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Highly efficient organic reactions in water are important for designing environmental-friendly and low
cost synthetic processes. Herein, we demonstrate an intermediate-in-water strategy for the heteroge-
neous synthesis of benzofurans in aqueous media. The cyclization reaction of 2-(phenylethynyl)phenol to
2-phenylbenzofuran cannot proceed in pure water. However, this reaction can be efficiently promoted by
the formation of sparingly soluble intermediate in the presence of alkaline. Quantitative conversion of
a variety of substrates to benzofuran derivatives has been achieved in the absence of noble metal catalyst.
Other remarkable features including easy-isolation and purification of product, along with wide range of
functional group tolerance render the methodology promising in the realm of green-synthesis.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Highly efficient heterogeneous synthesis, especially in aqueous
media, is attracting great attention in recent years, because of the
increasing environmental awareness of the synthetic organic
chemistry community.1 Water is considered to be an ideal reaction
media for heterogeneous reactions due to its many superior prop-
erties, such as nonflammable, non-toxic nature, and readily avail-
able at low cost,2 providing opportunities for clean processing and
pollution prevention in organic synthesis process. Chemical re-
actions in aqueous environment are not new for organic chem-
ists,1c,3 and many organic reactions have been carried out in
aqueous conditions, including DielseAlder cycloadditions,4 Claisen
rearrangements,5 Sonogashira reaction,3e and CeH activation
reactions.3h However, several issues still hinder the wide use of
water as reaction media in synthetic chemistry, such as insolubility
to many compounds, high polarity, elevated surface tension, strong
hydrogen bonding potential and high vapor pressure.6 The rela-
tively poor solubility of most organic compounds in aqueous media
results in the separation of reactant and solvent, which means that
the reaction must occur in heterogeneous condition.

Previous investigations have classified the heterogeneous re-
actions to be either ‘on water’ or ‘in water’, which is distinguished
by the solubility of the reactants. Sharpless7 and Fokin8 have de-
scribed the successful ‘on water’ heterogeneous reactions as the
cases where the reactants are insoluble in water but the reaction
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may be promoted by water.9 By using the similar concept, the
heterogeneous reactions involving water soluble reactants can then
be classified as ‘inwater’ reactions.10 It should be noted that there is
no clear definition to distinguish ‘on water’ or ‘in water’ reactions,
and the boundary can be blur for reactions with sparing soluble
reactants.11 For ‘on water’ reactions, the biggest concern is the low
reactivity due to the insolubility of reactants. Certain strategies can
be employed to improve the solubility, such as modifying the
substrates or using organic cosolvents.8 However, these strategies
tend to diminish the advantages of low cost, simplicity, ease of
workup and product isolation that water has over traditional sol-
vents. Physical means, like stirring, shaking, ultrasonication,12 and
using biphasic fluidic platform13 are also used in heterogeneous
reactions, in which the efficiency varies in different situations.

In an ideal heterogeneous reaction, the product has zero solu-
bility in water and is formed in quantitative yield, so that it can be
isolated through simple separation methods, like filtration.11

Herein, as a ‘proof of concept’, we propose an intermediate-in-
water strategy, which shows characteristics of high reaction rate
under heterogeneous condition and easy product collection.
Scheme 1 illustrates the features of this strategy. Firstly, it is applied
to a reaction when both the reactant and product are insoluble in
aqueous phase, and no reaction could proceed under heteroge-
neous condition. Secondly, trace of the reactant can be transformed
into an intermediate, which has a sparing solubility in water.
Thirdly, the slightly dissolved intermediate is converted into the
product with high efficiency. Finally, all the reactants are converted
to product and separates out from water due to its insolubility.
Herein, we demonstrate the proposed strategy by using a cycliza-
tion reaction for 2-phenylbenzofuran synthesis as an example.
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Scheme 1. Schematic illustration of an ideal intermediate-in-water process, in which
both of the reactant and product are insoluble, but the intermediate has sparing sol-
ubility allowing the reaction to take place.

Table 1
The cyclization of 1a in different solutions

Entrya Solvent Base Temp (�C) Time (h) Yield (%)d

1b Toluene K2CO3 100 15 N. P.
2b Xylene K2CO3 100 15 N. P.
3 H2O K2CO3 rt 15 N. P.
4 H2O None 100 15 Trace
5b H2O K2CO3 100 15 86
6c H2O K2CO3 100 1 86
7c H2O K2CO3 90 1 70

a 2-(Phenylethynyl)phenol (0.5 mmol), solution (5 mL), K2CO3 (0.025 mmol).
b Reaction occurred in oil bath.
c Microwave irradiation was applied to the mixture in a hermetic polytetra-

fluoroethylene bottle for a total time of 1 h.
d Yield of isolated product.

Fig. 1. The UVevis absorbance spectra of the compound 1a and 2a in different solu-
tions. For UVevis test were prepared by ultrasonication followed by filtration.
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2. Results and discussion

Benzofurans carrying functional groups are a ubiquitous organic
frame found in nature.14 Recently, they have received much at-
tention in organic electronics as fluorescence materials.15 Consid-
erable efforts have been directed toward the development of new
and efficient methodologies for the synthesis of benzofuran
derivatives.15a,16 A diverse array of transition-metal catalysts, such
as organometallic complexes17 and nanopaticles,18 could effectively
improve the transformation ability of the reactant. However, the
use of metal catalysts also presents some serious problems, in-
cluding purification difficulty and increased cost.19 Consequently,
developing of efficient and transition-metal-free process19b for the
assembly of benzofuran structures is of great importance. Here, we
studied the heterogeneous synthesis of benzofurans from 2-(phe-
nylethynyl)phenol under aqueous condition without using transi-
tion metal catalyst (Scheme 2).
Scheme 2. The cyclization reaction of 2-(phenylethynyl)phenol (1a) to 2-
phenylbenzofuran (2a).
Butler has classified reactions taking place in aqueous condition
with the reactant concentration below 0.01 mM as ‘on water’ re-
actions but the boundary is blur.11 The solubilities of the reactant 1a
and product 2awere characterized by UVevis spectroscopy (Fig. 1)
(more details are available in the Supplementary data, Fig. S1). Both
the reactant and product exhibit extremely low solubility (below
0.002 mM) in water. After ultrasonication in K2CO3 solution, the
UVevis spectra suggest that small amount of reactant has been
dissolved in the aqueous solution, though the concentrations were
still very low. For instance, the concentration of the dissolved re-
actant was below 0.014 mM in 5 mM K2CO3 solution. Further in-
creasing of the alkaline concentration could only affect the
solubility of the reactant slightly (Supplementary data, Table S1).
Because of the poor solubilities of the reactant and product in
water, this reaction coincides perfectly with the characteristics of
the intermediate-in-water strategy.

