensionless 6 values and was
frequency referenced relative to TMS in *H and °C NMR
sgectroscopy. Chemical shifts were reported relative to CDCls;
(6 = 7.26 ppm) for 'H NMR and relative to CDCls (8 = 77
pm) for °C NMR. Peak multiplicities were recorded as
ollows: s = singlet, d = doublet, t = triplet, m = multiplet or
unresolved, and br = broad singlet or a combination of them,
J-values were in Hz. And high-resolution mass spectra were
obtained from Q-TOF instrument by electrospray ionization
(ESI). Melting points were measured on a Gongyi Yuhua
Instrument X-5 digital display micro melting point apparatus
and were uncorrected.

General Experiments for Synthesis of Compounds (Z)-
3/(E)-3’, (2)-9/(E)-9’ and (Z)-10/(E)-10°

Phenols 1 or indole (0.4 mmol), phenylacetylenes 2 (0.4
mmol), TBAI (tetrabutylammonium iodide) (8 mg, 0.02
mmol, 10 mol%), Cul (4 mg, 0.02 mmol, 10 mol%),
Ph1(OAC). (64 mg, 0.2 mmol, 1 equiv), Cs2COs (130 mg, 0.4
mmol, 2 equiv) and DMSO (1 mL) were put into a 10 mL
sealed tube under an atmosphere of air at 110 °C for 22 h.
And the progress of this reaction was monitored by TLC.
After the reaction system was cooled to room temperature, the
resultant was extracted with ethyl acetate and water, then
dried over anhydrous Na.SOg, filtered, and evaporated under
reduced pressure. The residue was purified by flash silica
column chromatography, eluting with PE to afford
corresponding compounds (Z)-3/(E)-3’, (2)-9/(E)-9’ and (2)-
10/(E)-10°.

10.1002/adsc.201900626
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