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Abstract—A solventless, microwave-enhanced Sonogashira coupling reaction of aromatic iodides with terminal alkynes on potassium
fluoride doped alumina in the presence of palladium powder, cuprous iodide, and triphenylphosphine has been developed. The reaction can
be utilized to prepare aryl alkynes in excellent yields. The coupling of o-iodophenol with terminal alkynes leads to the formation
2-substituted-benzo[b]furans. Whereas the coupling of o-iodoanilines with terminal alkynes generates indole products. An in situ desilylation
reaction was also developed. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The Sonogashira coupling reaction of terminal alkynes with
aryl halides provides an efficient route to aryl alkynes.'
Numerous applications to natural product syntheses have
been reported, including the construction of complex
enediyne antibiotics.” The reaction is generally carried out
in an organic solvent such as an amine, benzene, THF or
DMF along with a complex palladium catalyst which is
soluble in these solvents. The prerequisite palladium
reagents tend to be expensive and the solvents can pose
recyclability (waste handing) problems. In addition, amines
such as piperidine, diethylamine and triethylamine are
required in most Sonogashira reaction and they add to the
environmental burden.

We have found alumina to be a particularly useful reagent in
organic synthesis because it can be modified in a variety of
ways which enhance its reactivity. Alumina also obviates a
number of environmental problems.® For example, using a
commercially available alumina potassium fluoride mixture
to which we added palladium powder, we were able to carry
out Suzuki and Sonogashira coupling reactions on a variety
of aromatic moieties without the use of a solvent.*

Microwave irradiation of organic reactions has gained in
popularity since it was found to accelerate a wide variety
of transformations.” In recent years, a number of reports
have appeared in which reactants are coated on to surfaces
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which themselves absorb little or no microwave energy.
In these instances, the reactive species absorb the micro-
wave energy but the temperature of the reaction mixture
tends to rise only modestly. This results in relatively large
energy savings as well as making it possible to carry out
reactions in simple glassware, such as open beakers and
flasks.®

We now report the details of our study of a solventless,
microwave-enhanced, Sonagashira coupling reaction of
aromatic iodides with terminal alkynes carried out on
potassium fluoride doped alumina in the presence of
palladium powder, cuprous iodide, and triphenylphosphine.
The reaction produces aryl alkynes in good to excellent
yields. We also examined a more direct reaction sequence
involving an in situ desilylation followed by Sonogashira
coupling of aromatic iodides with 1-substituted-2-
(trimethylsilyl)acetylenes. We then examined an in situ
cyclization reaction involving the Sonogashira reaction of
o-iodophenol with terminal alkynes (with and without prior
desilylation) which provides a new route to 2-substituted-
benzo[b]furans. The in situ cyclization was also carried out
utilizing o-iodoanilines which generates indoles.

2. Results and discussion

A number of reaction parameters (base concentration,
temperature, and reaction time) were evaluated in an effort
to maximize the yields of the Sonogashira coupling reaction
of terminal alkynes with aromatic iodides. The results are
summarized in Table 1. Iodobenzene and 1-decyne were
chosen as model compounds for the initial study.
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Table 1. The optimization of Sonogashira coupling reaction conditions

Pd-Cul-PPhy/KF-ALO;
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@—1 + n—CgH,,C=CH

Solventless, MW

n—CsH”CEC—@

Entry Base (40% by weight) Pd (mg) PPh; (mg) Cul (mg) Reaction time (min.) Yield (%)*
a K,CO; 40 180 70 2.5 20
b KF 40 180 70 2.5 95
c NaF 40 180 70 2.5 5
d K5PO, 40 180 70 2.5 0
e KOH 40 180 70 2.5 72
f KF 0 180 70 2.5 0
g KF 10 180 70 2.5 67
h KF 20 180 70 2.5 87
i KF 30 180 70 2.5 94
j KF 40 180 70 2.5 94
k KF 50 180 70 2.5 93
1 KF 40 0 70 2.5 0
m KF 40 70 70 2.5 89
n KF 40 140 70 2.5 94
[ KF 40 180 70 2.5 94
p KF 40 230 70 2.5 94
q KF 40 180 0 2.5 0
r KF 40 180 20 2.5 53
S KF 40 180 40 2.5 83
t KF 40 180 60 2.5 93
u KF 40 180 70 2.5 93
v KF 40 180 80 2.5 93
w KF 40 180 90 2.5 93
X KF 40 180 70 1 28
y KF 40 180 70 2 89
z KF 40 180 70 2.5 95
aa KF 40 180 70 2.75 95
ab KF 40 180 70 3 95
ac KF 40 180 70 4 90

Reaction conditions: iodobenzene (1.00 mmol), 1-decyne (1.05 mmol), base (40% by weight)/Al,0; (1.00 g), 1000 watt microwave oven (Sharp R-4A38) used

at 100% power.
 TIsolated yields.

The Sonogashira reaction requires the presence of a base. Of
the bases we tested (entries a—e, Table 1), potassium
fluoride was the most effective. In addition, KF/Al,O; is
commercially available. The palladium powder, triphenyl-
phosphine and cuprous iodide are all essential to the
reaction. No reaction occurs in the absence of palladium
powder, triphenylphosphine or cuprous iodide (entries f, I,
and g, Table 1). The most effective reaction conditions were
found to be Pd (40 mg, 99.9+% submicron powder), Cul
(70 mg), PPh; (180 mg), KF/Al,0; (40% by weight, 1.0 g),
terminal alkyne (1.05 mmol) and aryl iodide (1.00 mmol)
under microwave irradiation at 100% power for 2.5 min.
These conditions were utilized throughout the remainder
of the study.

2.1. Sonogashira coupling reaction of organic halides
with alkynes

A variety of aromatic terminal alkynes and aliphatic
terminal alkynes were successfully coupled with aromatic
iodides in excellent yields (Table 2).

Since the solid-state reactions utilize larger quantities of
palladium than the corresponding solution reactions,' we
examined the recyclability of the solid-state catalyst. After
carrying out a reaction and isolating the product, additional
potassium fluoride and triphenylphosphine were added to
the palladium on alumina and the reaction repeated. Only

Table 2. Sonogashira coupling reaction of organic halides with terminal
alkynes

Pd-Cul-PPh3/KF-Al,O4
Solventless, MW

R!X + R*C=CH

R*c=CR'

Entry R'X R? Yield (%)*
a C6HSI ﬂ-CgH17 94
b C6H51 I’l-C6H13 84
c CeHsl C¢Hs 91
d p-CH3C6H4I l’l-CgHm 97
e p-CH;0CH.I n-CgHyy 93
£ 0-FCH,I n-CgHyy 84
g m—FC6H4I n-CgH17 96
h p-CH;COCGH,I CeHs 82
i p-NO,CGH,I CeHs 67
j 0-(CH3)2NC6H4I C6H5 82
k CeHil p-CH3CeH, 96
1 CeHsl 0-CIC4H, 94
m C6H51 p-FC6H4 98
n CeHsl o-FCH, 91
o C6HSI p-CH3COC(,H4 93
P CGHSI p—BrC6H4 88
N
r Clo~ox ! CeHs 84

Reaction conditions: organic halide (1.00 mmol), alkyne (1.05 mmol), 40%
KF/Al,O; (1.00 g), microwave (Sharp R-4A38) time of 2.5 min.
# Isolated yields.
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Pd-Cul-PPhy/KF-Al,O,

HC=C(CH,);C=CH + 2 @—1

Solventless, MW

Pd-Cul-PPhy/KF-Al,03

Qc EC(CHZ)O—CEC—Q

90%

2 @—czcn-l + 1‘©—1

Solventless, MW

Pd-Cul-PPhy/KF-Al, 0,

ez~ p—e=e<_)

77%

I
2 @—czcrt + @[
I

Scheme 1. bis-Sonogashira reactions.
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Scheme 2. Desilylation reactions.

minor decreases in reaction yields were observed through
seven repetitive cycles.

Internal alkynes were not reactive. Aryl bromides, aryl
chlorides, aryl fluorides and aryl triflates were also not
reactive and were recovered unchanged. Aryl diazo salts
did not react but simply decomposed under the reaction
conditions. Substitutent effects were also examined. The
results indicate that the reaction is relatively insensitive to
the electronic characteristics of a substituent as well as its
location.

We found that 1,9-decadiyne reacts with iodobenzene
(excess) to afford the bis-Sonogashira coupling product in
excellent yield. Phenylacetylene (excess) reacts with both
1,4-diiodobenzene and 1,2-diiodobenzene to generate the
corresponding dialkyne in good yields (Scheme 1).