Initially, the conversion of 1a to 2a was tested under various
solvent conditions, and the results are shown in Table 1. As the
reactant is well soluble in organic solvents, toluene, xylene were
firstly tested. No reaction took place in toluene or xylene, which is
consistent with previous reports that metal catalyst is required in
nonpolar solvents.18b,c The reactant showed extremely low re-
activity in pure water, and the reaction did not occur at room
temperature after long reaction time (15 h). Even under heating,
with long time stirring or sonication, the resulted product was too
little to be isolated, hence the reaction is not practically viable. Such
low reactivity is attributed to the low solubility and no deproto-
nation of the reactant in water, which is consistent with the above
UVevis results. However, the reaction can be significantly acceler-
ated in alkaline aqueous solution. In the presence of K2CO3
(5 mol %), the reaction gave product 2a in 86% yield under stirring
and reflux condition (entry 5). Moreover, higher yield and faster
reaction rate can be achieved under microwave irradiation. In the
presence of K2CO3 (5mol %) inwater, undermicrowave condition at
100 �C in a sealed polytetrafluoroethylene bottle, nearly all the
reactants were converted to the corresponding product in 1 h, as
determined by thin layer chromatography (TLC). It is worth men-
tioning that under aqueous condition, the insoluble product can be
readily collected from the water suspension through simple filtra-
tion. After purified by column chromatograph, the isolated yield is
higher than 86% (entry 6). When a lower temperature was used, i.e.,
90 �C, the yield decreased to 70%.

As illustrated in Table 1, K2CO3 could efficiently catalyze the
cyclization reaction in aqueous media under microwave condition.
We then tested various inorganic compounds for their potential
catalytic properties (Table 2). When the cyclization reaction per-
formed in pure water or KCl solution, only trace product could be
extracted after microwave irradiation. No product was observed
under acidic conditions. The conversion efficiency was dramatically
increased when alkalines were added to the water solution. In or-
der to optimize the reaction condition, different alkalines were
studied. The NaOH and KOH, gave moderate yields (64% and 78%,



Table 2
Optimization of catalysts

Entrya Catalyst (5 mol %) pH Yield (%)

1b None 6.61 Trace
2 KCl 6.61 Trace
3 H2SO4 2.10 N. P.
4 HNO3 2.23 N. P.
5 NaOH 10.99 64
6 KOH 11.02 78
7 Na2CO3 9.92 82
8 Cs2CO3 10.31 86
9 K2CO3 9.97 86
10c KOHþKCl 11.03 86
11d K2CO3 10.30 86

a Microwave irradiation was applied to the mixture of 2-(phenylethynyl)phenol
(0.5 mmol) and deionized water (5 mL) in a hermetic polytetrafluoroethylene bottle
for a total time of 1 h.

b Only deionized water.
c KOH (0.025 mmol) and KCl (0.025 mmol), deionized water (5 mL).
d The purity of K2CO3 is 99.997%.

Table 4
Scope of the cyclization of 1

Entry R1 R2 Yielda (%)

1 H C6H5 2a, 98 (86b)
2 H 2-Thienyl 2b, 87 (80b)
3 H 4-MeC6H5 2c, 90
4 H 4-FC6H5 2d, 92 (83b)
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respectively). The yields were higher than 80% when carbonates
were used in the reactions (Na2CO3, 82%; Cs2CO3, 86%; K2CO3, 86%).
The comparison between the hydroxy alkaline (entry 5, 6) and the
carbonates (entry 7e10) suggests that the carbonates exhibited
better catalytic efficiency when the mole ratio was same. Entry 10
and 11 shows that a mixed solution containing 5 mM KOH and
5 mM KCl gave identical yield as 5 mM K2CO3, which appears to
suggest that the Kþ concentration plays a role to the catalytic effi-
ciency compared to the pH of the solution. Thus, the cyclization
reaction needs an alkaline environment for the solubility and
deprotonation of the substrates, and the carbonates are efficient
catalysts.

Two tests were employed to rule out the possibility that the
reaction was catalyzed by noble metal impurity presented in the
solution. First, the utility of K2CO3 of normal purity (99.0%) and high
purity (99.997%, Alfa Aesar) did not show different yield (entry 9
and 11). Second, both the reaction mixtures and the alkaline solu-
tions were analyzed through inductively coupled plasma atomic
emission spectroscopy (ICP-AES), and no transition metal, such as
palladium or platinum, was detected (the detection limit of the
apparatus was 0.5e1.0 ppm). The above results indicate that po-
tassium carbonate can be used as a highly efficient and low cost
catalyst for the heterogeneous synthesis of benzofurans.

In order to realize easy isolation and purification of the product,
it is imperative that the heterogeneous reaction should proceed
with very high yield. To achieve a complete conversion, we opti-
mized the reaction conditions (Table 3). In the presence of 2%
Table 3
Microwave promoted cyclization of 1a in the presence of difference quantity of
K2CO3

Entrya K2CO3 (mol %) Temp (�C) Time Yield (%)

1 2 100 1 h 50
2 2 100 2 h 73
3 2 110 2 h 85
4 5 100 1 h 86
5 5 100 2 h 92
6 5 110 2 h 98
7 10 100 1 h 86
8 10 100 2 h 93
9 10 110 110 min 98
10 20 110 40 min 98
11 100 110 20 min 98
12 200 110 18 min 98

a Microwave irradiation was applied to the mixture of 2-(phenylethynyl)phenol
(0.5 mmol), K2CO3, and deionized water (5 mL) in a hermetic polytetrafluoro-
ethylene bottle.
K2CO3, the reactions carried out at 100 �C gave isolated yield of 50%
and 73% for the reaction times of 1 and 2 h, respectively. Using
a higher temperature of 110 �C, 2 h reaction gave a higher yield of
85%, indicating that relatively high temperature and long time are
necessary to improve the conversion of the reactant. Further in-
creasing the concentration of K2CO3 to 5%, 10%, 20%, 100%, 200%
(entries 6, 9, 10, 11, 12), reaction times of 120 min, 110 min, 40 min,
20min,18min, respectively, were required to reach a 98% yield. The
results show a clear trend of acceleration of the heterogeneous
reaction with the increase of K2CO3 concentration. For economic
consideration, condition of 5% of K2CO3 with 2 h reaction time was
selected as the ideal condition for further studies.

As shown above, the cyclization reaction of 1a shows quanti-
tative conversion under microwave condition in diluted K2CO3
solution. We further examined the scope and limitation of sub-
strates. Nineteen 2-(phenylethynyl)phenol derivatives bearing dif-
ferent substituents have been tested for the reactions in aqueous
media, and the results are summarized in Table 4. A wide range of
functional groups is tolerated in the reaction, and 11 substrates give
conversion yield above 80%. The advantage of heterogeneous re-
action is that the product can be easily separated from reaction
mixture. More importantly, the complete conversion indicates that
there was almost no substrate doping in the solidified mixture, and
therefore simple filtration gave very pure products. Two substrates,
17 and 18, give have moderate yield, in which the products can be
purified through recrystallization. When the methyl, tertiary butyl,
and chlorine groups were introduced in the p-phenol site, the yield
decreases. Six substrates gave relatively low yields, below 44%, and
the products need to be purified through column chromatograph.
The low conversion yields are attributed to their low solubility in
K2CO3 solution, which have been confirmed by the UVevis mea-
surement (Supplementary data, Fig. S2). We also used conventional
heating to study the reactions of characteristic compounds 1a, 1b,
1d,1h,1l,1p, and 1q under aqueous condition. The yields are lower
5 H 4-ClC6H5 2e, 90
6 H 4-BrC6H5 2f, 84
7 H 3-MeC6H5 2g, 81
8 H 3-FC6H5 2h, 98 (90b)
9 H 3-ClC6H5 2i, 98
10 H 3-BrC6H5 2j, 97
11 H n-Bu 2k, 29
12 Me C6H5 2l, 94 (82b)
13 Me 4-MeC6H5 2m, 43
14 t-Bu C6H5 2n, 34
15 t-Bu 4-MeC6H5 2o, 20
16 t-Bu 4-ClC6H5 2p, 32 (25b, 32c)
17 Cl C6H5 2q, 65 (49b)
18 Cl 4-MeC6H5 2r, 70
19 Cl 4-ClC6H5 2s, 44

a Microwave irradiation was applied to the mixture of reactant (0.5 mmol), K2CO3

(0.025 mmol), and deionized water (5 mL) in a hermetic polytetrafluoroethylene
bottle for a total time of 2 h.

b The reactionmixture of reactant (0.5mmol), K2CO3 (0.025mmol), and deionized
water (5 mL) was heated to reflux for 40 h.

c Microwave irradiation was applied to the mixture of reactant (0.5 mmol), K2CO3

(0.025 mmol), Bu4NBr (0.05 mmol), and deionized water (5 mL) in a hermetic
polytetrafluoroethylene bottle for a total time of 2 h.
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after 40 h than those by microwave irradiation. Meanwhile, we
attempted to add the phase transfer catalyst (PTC) to improve the
yield of 1p in the heterogeneous reactions. The result shows that
there is little effect on the reaction.

Because of the high conversion rate and the insolubility of the
product, simple filtration isolation makes it possible to reuse the
catalysts and the reaction solutions. Fig. 2(a) shows that after re-
moval of the product by filtration, the reaction media containing
0.020MK2CO3 can be recovered and reusedwithout significant loss
of activity after six times catalytic activity. At very low catalyst
concentration, the recycle of the reaction media is somehow hin-
dered by the loss of K2CO3 content due to the adsorption by the
solid product. For example, the catalytic activity of 0.005 M K2CO3
solution shows clear reduction after the forth cycles due to the
reduction of base concentration (Fig. 2(b)), which was evidenced by
a change of pH value from 10.0 to 7.9. Adding small amount of
K2CO3 to adjust the pH value back to 10.0 recovered catalytic ac-
tivity of the solution, and the yield risen to 98% again.
Fig. 2. Reusability of the K2CO3 solution. (a) The K2CO3 concentration was 0.020 M (0.2 equiv). (b) The initial K2CO3 concentration was 0.005 M (0.05 equiv), but the yield reduces
with times. The K2CO3 concentration was readjusted back to 0.005 M in the sixth cycle.
To investigate the reaction mechanism, the reactions were moni-
toredby insitu infrared (IR) spectroscopy20underdifferent conditions.
Fig. 3(a) and (b) shows the IR spectra of the reaction mixture in pure
water, alongwith the rising of temperature from roomtemperature to
reflux condition. In pure water, no obvious IR peak corresponding to
the reactant can be observed at room temperature, suggesting that
little reactantwas dissolved. At reflux temperature (e.g., after 50min),
the spectra show features of the reactant, indicating that the reactant
was slightly dissolved in hot water. However, both the 2D and 3D IR
plots show no observable spectral change in a period of 400 min,
confirming that no reaction took place in pure water.

Fig. 3(c) shows the IR spectra of the reaction mixture in the
presence of 0.1M K2CO3 solution at different temperatures. At room
temperature, all the peaks of the IR spectra were very weak, sug-
gesting very low solubility of the reactant even in basic solution.
After 50 min, when the system temperature was elevated to reflux
condition, much stronger IR absorption starts to emerge, indicating
increased solubility at high temperature. At reflux condition, the IR
intensity of the basic reaction mixture is about three times higher
than that of the pure water reaction mixture, indicating that more
soluble species was generated in basic solution. Compared with the
spectra of the reactant (Fig. 3(a)) in water, the spectra in Fig. 3(c)
show two new and prominent peaks at 1350 and 1303 cm�1, re-
spectively, which can be assigned to the stretching and torsional
vibrations of phenolate spices.21 These two new peaks reveal that
trace of 1a was converted to 2-(phenylethynyl)phenolate (I) in the
hot alkaline solution. Such trace phenolate intermediate allowed
the cyclization reaction to take place. The intensity of the spectra
remained nearly unchanged during the reaction period of
50e300 min, indicating that the concentration of the soluble
phenolate intermediate remained constant. After 300 min, the IR
spectra absorption gradually decreases with the further progress of
the reaction, suggesting the depletion of the reactant and the
phenolate intermediate. At the end of the reaction, the spectra
became very weak again due to the low solubility of the 2a product.

Based on the In-situ IR study, the reaction mechanism of the
heterogeneous reaction is depicted in Fig. 3(e). In hot and basic
aqueous solution, trace of 1awas converted to I, which is sparingly
soluble in water, hence can be detected by the IR spectroscopy. The
phenolate moieties then attack the acetenyl group to undergo an
intramolecular cyclization process and give the final 2a compound.
Though the IR spectra indicate that only trace amount of the
sparingly soluble intermediate is generated during the reaction, the
reaction can be still driven towards the forward direction of the
equation because the product is insoluble in aqueous reaction
mixture and quickly separated from the solution, Finally, all the 1a
reactant was converted into 2a product, and the heterogeneous
reaction occurs in high yield.
3. Conclusion

Wehave demonstrated the highly efficient and green synthesis of
benzofurans under aqueous condition through an intermediate-in-
water heterogeneous reaction strategy. The very low solubility of
both the reactant and product lead the reaction unavailable inwater.
However, in high temperature alkaline solutions, sparingly soluble
phenolate intermediate could be generated, which enable the het-
erogeneous reaction to take place with a very high conversion yield.
This heterogeneous reaction exhibits many attractive features, in-
cluding the easy collection and purification of product, wide range of
functional group tolerance, thus rendering the methodology as
a highly eco-friendly alternative to the existing methods. Further
works including expanding the scope of this intermediate-in-water
reaction strategy to other structural unites are undergoing.

4. Experimental section

4.1. Benzofuran derivatives

All of the 2-phenylbenzofuran derivatives were prepared by the
following method.