2.2. The Sonogashira coupling of aromatic iodides with
1-substituted-2-(trimethylsilyl)acetylenes

During the study, we generally prepared the aryl terminal
alkynes from the corresponding trimethylsilyl reagents
using potassium carbonate and potassium fluoride (Scheme
2) in methanol solution.” It occurred to us that the potassium
fluoride/alumina surface might be an effective desilylating
reagent. We then found that phenylacetylene can be

Solventless, MW, 90% (Y=H)

prepared from 1-phenyl-2-(trimethylsilyl)acetylene in 90%
yield under solvent free conditions. This result led us to
use trimethylsilyl derivatives of aryl terminal alkynes in a
new one-pot Sonogashira coupling reaction. The trimethyl-
silylated alkynes react readily with iodobenzene, p-methyl-
iodobenzene, p-acetyliodobenzene and 2-iodothiophene,
respectively, to afford the corresponding coupling products
in excellent yields. The results are summarized in Table 3.

Table 3. Sonogashira coupling reaction of aromatic iodides with 1-substi-
tuted-2-(trimethylsilyl)acetylene

Pd-Cul-PPh y/KF-AlLO5

R'X + R*C=CSi(CH 20=cR!
(CHy)s Solventless, MW R CR
Entry R'X R? Yield (%)*
a CéHSI C6H5 90
b p-CH3C6H4I C6H5 89
c CeHsl p-CH;CeH, 91
d p-CH3C6H4I p-CH3C6H4 92
(S p-CHgCOC6H4I p-CH3COC6H4 78
f P-CHyCGHLI p-CH,COCH, 86
g C6H5I n-Can 91
h ) n-CsHy, 86
S 1

Reaction conditions: organic halide (1.00 mmol), alkyne (1.05 mmol), 40%
KF/AlL,O; (1.00 g), microwave (Sharp R-4A38) time of 2.5 min.
 Isolated yields.
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Table 4. Sonogashira coupling—cyclization of o-iodophenol with terminal alkynes

Pd-Cul-PPhy/KF-ALO;,

X \C[I
OH

X
Solventless, MW .
O R
Entry X R Y Yield (%)*
a H C6H5 H 54
b H CgHjs Si (CH;); 50
c H p-CH3CgHy H 53
d H 0-FC6H4 H 54
e H p-BrCgH, H 33
f H n—C8H17 H 35
g H n-C6H]3 H 37
h CH; p-CH3C¢Hy Si (CH;); 51
i CH;CO C¢Hs Si (CH3); 49

Reaction conditions: alkyne (1.05 mmol), o-iodophenol (1.00 mmol), 40% KF/Al,O3 (1.00 g), microwave (Sharp R-4A38) time of 2.5 min.

 TIsolated yields.

2.3. The formation of 2-substituted-benzo[b]furans via
the Sonogashira coupling—cyclization of o-iodophenol
with terminal alkynes

Benzo[b]furans and their derivatives have received much
attention in recent years because of their occurrence in
natural substances and their physiological activity.® They
are widely used as anti-tumor agents,” as ligands of the
adenosine A, receptor,'® and as calcium entry blockers.'!
The general routes to benzo[b]furans are reductive cycliza-
tion of ketoesters by low-valent titanium,'? photochemically
induced rearrangement of phosphate esters,” palladium
catalyzed Suzuki coupling of appropriate boronic acids
with organic halides or triflates'® and palladium catalyzed
Sonogashira coupling followed by cyclization of o-iodo-
phenol and terminal alkynes.”> We investigated the
Sonogashira coupling—cyclization of o-iodophenol with
terminal alkynes to generate 2-substituted-benzo[b]furans
in the presence of Pd—Cul-Ph;P-KF/Al,O; under solvent
free conditions and microwave irradiation. The results are
summarized in Table 4. The yields are moderate to good. In
all cases the starting materials were completely utilized and

the products were free of volatile contaminants. Presum-
ably, polymerization reactions account for material loss.

It is noteworthy that 1-substituted-2-(trimethylsilyl)acetyl-
ene also reacts with o-iodophenol, p-methyl-o-iodophenol
and p-acetyl-o-iodophenol, respectively, to generate the
corresponding 2,5-disubstituted-benzo[b]furans in a one-
pot reaction through sequential desilylation, coupling and
cyclization reactions.

2.4. The synthesis of 2-substituted-benzo[b]furans via the
Sonogashira coupling—cyclization of 0-ethynylphenol or
o-((trimethylsilyl)ethynyl)phenol with aromatic iodides

According to a retro-synthetic analysis, 2-substituted-
benzo[b]furans could also be synthesized from o-ethynyl-
phenol or o-((trimethylsilyl)ethynyl)phenol via a reaction
with aromatic or vinyl iodides.

The results of a study of the Sonogashira coupling—cycliza-
tion reaction of o-ethynylphenol (or desilylation—coupling—
cyclization of o-((trimethylsilyl)ethynyl)phenol  with

Table 5. Sonogashira coupling—cyclization of o-ethynylphenol or desilylation—coupling—cyclization of o-[(trimethylsilyl)ethynyl]phenol with organic iodides

R
R
Pd-Cul-PPhy/KF-ALO
c=cy + R'X > 23 |
Solventless, MW . 1
07 "R
OH
Entry R Y R'X Yield (%)
a H H CeHsl 56
b H Si (CHs)s CeHsl 49
c H Si (CH3); m-FCgH,I 47
d H Si (CH3); 4\ 50
S 1
€ H Si (CH;)‘; p-CH3OC6H4I 44
f H Si (CH3); p-CH;COCH,I 42
g H Si (CH3)s Clao o] 31
h CH; Si (CHs)s p-CH;CoH,I 48
i CH; H p-CH;CgH I 53
j CH,CO Si (CH3)s CeHsl 46
k CH;CO H CeHsl 50

Reaction conditions: alkyne (1.05 mmol), organic iodide (1.00 mmol), 40% KF/Al,O3 (1.00 g), microwave (Sharp R-4A38) time of 2.5 min.

 TIsolated yields.
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aromatic or vinyl iodides are listed in Table 5. As noted
earlier, the products were formed free of volatile con-
taminants. Less than quantitative yields are presumably
due to polymerization reactions. o-Ethynylphenol and
o-((trimethylsilyl)ethynyl)phenol react with aromatic or
vinyl iodides to readily afford the desired 2-substituted-
benzo[b]furans in a one-pot reaction.

We then investigated the application of this coupling—
cyclization reaction to the synthesis of indoles. The
reactions of o-iodoaniline, o-iodoacetanilide, o-iodo-
trifluoroacetanilide, and N-(o-iodophenyl)methanesulfon-
amide with terminal alkynes were investigated. The
results of the study are presented in Scheme 3. In the
presence of Pd—Cul-PPhy/KF-Al,O3, and under solvent
free conditions and microwave irradiation, only the
coupling product was obtained (83%) when o-iodoaniline
was allowed to react with phenylacetylene. When excess
o-iodoaniline (2 equiv.) was used, a mixture of coupling
and coupling-cyclization products was obtained. Additional
Pd(II) increased the formation of the indole product which
parallels results obtained in solution.'® When o-iodo-
acetanilide was used in place of o-iodoaniline, only the
indole product formed (41%). The use of (o-iodophenyl)-
methanesulfonamide resulted in the exclusive formation of
the indole in good yield.

We then examined the reaction of o-ethynylaniline with
aromatic iodides. o-Ethynylaniline was synthesized via the
Sonogashira coupling reaction of o-iodoaniline with
(trimethylsilyl)acetylene, followed by desilylation under
solvent free conditions and microwave irradiation on
potassium fluoride doped alumina. Reactions were also
carried out using o-ethynylacetanilide, o-ethynyltrifluoro-
acetanilide, and N-(o-ethynylphenyl)methanesulfonamide.

In the presence of Pd—Cul-PPhy/KF-Al,Oj3, under solvent
free conditions and microwave irradiation, a mixture of
o-ethynylaniline and iodobenzene yielded both the
coupling and coupling—cyclization products in the ratio of
93:7.

When additional Pd(II) was added to the reaction mixture,
the percentabe of indole product was increased. When
o-ethynylacetanilide was used in place of o-ethynylaniline,
only the coupling—deprotection—cyclization product was

Pd-Cul-PPhy/KF-ALO;

formed. N-(o-Ethynylphenyl)methanesulfonamide also
generated the indole product exclusively, whereas,
o-ethynyltrifluoroacetanilide yielded a mixture of coupling
and coupling—deprotection—cyclization products.