Microwave irradiated the mixture of 2-(phenylethynyl)phenol
derivatives (0.5 mmol), deionized water (5 mL), and K2CO3

(0.025 mmol) in a hermetic polytetrafluoroethylene bottle at
110 �C. Microwave irradiation was applied once the reaction tem-
perature under 110 �C for the total time of 2 h. The solid product
obtained through filtration of result product should leave from pure
water. The liquid product was purified by flash chromatography in
ethyl acetate/petroleum to afford the analytically pure sample.



Fig. 3. In situ IR spectra were recorded to determine the mechanistic course of the cyclization reaction. (a) 2D and (b) 3D plots of IR spectra in pure water; (c) 2D and (d) 3D plots of
IR spectra in 0.1 M (1 equiv) K2CO3 solution; (e) hypothesized reaction mechanism.
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The following compounds were prepared by the method above:

4.1.1. 2-Phenylbenzofuran (2a). White solid (92 mg, 95%); 1H NMR
(400 MHz) d: 7.87 (d, J¼7.2 Hz, 2H), 7.59 (d, J¼7.2 Hz, 1H), 7.52 (d,
J¼8.0 Hz, 1H), 7.45 (t, J¼7.2 Hz, 2H), 7.35 (t, J¼7.2 Hz, 1H), 7.29 (t,
J¼7.6 Hz, 1H), 7.23 (t, J¼7.2 Hz, 1H), 7.03 (s, 1H); 13C NMR (100MHz)
d: 155.9, 154.9, 130.5, 129.2, 128.8, 128.5, 124.9, 124.3, 122.9, 120.9,
111.2, 101.3; MS (EI) m/z (%): 194 (Mþ, 100). The spectroscopic data
match the previously reported in the literature.22

4.1.2. 2-(Thiophen-2-yl)benzofuran (2b). White solid (87 mg, 87%);
1H NMR (400 MHz) d: 7.56e7.51 (m, 1H), 7.50e7.45 (m, 2H),
7.34e7.31 (m, 1H), 7.29e7.24 (m, 1H), 7.24e7.19 (m, 1H), 7.09 (dd,
1J¼4.8 Hz, 2J¼3.6 Hz, 1H), 6.86 (s, 1H); 13C NMR (100 MHz) d: 154.6,
151.3, 133.3, 129.1, 127.9, 125.8, 124.6, 124.3, 123.0, 120.7, 111.0, 101.1;
MS (EI) m/z (%): 200 (Mþ, 100).

4.1.3. 2-p-Tolylbenzofuran (2c). White solid (94 mg, 90%); 1H NMR
(400 MHz) d: 7.75 (d, J¼7.2 Hz, 2H), 7.55 (d, J¼7.2 Hz, 1H), 7.50 (d,
J¼7.6 Hz, 1H), 7.28e7.23 (m, 3H), 7.21 (t, J¼7.6 Hz, 1H), 6.96 (s, 1H),
2.39 (s, 3H); 13C NMR (100 MHz) d: 156.2, 154.8, 138.6, 129.5, 129.3,
127.7, 124.9, 124.0, 122.8, 120.7, 111.1, 100.5, 21.4; MS (EI) m/z (%):
208 (Mþ, 100), 207 (33). The spectroscopic data match the pre-
viously reported in the literature.23

4.1.4. 2-(4-Fluorophenyl)benzofuran (2d). White solid (98 mg,
92%); 1H NMR (400 MHz) d: 7.86e7.80 (m, 2H), 7.57 (d, J¼7.6 Hz,
1H), 7.51 (d, J¼8.4 Hz, 1H), 7.30e7.25 (m, 1H), 7.25e7.20 (m, 1H),
7.17e7.10 (m, 2H), 6.94 (s, 1H); 13C NMR (100 MHz) d: 164.1, 161.6,
155.0,154.8,129.2,126.8,126.7,124.3,123.0,120.9,116.0,115.8,111.1,
101.0; MS (EI)m/z (%): 212 (Mþ, 100). The spectroscopic data match
the previously reported in the literature.17i

4.1.5. 2-(4-Chlorophenyl)benzofuran (2e). White solid (103 mg,
90%); 1H NMR (400 MHz) d: 7.81e7.77 (m, 2H), 7.57 (d, J¼7.6 Hz,
1H), 7.51 (d, J¼8.4 Hz, 1H), 7.43e7.39 (m, 2H), 7.32e7.27 (m, 1H),
7.25e7.10 (m, 1H), 7.00 (s, 1H); 13C NMR (100 MHz) d: 154.9, 154.8,
134.3, 129.1, 129.0, 128.9, 126.1, 124.6, 123.1, 121.0, 111.2, 101.7; MS
(EI) m/z (%): 230 (33), 228 (Mþ, 100). The spectroscopic data match
the previously reported in the literature.17i

4.1.6. 2-(4-Bromophenyl)benzofuran (2f). White solid (115 mg,
84%); 1H NMR (400 MHz) d: 7.65 (d, J¼8.8 Hz, 2H), 7.54e7.46 (m,
4H), 7.29e7.24 (m, 1H), 7.22e7.18 (m, 1H), 6.93 (s, 1H); 13C NMR
(100 MHz) d: 154.9, 154.8, 132.0, 129.4, 129.0, 126.4, 124.6, 123.1,
122.5, 121.0, 111.2, 101.8; MS (EI) m/z (%): 274 (93), 272 (Mþ, 100).
The spectroscopic data match the previously reported in the
literature.24

4.1.7. 2-m-Tolylbenzofuran (2g). White solid (84 mg, 81%); 1H NMR
(400 MHz) d: 7.67 (s, 1H), 7.63 (d, J¼8.0 Hz, 1H), 7.54 (d, J¼8.0 Hz,
1H), 7.50 (d, J¼8.0 Hz, 1H), 7.31e7.26 (m, 1H), 7.25e7.17 (m, 2H),
7.14e7.10 (m, 1H), 6.95 (s, 1H), 2.38 (s, 3H); 13C NMR (100 MHz) d:
156.1, 154.9, 138.4, 130.4, 129.4, 129.3, 128.7, 125.5, 124.1, 122.9,
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122.1, 120.8, 111.1, 101.1, 21.5; MS (EI) m/z (%): 208 (Mþ, 100). The
spectroscopic data match the previously reported in the
literature.25

4.1.8. 2-(3-Fluorophenyl)benzofuran (2h). White solid (104 mg,
98%); 1H NMR (400 MHz) d: 7.58e7.46 (m, 4H), 7.32 (q, 1J¼8.0 Hz,
2J¼6.0 Hz, 1H), 7.26 (t, J¼7.2 Hz, 1H), 7.20 (t, J¼7.2 Hz, 1H), 6.99 (t,
J¼8.4 Hz,1H), 6.94 (s, 1H); 13C NMR (100MHz) d: 164.3, 161.9, 154.9,
154.5, 154.4, 132.5, 132.4, 130.3, 130.2, 128.9, 124.7, 123.0, 121.1,
120.5, 120.4, 115.3, 115.1, 111.8, 111.6, 111.2, 102.3; MS (EI) m/z (%):
212 (Mþ, 100), 183 (47). The spectroscopic data match the pre-
viously reported in the literature.26

4.1.9. 2-(3-Chlorophenyl)benzofuran (2i). White solid (112 mg,
98%); 1H NMR (400 MHz) d: 7.78 (s, 1H), 7.64e7.60 (m, 1H), 7.51 (d,
J¼7.6 Hz, 1H), 7.46 (d, J¼8.4 Hz, 1H), 7.27e7.22 (m, 3H), 7.19 (t,
J¼7.2 Hz, 1H) 6.91 (s, 1H); 13C NMR (100 MHz) d: 154.9, 154.3, 134.9,
132.2,130.0,128.9,128.4,124.9,124.7,123.1,122.9,121.1,111.2,102.4;
MS (EI) m/z (%): 230 (34), 228 (Mþ, 100). The spectroscopic data
match the previously reported in the literature.27

4.1.10. 2-(3-Bromophenyl)benzofuran (2j). White solid (132 mg,
97%); 1H NMR (400 MHz) d: 7.94 (s, 1H), 7.67 (d, J¼7.6 Hz, 1H), 7.52
(d, J¼7.6 Hz,1H), 7.47 (d, J¼8.0 Hz,1H), 7.39 (d, J¼8.0 Hz,1H), 7.26 (t,
J¼7.6 Hz, 1H), 7.23e7.17 (m, 2H), 6.92 (s, 1H); 13C NMR (100 MHz) d:
155.0, 154.2, 132.4, 131.3, 130.3, 128.9, 127.8, 124.8, 123.4, 123.1,
123.0, 121.1, 111.3, 102.4; MS (EI) m/z (%): 274 (88), 272 (Mþ, 100).
The spectroscopic data match the previously reported in the
literature.28

4.1.11. 2-Butylbenzofuran (2k). Colorless oil (25 mg, 29%); 1H NMR
(400 MHz) d: 7.46 (d, J¼7.6 Hz, 1H), 7.40 (d, J¼7.6 Hz, 1H),
7.20e7.16 (m, 2H), 6.37 (s, 1H), 2.77 (t, J¼7.6 Hz, 2H), 1.77e1.69 (m,
3H), 1.45e1.39 (m, 3H), 0.96 (t, J¼7.6 Hz, 3H); 13C NMR (100 MHz)
d: 159.7, 154.6, 129.0, 123.0, 122.3, 120.1, 110.7, 101.7, 29.8, 28.1,
22.3, 13.8; MS (EI) m/z (%): 174 (Mþ, 30), 132 (34), 131 (100). The
spectroscopic data match the previously reported in the
literature.29

4.1.12. 5-Methyl-2-phenylbenzofuran (2l). White solid (98 mg,
94%); 1H NMR (400 MHz) d: 7.85 (d, J¼8.0 Hz, 2H), 7.43 (t, J¼7.6 Hz,
2H), 7.40e7.31 (m, 3H), 7.09 (t, J¼8.4 Hz, 1H), 6.95 (s, 1H), 2.44 (s,
3H); 13C NMR (100 MHz) d: 156.0, 153.3, 132.3, 130.6, 129.3, 128.7,
128.4,125.5, 124.8,120.7, 110.6, 101.1, 21.3; MS (EI)m/z (%): 208 (Mþ,
100), 207 (54). The spectroscopic data match the previously re-
ported in the literature.30

4.1.13. 5-Methyl-2-p-tolylbenzofuran (2m). White solid (48 mg,
43%); 1H NMR (400 MHz) d: 7.74 (d, J¼8.0 Hz, 2H), 7.38 (t, J¼7.6 Hz,
1H), 7.34 (s, 1H), 7.23 (s, 2H), 7.07 (d, J¼8.4 Hz, 1H), 6.89 (s, 1H), 2.44
(s, 3H), 2.39 (s, 3H); 13C NMR (100MHz) d: 156.3, 153.2, 138.4, 132.2,
129.4, 127.9, 125.2, 124.8, 120.6, 110.6, 100.3, 22.7, 21.4; MS (EI) m/z
(%): 222 (Mþ, 100), 221 (34). The spectroscopic data match the
previously reported in the literature.17b
Scheme 3.
4.1.14. 5-tert-Butyl-2-phenylbenzofuran (2n). White solid (43 mg,
34%); 1H NMR (400 MHz) d: 7.85 (d, J¼7.6 Hz, 2H), 7.58 (d, J¼1.6 Hz,
1H), 7.46e7.41 (m, 3H), 7.36e7.31 (m, 2H), 7.07 (d, J¼8.4 Hz, 1H),
6.99 (s, 1H), 1.39 (s, 9H); 13C NMR (100 MHz) d: 156.0, 153.2, 146.0,
130.7, 128.9, 128.7, 128.4, 124.9, 122.2, 117.1, 110.4, 101.5, 34.7, 31.8;
MS (EI)m/z (%): 250 (Mþ, 31), 235 (58), 44 (100). The spectroscopic
data match the previously reported in the literature.17i

4.1.15. 5-tert-Butyl-2-p-tolylbenzofuran (2o). White solid (27 mg,
20%); 1H NMR (400 MHz) d: 7.74 (d, J¼7.6 Hz, 2H), 7.56 (d, J¼1.6 Hz,
1H), 7.42 (d, 1H), 7.30 (dd, 1J¼8.4 Hz, 2J¼1.6 Hz, 1H), 7.24 (d,
J¼7.2 Hz, 2H), 6.93 (s, 1H), 2.39 (s, 3H), 1.39 (s, 9H); 13C NMR
(100 MHz) d: 156.3, 153.0, 145.9, 138.4, 129.4, 129.0, 128.0, 124.8,
122.0, 116.9, 110.3, 100.7, 34.7, 31.9, 21.4; MS (EI) m/z (%): 264 (Mþ,
37), 249 (54), 44 (100). The spectroscopic datamatch the previously
reported in the literature.31

4.1.16. 5-tert-Butyl-2-(4-chlorophenyl)benzofuran (2p). White solid
(45 mg, 32%); 1H NMR (400 MHz) d: 7.75 (d, J¼7.2 Hz, 2H), 7.57 (d,
J¼1.6 Hz, 1H), 7.43e7.33 (m, 4H), 6.95 (s, 1H), 1.38 (s, 9H); 13C NMR
(100 MHz) d: 154.9, 153.2, 146.2, 134.1, 129.2, 129.0, 128.8, 126.0,
122.6, 117.2, 110.5, 101.9, 34.7, 31.8; MS (EI) m/z (%): 284 (Mþ, 49),
269 (100). The spectroscopic data match the previously reported in
the literature.31