3. Experimental

Melting points were recorded on a MEL-TEMP melting
point apparatus and are uncorrected. All 'H- and "*C
NMR spectra were recorded on a 250 MHz Bruker AC
250 spectrometer. Chemical shift are given as & value
with reference to tetramethylsilane (TMS) as an internal
standard. GC MS data were obtained using a Hewlett-
Packard 6890 series GC equipped with a 5973 mass
selective detector. Microanalyses were performed by
Atlantic Microlabs, Norcross, GA. A commercially avail-
able Sharp Model R-4A38, 1000 watts microwave oven was
utilized at 30-100% power in this study. Palladium
(99.9+% as submicron powder) and KF/Al,O; (40% by
weight) were purchased from Aldrich Chemical Co. Other
reagents were analytical grade and used as received.
Products were purified by flash chromatography on 230-
400 mesh ASTM 60 A silica gel, SiO,.

3.1. General procedure: Sonogashira reaction of aryl
iodide with terminal alkynes

Aryl iodide (1.00 mmol) and terminal alkyne (1.05 mmol)
were added to a mixture of KF/ALL,O; (1.00 g, 40% by
weight), palladium powder (0.040 g, 0.376 mmol, 99.9+%
as a submicron powder), cuprous iodide (0.070 g,
0.368 mmol) and triphenylphosphine (0.180 g, 0.686
mmol) contained in a clean, dry, 25 mL round-bottomed
flask. The mixture was then fitted with a septum (punctured
by an 18 gauge needle to serve as a pressure release valve),
placed in the microwave oven and irradiated at 100% power
for 2.5 min. CAUTION!: The microwave irradiation should
not be attempted in the absence of alumina which apparently
acts as a temperature moderator. Without alumina, the
liquid reactants can react uncontrollably in the presence of
metallic palladium (DANGER). After cooling, hexane
(5 mL) was added and the slurry stirred at room temperature
to ensure product removal from the surface. The mixture
was vacuum filtered using a sintered glass funnel and the

NHY
I

Y=H R=C4Hs
Y=H (2eq) R=CgHs(leq.)
Y=H R=CHs [addition of Pd(II)]
Y=C()CH; R=C6H5
Y=(_,OCF3 R=C6H5
Y=SO,CH;  R=CgHs
=H R:p-CH3C6H4
Y=COCF;  R=p-CH;CH,

Scheme 3. The synthesis of indoles.

Solventless, MW

NH,
L -
C=CR N R
H

Overall Yield (%) Ratio
83 100 : 0
84 54 : 46
67 18 : 82
41 0 : 100
68 38 : 62
80 0 : 100
87 100 : 0
70 43 : 57
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product was purified by flash chromatography to yield the
desired aryl alkyne.

3.1.1. 1-Phenyl-1-decyne. Oil'’; 'H NMR (250 MHz,
CDCly) 6 7.40-7.36 (m, 2H), 7.28-7.22 (m, 3H), 2.38 (t,
J=6.96 Hz, 2H), 1.64—1.53 (m, 2H), 1.45-1.28 (m, 10H),
0.88 (t, J=6.54 Hz, 3H); '>*C NMR (62.5 MHz, CDCl;) &
131.5, 128.1, 127.3, 124.2,90.3, 80.6, 31.9, 29.2, 29.2, 28.9,
28.8,22.7,19.4, 14.1; MS m/z (relative intensity) 214 ™M™,
13), 171 (3), 157 (17), 143 (60), 129 (66), 115 (100), 91
@1).

3.1.2. 1-Phenyl-1-octyne. Oil'®; 'H NMR (250 MHz,
CDCly) 6 7.40-7.37 (m, 2H), 7.30-7.23 (m, 3H), 2.39 (t,
J=6.97 Hz, 2H), 1.65-1.54 (m, 2H), 1.50-1.26 (m, 6H),
0.90 (t, J/=6.68 Hz, 3H); '*C NMR (62.5 MHz, CDCl;) &
131.5, 128.1, 127.4, 124.2,90.4, 80.6, 31.4, 28.7, 28.6, 22.6,
19.4, 14.0; MS m/z (relative intensity) 186 M, 26), 157
(15), 143 (55), 129 (54), 115 (100), 91 (31).

3.1.3. Diphenylacetylene. Mp 59-61°C (lit." 60-62°C);
'H NMR (250 MHz, CDCl3) 6 7.54—7.50 (m, 4H), 7.32—
7.28 (m, 6H); *C NMR (62.5 MHz, CDCl;) & 131.6, 128.3,
128.2, 123.3, 89.4; MS m/z (relative intensity) 178 ™M",
100), 152 (14), 126 (7), 89 (13).

3.1.4. 1-(4-Methylphenyl)-1-decyne. Oil; 'H NMR
(250 MHz, CDCl;) 6 7.27 (d, J=8.00 Hz, 2H), 7.04 (d,
J=7.93 Hz, 2H), 2.38 (t, J=7.56 Hz, 2H), 2.29 (s, 3H),
1.63-1.52 (m, 2H), 1.45-1.28 (m, 10H), 0.88 (t,
J=6.46 Hz, 3H); *C NMR (62.5 MHz, CDCl;) & 137.2,
131.4, 128.8, 121.1, 89.5, 80.6, 31.9, 29.2, 29.1, 28.9,
28.8, 22.7, 21.3, 194, 14.0; MS m/z (relative intensity)
228 (M™, 16), 185 (3), 171 (13), 157 (36), 143 (32), 131
(100), 115 (24), 91 (11). Anal. Calcd for C;;H,y: C, 89.41;
H, 10.59. Found: C, 89.43; H, 10.66.

3.1.5. 1-(4-Methoxyphenyl)-1-decyne. Oil; 'H NMR
(250 MHz, CDCl;) & 7.32 (d, J=8.72 Hz, 2H), 6.80 (d,
J=8.73 Hz, 2H), 3.78 (s, 3H), 2.37 (t, J=6.99 Hz, 2H),
1.64-1.53 (m, 2H), 1.46-1.28 (m, 10H), 0.88 (t,
J=6.00 Hz, 3H); '*C NMR (62.5 MHz, CDCl;) & 159.0,
132.8, 116.3, 113.8, 88.7, 80.2, 55.2, 31.8, 29.2, 29.1,
28.9, 22.2, 19.4, 14.1; MS m/z (relative intensity) 244
M™*, 19), 201 (4), 188 (22), 173 (29), 159 (25), 147
(100), 121 (33), 115 (21), 91 (15). Anal. Caled for
C,7H,,0: C, 83.55; H, 9.90. Found: C, 83.51; H, 9.92.

3.1.6. 1-(2-Fluorophenyl)-1-decyne. Oil; 'H NMR
(250 MHz, CDCl5) 6 7.41-7.34 (m, 1H), 7.25-7.16 (m,
1H), 7.05-6.96 (m, 2H), 2.43 (t, J=6.98 Hz, 2H), 1.66—
1.55 (m, 2H), 1.52-1.28 (m, 10H), 0.88 (t, J=6.51 Hz,
3H); “C NMR (62.5MHz, CDCl;) & 1624 (d,
J=248.4 Hz), 133.5, 129.0 (d, J=7.6Hz), 123.7 (d,
J=3.4Hz), 1153 (d, J=21.4 Hz), 112.6 (d, J=15.5 Hz),
959 (d, J=3.0Hz), 73.9, 319, 29.2, 29.1, 28.9, 28.6,
22.7, 19.6, 14.1; MS m/z (relative intensity) 232 (M+, 58),
175 (37), 161 (71), 147 (64), 133 (100), 109 (55). Anal.
Calcd for Ci¢H, F: C, 82.71; H, 9.11. Found: C, 82.83; H,
9.17.

3.1.7. 1-(3-Fluorophenyl)-1-decyne. Oil; 'H NMR
(250 MHz, CDCl3) & 7.23-7.05 (m, 3H), 6.99-6.92 (m,

1H), 2.38 (t, J/=7.00 Hz, 2H), 1.62—1.54 (m, 2H), 1.46—
129 (m, 10H), 0.89 (t, J=5.98 Hz, 3H); *C NMR
(62.5 MHz, CDCl;) 6 162.4 (d, J=244.4 Hz), 129.6 (d,
J=9.1Hz), 1274, 1260 (d, J=9.4Hz), 1183 (d,
J=21.7 Hz), 114.7 (d, J=20.9 Hz), 91.6, 79.5, 31.8, 29.2,
29.1,28.9, 28.6,22.7, 19.4, 14.1; MS m/z (relative intensity)
232 (M*, 14), 175 (26), 161 (59), 147 (74), 133 (100), 109
(58). Anal. Calcd for C¢H, F: C, 82.71; H, 9.11. Found: C,
82.63; H, 9.17.

3.1.8. (4-Acetylphenyl)phenylacetylene. Mp 95-96°C
(1it.*° 94-96°C); '"H NMR (250 MHz, CDCl;) 6 7.91 (d,
J=8.42 Hz, 2H), 7.58 (d, J=8.41 Hz, 2H), 7.54-7.52 (m,
2H), 7.36-7.33 (m, 3H), 2.57 (s, 3H); '>*C NMR (62.5 MHz,
CDCly) 6 197.1, 136.1, 131.7, 131.6, 128.7, 128.4, 128.2,
128.1, 122.6, 92.6, 88.6, 26.5; MS m/z (relative intensity)
220 (M*, 60), 205 (100), 176 (48), 151 (18), 102 (10), 88
(19).

3.1.9. (4-Nitrophenyl)phenylacetylene. Mp 120-122°C
(lit.”! 120—121°C); 'H NMR (250 MHz, CDCl5) § 8.19 (d,
J=8.83 Hz, 2H), 7.64 (d, J=8.73 Hz, 2H), 7.57-7.53 (m,
2H), 7.39-7.37 (m, 3H), 2.57 (s, 3H); >°C NMR (62.5 MHz,
CDCly) & 146.9, 132.2, 131.8, 130.2, 129.2, 128.5, 123.6,
122.0,94.7, 87.5; MS mlz (relative intensity) 223 (M, 100),
193 (40), 176 (80), 165 (33), 151 (40), 139 (8), 126 (14).

3.1.10. N,N-Dimethyl-2-(phenylethynyl)benzeneamine.
Mp 46-47°C (lit** 45-48°C); 'H NMR (250 MHz,
CDCly) 6 7.54-7.46 (m, 3H), 7.34-7.17 (m, 4H), 6.89—
6.82 (m, 2H), 2.96 (s, 6H); *C NMR (62.5 MHz, CDCl;)
6 154.6, 134.2, 131.1, 129.1, 128.2, 127.9, 123.8, 120.3,
116.8, 114.9, 94.6, 88.9, 43.3; MS m/z (relative intensity)
220 (M*, 100), 204 (22), 178 (15), 144 (68).

3.1.11. Phenyl-p-tolylacetylene. Mp 71-73°C (lit.> 72—
73°C); 'H NMR (250 MHz, CDCl;) & 7.52-7.48 (m, 2H),
7.41 (d, J=7.81 Hz, 2H), 7.29-7.26 (m, 3H), 7.10 (d,
J=7.84Hz, 2H), 2.30 (s, 3H); “C NMR (62.5 MHz,
CDCly) & 138.3, 131.5, 129.0, 128.2, 128.0, 123.4, 120.2,
89.6, 88.7, 21.4; MS m/z (relative intensity) 192 (M7, 100),
165 (15), 139 (4), 115 (6), 94 (10).

3.1.12. (2-Chlorophenyl)phenylacetylene. Oil**; "H NMR
(250 MHz, CDCl3) 6 7.58-7.50 (m, 3H), 7.40-7.30 (m,
4H), 7.20-7.16 (m, 2H); '*C NMR (62.5 MHz, CDCl;) &
135.8, 133.1, 131.7, 129.2, 128.6, 128.3, 126.4, 123.1,
122.8, 94.5, 86.2; MS m/z (relative intensity) 214, 212
(M™, 32, 100), 176 (44), 151 (14), 106 (15), 88 (20).

3.1.13. (4-Fluorophenyl)phenylacetylene. Mp 108—110°C
(lit.” 108—109°C); 'H NMR (250 MHz, CDCl;) & 7.53—
7.47 (m, 4H), 7.35-7.31 (m, 3H), 7.06-6.99 (m, 2H); *C
NMR (62.5 MHz, CDCl3) 8 162.5 (d, J=248.1 Hz), 133.5
(d, J=8.9 Hz), 131.5, 128.3, 123.1, 119.3 (d, J=5.6 Hz),
115.6 (d, /=22.4 Hz), 89.0, 88.3; MS m/z (relative intensity)
196 (M*, 100), 175 (7), 144 (5), 98 (15).

3.1.14. (2-Fluorophenyl)phenylacetylene. Mp 46-48°C
(lit.”® 46-47°C); '"H NMR (250 MHz, CDCl;) & 7.56-7.46
(m, 3H), 7.32-7.21 (m, 4H), 7.10-7.02 (m, 2H); *C NMR
(62.5 MHz, CDCl3) & 162.6 (d, J=250.1 Hz), 133.4, 131.6,
129.9 (d, J=7.7 Hz), 128.5, 128.3, 123.9 (d, J=2.6 Hz),
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1229, 115.4 (d, J=20.8 Hz), 111.9 (d, J=15.3 Hz), 94.4,
82.7; MS m/z (relative intensity) 196 (M+, 100), 175 (8),
170 (11), 144 (5), 98 (17), 85 (12).

3.1.15. (4-Bromophenyl)phenylacetylene. Mp 83-84°C
(it 82-84°C); "H NMR (250 MHz, CDCl3) § 7.53-7.44
(m, 4H), 7.38—=7.32 (m, 5H); °C NMR (62.5 MHz, CDCl;)
6 133.0,131.6, 128.5, 128.4, 122.9, 122.5, 122.2,90.5, 88.3.
MS m/z (relative intensity) 258, 256 (M*, 97, 100), 176
(88), 151 (37), 128 (17), 88 (61).

3.1.16. 2-Phenylethynylthiophene. Mp 51-53°C (lit.”’ 51—
52°C); '"H NMR (250 MHz, CDCl;) & 7.51-7.47 (m, 2H),
7.31-7.22 (m, 5H), 6.98-6.94 (m, 1H); *C NMR
(62.5 MHz, CDCl;) & 131.8, 131.4, 128.3, 127.2, 127.0,
123.3, 122.9, 93.0, 82.6; MS m/z (relative intensity) 184
M*, 100), 152 (17), 139 (21), 92 (9).

3.1.17. 7-Chloro-1-phenyl-3-hepten-1-yne. Oil; '"H NMR
(250 MHz, CDCl3) 6 7.44-7.40 (m, 2H), 7.31-7.27 (m,
3H), 6.23-6.11 (m, 1H), 5.74 (d, J=16.89 Hz, 1H), 3.52
(t, J=6.79 Hz, 2H), 2.35-2.26 (m, 2H), 1.92-1.81 (m,
2H); '*C NMR (62.5 MHz, CDCl5) & 142.5, 131.4, 128.2,
128.0, 123.3, 111.0, 88.4, 87.8, 44.0, 31.4, 30.1; MS m/z
(relative intensity) 206, 204 (M+, 14, 42), 155 (55), 141
(100), 128 (22), 115 (73), 91 (29). Anal. Calcd for
C3H3CL: C, 76.28; H, 6.40. Found: C, 76.12; H, 6.50.

3.1.18. 1,10-Diphenyl-1,9-decadiyne. The titled compound
was prepared as general procedure of Sonogashira reaction
from iodobenzene (2.00 mmol) and 1,9-decadiyne
(1.00 mmol) by using KF/AlL,O; (2.00 g, 40% by weight),
palladium powder (0.080 g, 0.752 mmol, 99.9+% as sub-
micron powder), cuprous iodide (0.140 g, 0.736 mmol) and
triphenylphosphine (0.360 g, 1.372 mmol). Oil**; '"H NMR
(250 MHz, CDCl3) 6 7.41-7.38 (m, 2X2H), 7.31-7.23 (m,
2x3H), 2.40 (t, /=6.76 Hz, 2X2H), 1.61-1.48 (m, 4Xx2H);
BC NMR (62.5MHz, CDCly) & 131.5, 128.1, 127.4,
126.6, 90.2, 80.7, 28.6, 28.3, 19.3; MS m/z (relative inten-
sity) 286 (M, 7), 258 (11), 243 (10), 229 (10), 215 (10),
178 (8), 167 (17), 153 (9), 141 (20), 128 (41), 115 (100), 91
(43).