4.1.17. 5-Chloro-2-phenylbenzofuran (2q). White solid (74 mg, 65%);
1H NMR (400 MHz) d: 7.83 (d, J¼7.6 Hz, 2H), 7.52 (d, J¼2.0 Hz, 1H),
7.46e7.34 (m, 4H), 7.24e7.20 (m, 1H), 6.93 (s, 1H); 13C NMR
(100MHz) d: 157.4,153.2,130.6,129.9,128.9,128.8,128.5,125.0,124.4,
120.4, 112.1, 100.8; MS (EI) m/z (%): 230 (32), 228 (Mþ, 100). The
spectroscopic data match the previously reported in the literature.30

4.1.18. 5-Chloro-2-p-tolylbenzofuran (2r). White solid (85 mg,
70%); 1H NMR (400 MHz) d: 7.72 (d, J¼8.4 Hz, 2H), 7.50 (d, J¼2.0 Hz,
1H), 7.40 (d, J¼8.4 Hz, 1H), 7.25e7.20 (m, 3H), 6.87 (s, 1H), 2.39 (s,
3H); 13C NMR (100 MHz) d: 157.7, 153.1, 139.1, 130.7, 129.5, 128.4,
127.2, 125.0, 124.0, 120.2, 112.0, 100.0, 21.4; MS (EI) m/z (%): 244
(32), 242 (Mþ, 100). The spectroscopic data match the previously
reported in the literature.31

4.1.19. 5-Chloro-2-(4-chlorophenyl)benzofuran (2s). White solid
(58 mg, 44%); 1H NMR (400 MHz) d: 7.75 (d, J¼8.8 Hz, 2H), 7.52 (d,
J¼2.0 Hz, 1H), 7.41 (d, J¼8.4 Hz, 3H), 7.25e7.21 (m, 1H), 6.92 (s, 1H);
13C NMR (100 MHz) d: 156.2, 153.3, 134.8, 133.7, 130.4, 129.1, 128.5,
126.3, 124.7, 120.5, 112.1, 101.2; MS (EI) m/z (%): 264 (60), 262 (Mþ,
100). The spectroscopic data match the previously reported in the
literature.31

4.2. Starting materials

All of the 2-(phenylethynyl)phenol derivatives were prepared
according to Scheme 3 using a modified variant of the method re-
ported by Takahashi.32

4.2.1. MOMCl protection (SP1). MOMCl (12.0 mmol) was added to
a mixture of A (6.0 mmol) and NaH (24.0 mmol) in DMF (20 mL)
with ice-cooling. The mixture was stirred at room temperature
until the phenol was consumed, after which the mixture was
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diluted with water (15 mL) and ether (100 mL). The layers were
separated and the organic phase was washed with abundant water
before being dried over Na2SO4, filtered, and the solvent was re-
moved under reduced pressure to afford compound B as a yellow
oil.33

4.2.2. Sonagashira reaction (SP2). Pd(PPh3)2Cl2 (5 mol %) and CuI
(5 mol %) were added to a solution of alkyne (1.1 equiv) and com-
pound B (1.0 equiv) in THF and triethylamine mixture solution. The
resulting mixture was stirred at 50 �C until the reaction was com-
plete as determined by TLC. On completion, the mixture was
allowed to cool to room temperature. Removal of solvent under
reduced pressure afforded a residue, which was purified by flash
chromatography in ethyl acetate/petroleum ether to afford the
compound C.

4.2.3. MOM deprotection (SP3). HCl (6 M) was added to a solution
of the MOM protected compound C in CH3OH solution and the
mixture was stirred at reflux temperature until deprotection was
complete. Dilution with water and ethylether and extraction of the
aqueous layer with ethylether was followed by washing of the
combined organic phases with brine, drying over Na2SO4, and re-
moving the solvent under reduced pressure to afford a residue,
which can be purified by flash chromatography in ethyl acetate/
petroleum to afford the reactants.17f

The following compounds were prepared by this method:

4.2.4. 2-(Phenylethynyl)phenol (1a). Yellow solid (2.59 g, 97%); 1H
NMR (400 MHz, CDCl3): d: 7.56e7.53 (m, 2H), 7.43 (dd, 1J¼8.0 Hz,
2J¼1.6 Hz, 1H), 7.39e7.37 (m, 3H), 7.30e7.27 (m, 1H), 6.98 (d,
J¼8.4 Hz,1H), 6.92 (t, J¼7.6 Hz,1H), 5.83 (s,1H); 13C NMR (100MHz)
d: 156.5, 131.6, 130.5, 128.8, 128.5, 122.4, 120.4, 114.7, 109.6, 96.4,
83.0; MS (EI) m/z (%): 194 (Mþ, 100). The spectroscopic data match
the previously reported in the literature.34

4.2.5. 2-(Thiophen-2-ylethynyl)phenol (1b). Yellow solid (801 mg,
85%); 1H NMR (400 MHz) d: 7.41 (d, J¼7.6 Hz, 1H), 7.33e7.25 (m,
3H), 7.03 (t, J¼4.4 Hz, 1H), 6.98 (d, J¼8.4 Hz, 1H), 6.91 (t, J¼7.6 Hz,
1H), 5.77 (s, 1H); 13C NMR (100 MHz) d: 156.5, 132.5, 131.7, 130.7,
128.0, 127.2, 122.3, 120.5, 114.9, 109.3, 89.3, 86.7; MS (EI) m/z (%):
200 (Mþ, 100). The spectroscopic data match the previously re-
ported in the literature.35

4.2.6. 2-(p-Tolylethynyl)phenol (1c). Yellow solid (410 mg, 91%); 1H
NMR (400 MHz) d: 7.45e7.40 (m, 3H), 7.29e7.24 (m, 1H), 7.18 (d,
J¼8.0 Hz, 2H), 6.98 (d, J¼7.6 Hz, 1H), 6.91 (t, J¼7.6 Hz, 1H), 5.84 (s,
1H), 2.39 (s, 3H); 13C NMR (100 MHz) d: 156.5, 139.2, 131.7, 131.6,
130.4, 129.3, 120.5, 119.4, 114.7, 109.9, 96.7, 82.4, 21.6; MS (EI) m/z
(%): 208 (Mþ, 100), 207 (51). The spectroscopic data match the
previously reported in the literature.36

4.2.7. 2-((4-Fluorophenyl)ethynyl)phenol (1d). Yellow solid
(312 mg, 90%); 1H NMR (400 MHz) d: 7.55e7.51 (m, 2H), 7.41 (dd,
1J¼7.6 Hz, 2J¼1.6 Hz, 1H), 7.30e7.26 (m, 1H), 7.08 (t, J¼8.4 Hz, 2H),
6.98 (d, J¼8.0 Hz, 1H), 6.91 (t, J¼8.4 Hz, 1H), 5.77 (s, 1H); 13C NMR
(100 MHz) d: 164.1, 161.6, 156.5, 133.6, 133.5, 131.7, 130.6, 120.5,
118.5, 118.4, 116.0, 115.7, 114.8, 109.4, 95.2, 82.8; MS (EI)m/z (%): 212
(Mþ, 100). The spectroscopic data match the previously reported in
the literature.37