3.1.19. 1,4-Di(phenylethynyl)benzene. The titled com-
pound was generated as general procedure of Sonogashira
reaction from 1,4-diiodobenzene (1.00 mmol) and phenyl-
ethyne (2.00 mmol) by using KF/AL,O3 (2.00 g, 40% by
weight), palladium powder (0.080 g, 0.752 mmol, 99.9+ %
as submicron powder), cuprous iodide (0.140 g,
0.736 mmol) and triphenylphosphine (0.360 g, 1.372
mmol). Mp 177-179°C (lit.* 178-179°C); 'H NMR
(250 MHz, CDCl3) 6 7.55-7.50 (m, 8H), 7.35-7.33 (m,
6H); 3C NMR (62.5 MHz, CDCl;) & 131.6, 131.5, 128.4,
128.4, 123.1, 123.0, 91.2, 89.1; MS m/z (relative intensity)
278 (M", 100), 250 (4), 224 (4), 200 (4), 139 (33).

3.1.20. 1,2-Di(phenylethynyl)benzene. The titled com-
pound was synthesized as described for 1, 4-di(phenyl-
ethynyl)benzene from 1,2-diiodobenzene (1.00 mmol) and
phenylethyne (2.00 mmol). Mp 47-48°C (lit.** 48°C); 'H
NMR (250 MHz, CDCl3) 6 7.58-7.52 (m, 6H), 7.32-7.24
(m, 8H); *C NMR (62.5 MHz, CDCl;) & 131.7, 131.6,
128.3, 128.0, 125.8, 123.3, 93.6, 88.3; MS m/z (relative

intensity) 278 (M, 70), 250 (5), 207 (100), 191 (11), 138
(36).

3.1.21. Phenylacetylene. 1-Phenyl-2-(trimethylsilyl)-
acetylene (0.870 g, 5.00 mmol) was added to KF/Al,O;
(3.00 g, 40% by weight) contained in a 25 mL round-
bottomed flask. The mixture was stirred at room tempera-
ture to ensure efficient mixing. The flask was then fitted with
a septum, placed in the microwave oven and irradiated at
30% power for 3 min. After cooling, hexane (10 mL) was
added and the slurry stirred at room temperature to ensure
product removal from the surface. The mixture was vacuum
filtered and the product purified by flash chromatography
(hexane as eluent agent) to yield 0.460 g (90% yield) of
phenylacetylene. Oil*'; '"H NMR (250 MHz, CDCl;) &
7.49-7.45 (m, 2H), 7.27-7.24 (m, 3H), 3.04 (s, 1H); °C
NMR (62.5 MHz, CDCl;) 6 132.0, 128.7, 128.2, 122.1,
83.6, 77.2; MS m/z (relative intensity) 102 (M+, 100), 76
(26), 63 (6), 50 (12).

3.2. Recycling of the palladium/alumina catalyst

Reactions were carried out as described in Section 3.1. After
filtration of the alkyne products from the surface, the solid
support was washed sequentially with methanol (2X5 mL).
Potassium fluoride (0.40g) and triphenylphosphine
(0.180 g) were added and the coupling reaction was
repeated as described in Section 3.1.

3.3. General procedure for the synthesis of aryl alkynes
via the desilylation—coupling reaction of aryl iodide with
1-substituted-2-(trimethylsilyl)acetylene, one-pot
reaction

The reaction conditions were identical to those described
earlier for the reactions of aryliodides with alkynes. In
these reactions, the trimethylsilated alkyne was simply
substituted for the alkyne.

3.3.1. 1,2-Di(4-methylphenyl)ethyne. Mp 134-136°C
(1it.”? 134—135°C); '"H NMR (250 MHz, CDCl5) & 7.40 (d,
J=8.02 Hz, 2x2H), 7.17 (d, J=7.91 Hz, 2x2H), 2.32 (s,
2x3H); *C NMR (62.5 MHz, CDCl;) & 138.1, 131.4,
129.1, 120.4, 88.9, 21.4; MS m/z (relative intensity) 206
(M*, 100), 191 (18), 176 (4), 165 (9), 139 (7), 115 (6).

3.3.2. 1,2-Di(4-acetylphenyl)ethyne. Mp 198—200°C (lit.*
198.5-200°C); 'H NMR (250 Hz, CDCl;) & 7.95 (d,
J=7.87 Hz, 2x2H), 7.63 (d, J=7.86 Hz, 2X2H), 2.62 (s,
2x3H); C NMR (62.5 MHz, CDCl;) & 197.2, 136.6,
131.8, 128.3, 127.4, 91.6, 26.6; MS m/z (relative intensity)
262 (M™, 46), 247 (100), 204 (20), 189 (12), 176 (35), 116
(29).

3.3.3. 1-(4-p-Tolylethynylphenyl)ethanone. Mp 125-
126°C (lit.** 124-126°C); 'H NMR (250 MHz, CDCl;) &
7.89 (d, J=8.22 Hz, 2H), 7.56 (d, J=8.32 Hz, 2H), 7.42
(d, J=7.99 Hz, 2H), 7.14 (d, J=7.87 Hz, 2H), 2.56 (s,
3H), 2.35 (s, 3H); *C NMR (62.5 MHz, CDCl;) & 197.1,
139.0, 135.9, 131.6, 131.5, 129.1, 128.3, 128.1, 119.5, 93.0,
88.0, 26.4, 21.4; MS m/z (relative intensity) 234 (M+, 64),
219 (100), 189 (48), 165 (11), 109 (21), 95 (25).
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3.3.4. 2-(1-DecyDthiophene. Oil; '"H NMR (250 MHz,
CDCl3) 6 7.14-7.09(m, 2H), 6.91 (t, J=4.37 Hz, 1H),
2.40 (t, J=7.01 Hz, 2H), 1.64-1.51 (m, 2H), 1.45-1.28
(m, 10H), 0.88 (t, J=6.34 Hz, 3H); >°C NMR (62.5 MHz,
CDCly) 6 130.8, 126.7, 125.7, 124.3, 94.5, 73.7, 31.8, 29.2,
29.1,28.9, 28.6,22.7, 19.7, 14.1; MS m/z (relative intensity)
220 (M™, 13), 177 (5), 163 (15), 149 (27), 123 (100), 97
(30). Anal. Calcd for C;4H,,S: C, 76.30; H, 9.15. Found: C,
76.60; H, 9.19.

3.4. One-pot synthesis of 2-substitutited-benzo[b]furans
via the coupling—cyclization of o-iodophenol with
terminal alkynes or 1-substituted-2-(trimethylsilyl)-
ethylene with terminal alkynes. General procedure

o-lodophenol (0.220 g, 1.00 mmol) and terminal alkyne
(1.00 mmol) or 1-substituted-2-(trimethylsilyl)ethylene
(1.00 mmol) was added to a mixture of of KF/Al,O3
(1.00 g, 40% by weight), palladium powder (0.040 g,
0.376 mmol, 99.9+% as submicron powder), cuprous
iodide (0.070 g, 0.368 mmol) and triphenylphosphine
(0.180 g, 0.686 mmol) contained in a clean, dry, 25 mL
round-bottomed flask. The mixture was then fitted with a
septum (punctured by an 18 gauge needle), placed in the
microwave oven and irradiated at 100% power for 3.5 min.
After cooling, hexane (5 mL) was added and the slurry stir-
red at room temperature to ensure product removal from the
surface. The mixture was vacuum filtered using a sintered
glass funnel and the product was purified by flash chromato-
graphy (hexane—EtOAc as eluting agent) to afford the
desired 2-substituted-benzo[b]furan.

3.4.1. 2-Phenylbenzofuran. Mp 118-120°C (lit.** 119-
120°C); 'H NMR (250 MHz, CDCl;) & 7.85-7.82 (m,
2H), 7.56-7.19 (m, 7H), 696 (s, 1H); C NMR
(62.5 MHz, CDCl3) 8 155.9, 154.9, 130.5, 129.2, 128.7,
128.5, 124.9, 1242, 1229, 1209, 111.2, 101.3; MS m/z
(relative intensity) 194 (M™, 100), 165 (55), 139 (10), 115
(6), 97 (16), 82 (20).

3.4.2. 2-p-Tolylbenzofuran. Mp 126—128°C (lit.” 127°C);
'H NMR (250 MHz, CDCl3) 8 7.73 (d, J=8.13 Hz, 2H),
7.55-7.44 (m, 2H), 7.25-7.19 (m, 4H), 6.91 (s, 1H), 2.36
(s, 3H); ®C NMR (62.5 MHz, CDCl;) & 156.2, 154.8,
138.5, 129.5, 129.4, 127.8, 124.9, 124.0, 122.8, 120.7,
111.1, 100.5, 21.3; MS m/z (relative intensity) 208 ™M™,
100), 178 (18), 165 (18), 152 (8), 139 (5), 104 (13), 89 (19).

3.4.3. 2-(2-Fluorophenyl)benzofuran. Mp 44-45°C; 'H
NMR (250 MHz, CDCl;) 6 8.02-7.95 (m, 1H), 7.58-7.47
(m, 2H), 7.30-7.06 (m, 6H); '*C NMR (62.5 MHz, CDCl,)
6 159.5 (d, J=250.5 Hz), 154.1, 149.8 (d, /=3.0 Hz), 129.4
(d, J=8.3 Hz), 126.9, 124.7, 124.3, 122.9, 121.3, 118.7 (d,
J=11.4Hz), 1159 (d, J=22.1Hz), 111.0, 106.6 (d,
J=12.7Hz); MS m/z (relative intensity) 212 (M", 100),
183 (55), 157 (8), 133 (5), 106 (18), 91 (13). Anal. Calcd
for C4,HoOF: C, 79.22; H, 4.28. Found: C, 79.10; H, 4.30.

3.4.4. 2-(4-Bromophenyl)benzofuran. Mp 159-161°C
(1it.* 160°C); 'H NMR (250 MHz, CDCly) & 7.72 (d,
J=8.57 Hz, 2H), 7.58-7.50 (m, 4H), 7.33-7.20 (m, 2H),
7.02 (s, 1H); “C NMR (62.5 MHz, CDCl;) & 154.9,
154.8, 132.0, 129.4, 129.1, 126.4, 124.6, 123.1, 122.5,

121.0, 111.2, 101.8; MS m/z (relative intensity) 274, 272
(M*, 98, 98), 165 (100), 137 (31), 83 (71).

3.4.5. 2-Octylbenzofuran. 0il*’; 'H NMR (250 MHz,
CDCl;) & 7.48-7.38 (m, 2H), 7.21-7.12 (m, 2H), 6.35 (s,
1H), 2.74 (t, J=7.51 Hz, 2H), 1.75-1.67 (m, 2H), 1.50—1.27
(m, 10H), 0.88 (t, J=5.92 Hz, 3H); °C NMR (62.5 MHz,
CDCl3) & 159.8, 154.6, 129.0, 123.0, 122.3, 120.1, 110.7,
101.7, 31.9, 29.3, 29.2, 28.5, 27.7, 22.7, 14.1; MS m/z
(relative intensity) 230 (M™*, 10), 187 (6), 173 (8), 145
(9), 131 (100), 77 (11).

3.4.6. 2-Hexylbenzofuran. 01138; '"H NMR (250 MHz,
CDCl3) 6 7.47-7.38 (m, 2H), 7.21-7.12 (m, 2H), 6.34 (s,
1H), 2.74 (t, J=7.54 Hz, 2H), 1.78—1.66 (m, 2H), 1.48-1.27
(m, 6H), 0.89 (t, J/=6.52 Hz, 3H); 3C NMR (62.5 MHz,
CDCl3) 6 159.8, 154.6, 129.0, 123.0, 122.3, 120.1, 110.7,
101.7, 31.6, 28.9, 28.5, 27.7, 22.6, 14.1; MS m/z (relative
intensity) 202 (M*, 18), 173 (5), 145 (8), 131 (100), 95 (21),
77 (11).

3.4.7. 5-Methyl-2-(4-methylphenyl)benzofuran. Mp 155—
157°C (1it.** 155-156°C); 'H NMR (250 MHz, CDCl;) &
7.69 (d, J=7.67 Hz, 2H), 7.35 (d, J=8.33 Hz, 1H), 7.27
(s, 1H), 7.18 (d, J=7.83 Hz, 2H), 7.03 (d, J=8.31 Hz,
1H), 6.80 (s, 1H), 2.39 (s, 3H), 2.34 (s, 3H); *C NMR
(62.5 MHz, CDCl3) & 156.2, 153.2, 138.3, 132.2, 129.4,
127.9, 125.2, 124.8, 120.6, 110.5, 100.3, 21.3; MS m/z
(relative intensity) 222 (M™, 100), 207 (4), 178 (27), 165
(8), 152 (10), 110 (29).

3.4.8. 5-Acetyl-2-phenylbenzofuran. Mp 162—164°C (lit.*’
162-163.5°C); 'H NMR (250 MHz, CDCl;) & 8.22 (s, 1H),
7.95 (d, J=8.48 Hz, 1H), 7.87 (d, J=7.35 Hz, 2H), 7.55 (d,
J=8.64 Hz, 1H), 7.50-7.38 (m, 3H), 7.08 (s, 1H), 2.67 (s,
3H); '*C NMR (62.5 MHz, CDCls) 8 197.6, 157.6, 157.4,
1329, 129.8, 129.3, 129.1, 128.9, 125.1, 122.1, 111.1,
101.6, 26.7; MS m/z (relative intensity) 236 (M+, 61), 221
(100), 193 (48), 165 (29), 139 (39), 110 (28), 82 (40).

3.5. Preparation of o-((trimethylsilyl)ethynyl)phenol and
o-ethynylphenol

To a stirred solution of o-iodophenol (1.100 g, 5.00 mmol)
and Et;N-Dioxane (8 mL, 1:1 mixture), PdCl,(PPhj),
(0.035 g, 0.050 mmol) and Cul (0.019 g, 0.100 mmol),
(trimethylsilyl)acetylene (0.85 mL, 6.00 mmol) was added
dropwise at room temperature under nitrogen. The reaction
mixture was stirred overnight. Triethylamine, dioxane and
unreacted (trimethylsilyl)acetylene were removed under
reduced pressure. The product was extracted into Et,O
(3%X20 mL) and combined organic phase was washed with
H,O, dried (Na,SO,) and the solvent removed under
reduced pressure. The residue was purified by column chro-
matography (silica gel, hexane—ethyl acetate 94/6 (v/v)) to
give 0.858 g (90% yield) of o-((trimethylsilyl)ethynyl)-
phenol. Mp 46-48°C (lit.”® 46-47°C); 'H NMR
(250 MHz, CDCl3) 6 7.32 (dd, J=6.28, 1.43 Hz, 1H), 7.20
(dt, /=7.00, 1.46 Hz, 1H), 6.93 (d, /=8.22 Hz, 1H), 6.82 (t,
J=7.56 Hz, 1H), 5.90 (s, 1H), 0.26 (s, 9H); "C NMR
(62.5 MHz, CDCl;) 6 157.0, 131.6, 130.6, 120.1, 114.5,
109.5, 102.2, 99.0, —0.1; MS m/z (relative intensity) 190
(M™, 18), 175 (100), 159 (19), 135 (13), 115 (16), 77 (14).
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0-((Trimethylsilyl)ethynyl)phenol  (0.570 g, 3.00 mmol)
was added to KF/Al,O3 (2.00 g, 40% by weight) and stirred
at room temperature to ensure efficient mixing. The
resultant mixture was placed in the microwave oven and
irradiated at 30% power for 3 min. After cooling, hexane
(10 mL) was added and the slurry stirred at room tempera-
ture to ensure product removal from the surface. The
product was purified by chromatography (hexane—ethyl
acetate: 85/15) to afford 0.275 g (85% yield) of o-ethynyl-
phenol. Oil;*' 'TH NMR (250 MHz, CDCl;) & 7.38 (d,
J=7.51Hz, 1H), 7.27 (dt, J=7.65, 1.04 Hz, 1H), 6.95 (d,
J=8.20 Hz, 1H), 6.87 (t, J/=7.48 Hz, 1H), 5.80 (s, br, 1H),
3.46 (s, 1H); C NMR (62.5 MHz, CDCl3) & 157.4, 132.0,
130.9, 120.3, 114.8, 108.3, 84.3, 78.3; MS m/z (relative
intensity) 118 (M™, 100), 89 (44), 63 (21).

3.6. One-pot coupling—cyclization reaction of o-ethynyl-
phenol and o-((trimethylsilyl)ethynyl)phenol with aryl
and vinyl iodides

The general procedure was identical as that described for
the synthesis of 2-substituted benzo[b]furan from o-ethynyl-
phenol or (o-((trimethylsilyl)ethynyl)phenol).