4.2.8. 2-((4-Chlorophenyl)ethynyl)phenol (1e). Yellow solid (211 mg,
88%); 1H NMR (400 MHz) d: 7.49e7.45 (m, 2H), 7.42 (dd, 1J¼7.6 Hz,
2J¼1.6 Hz, 1H), 7.35 (d, J¼8.8 Hz, 2H), 7.31e7.26 (m, 1H), 6.98 (d,
J¼8.0 Hz, 1H), 6.92 (t, J¼7.6 Hz, 1H), 5.75 (s, 1H); 13C NMR (100 MHz)
d: 156.5,134.9,132.8,131.7,130.7,128.9,120.9,120.5,114.8,109.3, 95.1,
84.0; MS (EI) m/z (%): 228 (Mþ, 100); Anal. Calcd for C14H9OCl: C
(73.53), H (3.97); Found: C (73.43), H (3.99); HRMS (ESI)m/z calcd for
C14H9ClNaO [MþNa]þ 251.0234, found: 251.0236. The spectroscopic
data match the previously reported in the literature.35

4.2.9. 2-((4-Bromophenyl)ethynyl)phenol (1f). Yellow solid
(203 mg, 84%); 1H NMR (400 MHz) d: 7.53e7.48 (m, 2H), 7.43e7.36
(m, 3H), 7.31e7.25 (m, 1H), 6.98 (d, J¼8.4 Hz, 1H), 6.92 (t, J¼7.6 Hz,
1H), 5.76 (s, 1H); 13C NMR (100 MHz) d: 156.5, 133.8, 133.0, 131.8,
131.7, 130.8, 123.1, 121.4, 120.5, 114.9, 109.3, 95.2, 84.3; MS (EI) m/z
(%): 274 (92), 272 (Mþ, 93), 165 (100). The spectroscopic data match
the previously reported in the literature.38

4.2.10. 2-(m-Tolylethynyl)phenol (1g). Colorless oil (264 mg, 90%);
1H NMR (400 MHz) d: 7.41 (dd, 1J¼8.0 Hz, 2J¼1.6 Hz, 1H), 7.37e7.33
(m, 2H), 7.29e7.24 (m, 2H), 7.18 (d, J¼7.6 Hz, 1H), 6.97 (d, J¼8.0 Hz,
1H), 6.91 (t, 1J¼7.6 Hz, 2J¼1.2 Hz, 1H) 5.84 (s, 1H), 2.36 (s, 3H); 13C
NMR (100MHz) d: 156.5, 138.2, 132.2, 131.6, 130.4, 129.7, 128.7, 128.4,
122.2, 120.4, 114.7, 109.7, 96.6, 82.6; MS (EI) m/z (%): 208 (Mþ, 100).
HRMS (c ESI)m/z calcd for C15H12O [M]þ 208.0883, found: 208.0896.

4.2.11. 2-((3-Fluorophenyl)ethynyl)phenol (1h). Yellow solid (277mg,
91%); 1H NMR (400 MHz) d: 7.42 (dd, 1J¼7.6 Hz, 2J¼1.6 Hz, 1H),
7.36e7.27 (m, 3H), 7.25e7.22 (m, 1H), 7.12e7.06 (m, 1H), 6.99 (dd,
1J¼8.4 Hz, 2J¼0.4 Hz, 1H), 6.93 (dd, 1J¼7.6 Hz, 2J¼0.8 Hz, 1H), 5.75 (s,
1H); 13C NMR (100 MHz) d: 163.6, 161.2, 156.6, 131.8, 130.8, 130.2,
130.1, 127.5, 127.4, 124.3, 124.2, 120.5, 118.5, 118.3, 116.3, 116.1, 114.9,
109.1, 95.0, 94.9, 84.0; MS (EI) m/z (%): 212 (Mþ, 100). The spectro-
scopic data match the previously reported in the literature.17j

4.2.12. 2-((3-Chlorophenyl)ethynyl)phenol (1i). Yellow solid
(205 mg, 90%), mp 96e98 �C; 1H NMR (400 MHz) d: 7.54e7.52 (m,
1H), 7.45e7.40 (m, 2H), 7.36e7.26 (m, 3H), 6.98 (d, J¼8.4 Hz, 1H),
6.92 (t, J¼8.0 Hz, 1H), 5.74 (s, 1H); 13C NMR (100 MHz) d: 156.6,
134.4, 131.8, 131.4, 130.9, 129.7, 129.6, 124.1, 120.5, 114.9, 109.1, 94.8,
84.3; MS (EI) m/z (%): 230 (32), 228 (Mþ, 100); Anal. Calcd for
C14H9OCl: C (73.53), H (3.97); Found: C (73.55), H (3.98). HRMS (c
ESI) m/z calcd for C14H19OCl [M]þ 228.0336, found: 228.0350.

4.2.13. 2-((3-Bromophenyl)ethynyl)phenol (1j). Yellow solid
(193 mg, 87%); 1H NMR (400 MHz) d: 7.71e7.69 (m, 1H), 7.54e7.45
(m, 2H), 7.41 (dd, 1J¼7.6 Hz, 2J¼1.6 Hz, 1H), 7.32e7.26 (m, 1H),
7.25e7.22 (m, 1H), 6.98 (d, J¼7.6 Hz, 1H), 6.92 (t, J¼7.6 Hz, 1H), 5.73
(s, 1H); 13C NMR (100 MHz) d: 156.6, 134.3, 131.9, 131.8, 130.9, 130.1,
129.9, 124.4, 122.3, 120.5, 114.9, 109.1, 94.6, 84.5; MS (EI) m/z (%):
274 (88), 272 (Mþ, 92), 165 (100). The spectroscopic data match the
previously reported in the literature.26

4.2.14. 2-(Hex-1-ynyl)phenol (1k). Colorless oil (176 mg, 70%); 1H
NMR (400 MHz) d: 7.31 (dd, 1J¼7.6 Hz, 2J¼1.6 Hz, 1H), 7.19e7.16 (m,
1H), 6.92 (d, J¼8.4 Hz, 1H), 6.86e6.81 (m, 1H), 5.81 (s, 1H), 2.48 (t,
J¼6.8 Hz, 2H), 1.65e1.58 (m, 2H), 1.53e1.43 (m, 2H), 0.96 (t,
J¼7.2 Hz, 3H); 13C NMR (100MHz) d: 156.5, 131.4, 129.6, 120.1, 114.3,
110.2, 98.0, 74.5, 30.8, 22.0,19.3,13.6; MS (EI)m/z (%): 174 (Mþ, 100),
131 (55). The spectroscopic data match the previously reported in
the literature.35