3.6.1. 2-(3-Fluorophenyl)benzofuran. Mp 82-84°C (lit.*
83°C); '"H NMR (250 MHz, CDCl3) 6 7.62-7.49 (m, 4H),
7.41-7.19 (m, 3H), 7.05-6.98 (m, 2H); *C NMR
(62.5MHz, CDCly) & 163.1 (d, J=244.4Hz), 1549,
154.5, 132.5 (d, J=8.9 Hz), 130.3 (d, J=7.8 Hz), 128.9,
124.7, 123.1, 121.1, 120.5, 115.3 (d, J=21.0Hz), 111.8
(d, J=24.1 Hz), 111.2, 102.3; MS m/z (relative intensity)
212 (M*, 100), 183 (60), 157 (9), 106 (19), 91 (17).

3.6.2. 2-(2-Thienyl)benzofuran. Mp 94—96°C (lit.** 95°C);
'H NMR (250 MHz, CDCl3) § 7.54-7.46 (m, 3H), 7.32—
7.18 (m, 3H), 7.10-7.06 (m, 1H), 6.84 (s, 1H); *C NMR
(62.5 MHz, CDCly) & 154.5, 151.3, 133.3, 129.1, 127.9,
125.8, 124.6, 124.3, 123.1, 120.7, 111.1, 101.1; MS m/z
(relative intensity) 200 (M", 100), 171 (42), 155 (5), 145
(5), 127 (8), 100 (15).

3.6.3. 2-(4-Meth0X?fphenyl)benzofuran. Mp 146-147°C
(lit.”° 145-147°C); "H NMR (250 MHz, CDCl;) & 7.86 (d,
J=8.59 Hz, 2H), 7.55-7.47 (m, 2H), 7.24-7.20 (m, 2H),
6.95 (d, J=8.60 Hz, 2H), 6.86 (s, 1H), 3.83 (s, 3H); *C
NMR (62.5 MHz, CDCl;) & 160.0, 156.0, 154.7, 129.5,
126.4, 123.7, 123.3, 122.8, 120.6, 114.2, 111.0, 99.7, 55.3;
MS m/z (relative intensity) 224 (M7, 100), 209 (75), 181
(45), 152 (30), 126 (8), 112 (18).

3.6.4. 2-(4-Acetylphenyl)benzofuran. Mp 168-170°C
(1it.** 169-170°C); '"H NMR (250 MHz, CDCl;) & 8.00
(d, J=8.29 Hz, 2H), 7.90 (d, J=8.37 Hz, 2H), 7.60-7.51
(m, 2H), 7.34-7.21 (m, 2H), 7.12 (s, 1H), 2.60 (s, 3H);
BC NMR (62.5MHz, CDCly) & 197.2, 155.2, 154.5,
136.5, 134.5, 128.9, 125.1, 124.7, 123.2, 121.5, 121.3,
111.3, 103.6, 26.5; MS m/z (relative intensity) 236 (M+,
70), 221 (100), 193 (17), 165 (56), 139 (11), 110 (19), 82
(29).

3.6.5. 2-(5-Chloro-1-pentenyl)benzofuran. Oil; '"H NMR
(250 MHz, CDCl3) & 7.50-7.40 (m, 2H), 7.27-7.14 (m,
2H), 6.48 (s, 1H), 6.43-6.33 (m, 2H), 3.60 (t, J=6.47 Hz,

2H), 2.46-2.38 (m, 2H), 2.03-1.92 (m, 2H); "*C NMR
(62.5 MHz, CDCls) & 154.7, 131.2, 129.0, 124.2, 122.7,
120.7, 120.0, 110.8, 103.3, 44.2, 31.8, 29.9; MS mi/z
(relative intensity) 222, 220 (M™, 29, 9), 185 (5), 171
(10), 157 (100), 128 (50), 115 (13), 91 (12). Anal. Calcd
for C3sH;30CI: C, 70.75; H, 5.94. Found: C, 71.01; H,
6.30.

3.6.6. Preparation of o-iodoacetanilide. To a stirred solu-
tion of o-iodoaniline (1.10 g, 5.00 mmole) in dry ether
(25 mL), Et;N (0.7 mL) was added and the solution cooled
to 0°C. Acetyl chloride (0.51 g, 5.04 mmol) dissolved in
15 mL of ether was added dropwise. After 2 h of stirring
at 0°C, the reaction mixture was allowed to reach room
temperature and stirred overnight. Filtration, followed by
concentration of filtrate, yielded a crude product which
was purified by column chromatography (hexane—EtOAc:
50/50) to afford 0.96 g (73%) of a colorless, crystalline
o-iodoacetanilide. Mp 100°C (lit.** 109-111°C); '"H NMR
(250 MHz, CDCly) 6 8.17 (d, J=7.72 Hz, 1H), 7.77 (d,
J=17.78 Hz, 1H), 7.46 (s, br, 1H), 7.33 (t, J/=7.48 Hz, 1H),
6.84 (t, J=7.41 Hz, 1H), 2.23 (s, 3H); *C NMR (62.5 MHz,
CDCl;) 6 168.2, 138.7, 138.2, 129.2, 126.0, 122.2, 90.1,
24.7; MS m/z (relative intensity) 261 (M™, 10), 219 (50),
134 (100), 92 (60), 65 (38).

3.6.7. Preparation of o-iodotrifluoroacetanilide. To a stir-
red solution of o-iodoaniline (1.10 g, 5 mmol) and Et;N
(0.7 mL) in THF (15 mL) at —15°C, (CF;CO),0 (1.28 g,
6.00 mmole) dissolved in 10 mL of THF was added drop-
wise. After 1 h of stirring at —15°C, the reaction mixture
was allowed to warm up to room temperature, stirred over-
night and then poured into a separatory funnel containing
H,O (25mL). The product was extracted into Et,O
(3X20 mL), the combined organic layer was then dried
(MgSQ,), the solvent evaporated, and the product chroma-
tographed (silica gel, hexane—EtOAc: 92/8 (v/v)) to afford
1.42 g (90% yield) of colorless crystalline o-iodotrifluoro-
acetaniline. Mp 101-102°C (lit.** 102°C); 'H NMR
(250 MHz, CDCl3) 6 8.29 (s, br, 1H), 8.18 (dd, J=8.23,
0.72 Hz, 1H), 7.83 (dd, J=8.93, 0.98 Hz, 1H), 7.40 (t,
J=7.79 Hz, 1H), 6.97 (dt, J=8.23, 1.21 Hz, 1H); “*C
NMR (62.5 MHz, CDCl;) 6 154.8 (q, /=37.8 Hz), 139.2,
135.7,129.6, 127.9, 122.2, 115.6 (q, J=286.6 Hz), 90.3; MS
m/z (relative intensity) 315 M*, 10), 246 (2), 188 (100),
168 (26), 119 (20), 91 (40).

3.6.8. Preparation of N-(o-iodophenyl)methanesulfona-
mide. To a stirred solution of o-iodoaniline (1.10 g,
5 mmol) and 4-dimethylaminopyridine (0.06 g, 0.5 mmol)
in pyridine (12 mL), CH3SO,CI (0.69 g, 6.00 mmole) in
4 mL of pyridine was added dropwise at room temperature.
The mixture was heated to reflux for 12 h. The cooled
reaction mixture was diluted with dichloromethane and
then washed with aqueous HCI (5%). The organic layer
was dried (MgSQy,), the solvent evaporated, and the product
purified by column chromatography (hexane—EtOAc:
80/20, silica gel) to yield 0.91 g (61% yield) of N-(o-
iodophenyl)methanesulfonamide. Mp 97-99°C (lit.* 96—
98°C); 'H NMR (250 MHz, CDCl;) 6 7.82 (d, J=7.78 Hz,
1H), 7.63 (d, /=7.92 Hz, 1H), 7.37 (t, J=7.43 Hz, 1H), 6.93
(t, J=7.44 Hz, 1H), 6.74 (s, br, 1H), 3.02 (s, 3H); "C NMR
(62.5 MHz, CDCly) 6 139.3, 137.5, 129.7, 127.2, 122.5,
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92.2, 40.1; MS m/z (relative intensity) 297 (M+, 17), 218
49), 170 (5), 108 (21), 91 (100).

3.6.9. Preparation of o-ethynylaniline. To a stirred solu-
tion of o-iodoaniline (2.20 g, 10.00 mmol) in DMF (2 mL)
and Et,NH (10 mL) were added Pd(PPhs), (0.080 g,
0.068 mmol) and Cul (0.019g, 0.010 mmol). Then
(trimethylsilyl)acetylene (1.80 mL, 12.7 mmol) was added
dropwise at room temperature under nitrogen. The reaction
mixture was stirred overnight and then the Et,NH and
unreacted (trimethylsilyl)acetylene were removed under
reduced pressure. The product extracted with Et,O
(3%X20 mL) and the combined organic phase was washed
with H,O, dried (Na,SO,) and concentrated under vacuum.
The residue was added to KF/Al,0O5 (5.00 g, 40% by weight)
and stirred at room temperature to ensure efficient mixing.
The result mixture was placed in a microwave oven and
irradiated at 30% power for 4 min. After cooling, hexane
(15 mL) was added and the slurry stirred at room tempera-
ture to ensure product removal from the surface. The
product was purified by chromatography (hexane—ethyl
acetate: 95/5) to generate 0.940 g (80% yield) of a pale
yellow o0il*®, o-ethynylaniline. 'H NMR (250 MHz,
CDCl;) 6 730 (dd, J=9.10, 1.47Hz, 1H), 7.08 (dt,
J=7.74, 1.41 Hz, 1H), 6.65-6.58 (m, 2H), 4.19 (s, br,
1H), 3.35 (s, 1H); *C NMR (62.5 MHz, CDCl;) & 148.4,
132.3, 129.9, 117.5, 114.1, 106.3, 82.5, 80.5; MS m/z
(relative intensity) 117 (M, 100), 90 (55), 89 (50), 63 (17).

3.6.10. N-Acetyl-o-ethynylaniline. The titled compound
was prepared as described for o-iodoacetanilide from
o-ethynylaniline and AcCl, in 71% yield. Mp 84-85°C
(lit.*” 83-84°C); 'H NMR (250 MHz, CDCl;) & 8.39 (d,
J=8.34Hz, 1H), 7.93 (s, br, 1H), 7.45 (d, J=7.74 Hz,
1H), 7.35 (t, J=7.94 Hz, 1H), 7.03 (t, J=7.55 Hz, 1H),
3.52 (s, 1H), 2.21 (s, 3H); *C NMR (62.5 MHz, CDCl;) &
168.2, 139.5, 132.1, 130.1, 123.2, 119.3, 110.5, 84.3, 79.1,
24.8; MS mlz (relative intensity) 159 (M, 33), 117 (100),
90 (49), 63 (15).

3.6.11. o-Ethynyltrifluoroacetanilide. The titled com-
pound was prepared as described for o-iodotrifluoro-
acetanlide from o-ethyngllaniline and (CF;CO),0, in 88%
yield. Mp 34-35°C (lit.*® 35-37°C); '"H NMR (250 MHz,
CDCly) 6 8.76 (s, br, 1H), 8.35 (d, /=8.32 Hz, 1H), 7.52 (d,
J=7.60Hz, 1H), 7.43 (t, J=7.87Hz, 1H), 7.18 (t,
J=7.60Hz, 1H), 3.61 (s, 1H); “C NMR (62.5 MHz,
CDCly) 6 154.5 (q, J=36.6 Hz), 136.8, 132.3, 1304,
1254, 119.7, 115.6 (q, J/=287.5Hz), 112.1, 85.7, 77.9;
MS m/z (relative intensity) 213 (M7, 92), 144 (18), 116
(100), 89 (54), 69 (23).

3.6.12. N-(o-Ethynylphenyl)methanesulfonamide. The
titled compound was prepared as described for N-(o-iodo-
phenyl)methanesulfonamide from o-ethynylaniline and
CH;SO,Cl, in 55% yield. Mp 103—105°C (1it.*105°C); 'H
NMR (250 MHz, CDCl;) 6 7.60 (d, /=8.28 Hz, 1H), 7.50
(d, J=7.70Hz, 1H), 7.38 (t, J=7.84 Hz, 1H), 7.14 (t,
J=17.61 Hz, 1H), 7.01 (s, br, 1H), 3.52 (s, 1H), 3.03 (s,
3H); °C NMR (62.5 MHz, CDCl3) & 138.4, 132.8, 130.4,
124.6, 119.6, 112.9, 84.8, 78.5, 39.6; MS ml/z (relative
intensity) 195 (M, 30), 132 (21), 116 (100), 89 (71), 63
(23).

3.7. General procedure for the synthesis of phenyl-
ethynylaniline and 2-phenylindole via the reaction of
o-iodoaniline with terminal alkynes

o-lodoaniline (0.220 g, 1.00 mmol) and a terminal alkyne
(1.00 mmol) were added to a mixture of KF/Al,O3 (1.00 g,
40% by weight), palladium powder (0.040 g, 0.376 mmol,
99.9+ % as a submicron powder), cuprous iodide (0.070 g,
0.368 mmol) and triphenylphosphine (0.180 g, 0.686 mmol)
contained in a clean, dry, 25 mL round-bottomed flask. The
mixture was then fitted with a septum (punctured by an 18
gauge needle), placed in the microwave oven and irradiated
at 100% power for 3 min. After cooling, hexane (5 mL) was
added and the slurry stirred at room temperature to ensure
product removal from the surface. The mixture was vacuum
filtered using a sintered glass funnel and the product purified
by flash chromatography (hexane—EtOAc as eluting agent)
to afford the desired phenylethynylaniline or 2-
phenylindole.

3.8. General procedure for the synthesis of phenyl-
ethynylaniline or 2-phenylindole via the reaction of
iodobenzene with o-ethynylaniline or N-substituted-o-
ethynylaniline

The procedure paralleled that described for reactions of
o-iodoaniline and terminal alkyne.

3.8.1. 2-Phenylethynylaniline. Mp 87-88°C (lit.** 85—
86°C); '"H NMR (250 MHz, CDCl;) & 7.52-7.48 (m, 2H),
7.37-7.28 (m, 4H), 7.13-7.07 (m, 1H), 6.71-6.64 (m, 2H),
422 (s, br, 2H); *C NMR (62.5 MHz, CDCl5) & 147.7,
132.0, 131.3, 129.6, 128.3, 128.1, 1232, 117.8, 114.2,
107.5, 94.6, 85.9; MS m/z (relative intensity) 193 (M+,
100), 165 (39), 139 (7), 90 (22), 89 (23).

3.8.2. 2-Phenylindole. Mp 189-200°C (lit.** 188—189°C);
"H NMR (250 MHz, CDCl5) & 8.26 (s, br, 1H), 7.64-7.61
(m, 3H), 7.44-7.27 (m, 4H), 7.22-7.09 (m, 2H), 6.82 (s,
1H); *C NMR (62.5 MHz, CDCl3) 6 137.9, 136.8, 132.3,
129.2, 129.0, 127.7, 125.1, 122.3, 120.6, 120.2, 110.9,
100.0; MS m/z (relative intensity) 193 M*, 100), 165
(25), 139 (4), 96 (18), 90 (12), 89 (16).

3.8.3. 2-(4-Methylphenyl)ethynylaniline. Mp 101-102°C
(1it."* 100-102°C); '"H NMR (250 MHz, CDCl;) & 7.40—
7.32 (m, 3H), 7.11-7.05 (m, 3H), 6.70—6.62 (m, 2H), 4.21
(s, br, 2H), 2.31 (s, 3H); *C NMR (62.5 MHz, CDCl;) &
147.6, 138.2, 131.9, 129.4, 129.0, 120.1, 117.8, 114.2,
108.0, 94.8, 85.2, 21.3; MS m/z (relative intensity) 207
(M™, 100), 192 (5), 178 (14), 165 (13), 139 (4), 115 (8),
102 (18), 89 (26).

3.8.4. 2-p-Tolylindole. Mp 213-214°C (lit.'® 212-214°C);
'H NMR (250 MHz, CDCl;) 6 8.26 (s, br, 1H), 7.61 (d,
J=7.61 Hz, 1H), 7.54 (d, J=8.01Hz, 2H), 7.36 (d,
J=17.87 Hz, 1H), 7.23 (d, J=7.92 Hz, 2H), 7.18-7.07 (m,
2H), 6.77 (s, 1H), 2.38 (s, 3H); *C NMR (62.5 MHz,
CDCly) 6 138.1, 137.6, 136.7, 129.7, 129.6, 129.3, 125.1,
122.1, 120.5, 120.2, 110.8, 99.4, 21.2; MS m/z (relative
intensity) 207 (M™, 100), 192 (3), 178 (9), 165 (6), 102
(14), 89 (15).
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