4.2.15. 4-Methyl-2-(phenylethynyl)phenol (1l). Yellow solid
(211 mg, 87%); 1H NMR (400 MHz) d: 7.53e7.51 (m, 2H), 7.38e7.35
(m, 3H), 7.26e7.23 (m, 1H), 7.07 (dd, 1J¼7.6 Hz, 2J¼2.0 Hz, 1H), 6.87
(d, J¼8.4 Hz, 1H), 5.66 (s, 1H), 2.28 (s, 3H); 13C NMR (100 MHz) d:
154.4, 131.7, 131.6, 131.3, 129.6, 128.7, 128.5, 122.5, 114.5, 109.2, 96.0,
83.3, 20.3; MS (EI) m/z (%): 208 (Mþ, 100), 207 (67). The spectro-
scopic data match the previously reported in the literature.35

4.2.16. 4-Methyl-2-(p-tolylethynyl)phenol (1m). Yellow solid
(173 mg, 81%); 1H NMR (400 MHz) d: 7.42 (d, J¼8.0 Hz, 2H), 7.22 (s,
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1H), 7.17 (d, J¼8.0 Hz, 2H), 7.06 (dd, 1J¼8.4 Hz, 2J¼1.6 Hz, 1H), 6.87
(d, J¼8.4 Hz, 1H), 5.67 (s, 1H), 2.38 (s, 3H), 2.27 (s, 3H); 13C NMR
(100 MHz) d: 154.3, 143.2, 131.6, 128.7, 128.5, 128.3, 127.8, 122.5,
114.3, 108.8, 95.8, 83.6, 34.1, 31.4; MS (EI) m/z (%): 222 (Mþ, 100),
221 (57). The spectroscopic data match the previously reported in
the literature.39

4.2.17. 4-tert-Butyl-2-(phenylethynyl)phenol (1n). Colorless oil
(152 mg, 83%); 1H NMR (400 MHz) d: 7.55e7.53 (m, 2H), 7.43 (d,
J¼3.2 Hz,1H), 7.38e7.35 (m, 3H), 7.30 (dd, 1J¼8.8 Hz, 2J¼2.4 Hz,1H),
6.91 (d, J¼8.8 Hz, 1H), 5.69 (s, 1H), 1.30 (s, 9H); 13C NMR (100 MHz)
d: 154.3, 139.0, 131.6, 131.5, 131.1, 129.6, 129.2, 119.4, 114.4, 109.4,
96.3, 82.6, 21.5, 20.4; MS (EI) m/z (%): 250 (Mþ, 52), 235 (100). The
spectroscopic data match the previously reported in the
literature.40

4.2.18. 4-tert-Butyl-2-(p-tolylethynyl)phenol (1o). Colorless oil
(148 mg, 79%); 1H NMR (400 MHz) d: 7.45e7.41 (m, 3H), 7.29 (dd,
1J¼8.8 Hz, 2J¼2.4 Hz, 1H), 7.17 (d, J¼8.0 Hz, 2H), 6.91 (d, J¼7.6, 1H)
5.69 (s, 1H), 2.38 (s, 3H), 1.30 (s, 9H); 13C NMR (100 MHz) d: 154.2,
143.2, 139.0, 131.5, 129.2, 128.2, 127.6, 119.4, 114.2, 109.0, 96.0, 82.9,
34.1, 31.4, 21.5; MS (EI) m/z (%): 264 (Mþ, 48), 249 (100); Anal.
Calcd for C19H20O: C (86.32), H (7.63); Found: C (86.29), H (7.61);
HRMS (ESI) m/z calcd for C19H20NaO [MþNa]þ 287.1406, found:
287.1408.

4.2.19. 4-tert-Butyl-2-((4-chlorophenyl)ethynyl)phenol (1p). Yellow
solid (131 mg, 75%), mp 98e100 �C; 1H NMR (400 MHz) d:
7.50e7.47 (m, 2H), 7.46 (dd, 1J¼7.2 Hz, 2J¼2.0 Hz, 1H), 7.37e7.31 (m,
3H), 6.94 (d, J¼8.4 Hz, 1H), 5.74 (s, 1H), 1.33 (s, 9H); 13C NMR
(100 MHz) d: 154.3, 143.3, 134.7, 132.7, 128.8, 128.4, 128.0, 121.0,
114.4, 108.5, 94.4, 84.8, 34.1, 31.3; MS (EI)m/z (%): 284 (Mþ, 44), 271
(32), 269 (100); Anal. Calcd for C18H17OCl: C (75.92), H (6.02);
Found: C (75.89), H (5.99); HRMS (ESI) m/z calcd for C18H17ClNaO
[MþNa]þ 307.0860, found: 307.0862.

4.2.20. 4-Chloro-2-(phenylethynyl)phenol (1q). Yellow solid
(167 mg, 85%); 1H NMR (400 MHz) d: 7.55e7.52 (m, 2H), 7.40e7.36
(m, 4H), 7.22 (dd, 1J¼8.8 Hz, 2J¼2.8 Hz, 1H), 6.92 (d, J¼8.4 Hz, 1H),
5.79 (s, 1H); 13C NMR (100 MHz) d: 155.2, 131.7, 130.9, 130.4, 129.2,
128.6, 125.1, 121.9, 116.0, 111.1, 97.3, 81.8; MS (EI) m/z (%): 230 (32),
228 (Mþ, 100). The spectroscopic data match the previously re-
ported in the literature.35

4.2.21. 4-Chloro-2-(p-tolylethynyl)phenol (1r). Yellow solid
(151 mg, 83%); 1H NMR (400 MHz) d: 7.42 (d, J¼8.0 Hz, 2H), 7.38 (d,
J¼2.8 Hz, 1H), 7.22e7.17 (m, 3H), 6.91 (d, J¼8.4 Hz, 1H), 5.79 (s, 1H),
2.39 (s, 3H); 13C NMR (100 MHz) d: 155.1, 139.5, 131.6, 130.8, 130.2,
129.3, 125.0, 118.8, 116.0, 111.3, 97.6, 81.2, 21.6; MS (EI) m/z (%): 244
(32), 242 (Mþ, 100), 241 (43). The spectroscopic data match the
previously reported in the literature.39

4.2.22. 4-Chloro-2-((4-chlorophenyl)ethynyl)phenol (1s). Yellow
solid (131 mg, 77%); 1H NMR (400 MHz) d: 7.48e7.44 (m, 2H),
7.39e7.35 (m, 3H), 7.23 (dd, 1J¼8.4 Hz, 2J¼2.8 Hz, 1H), 6.92 (d,
J¼8.8 Hz,1H), 5.72 (s, 1H); 13C NMR (100MHz) d: 155.2,135.4,132.9,
131.0, 130.7, 129.0, 125.2, 120.4, 116.2, 110.8, 96.0, 82.8; MS (EI) m/z
(%): 264 (63), 262 (Mþ, 100), 199 (72). The spectroscopic data match
the previously reported in the literature.41
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