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An efficient one-pot method for the synthesis of 2,3-disubstituted benzo[b]furans from commercially
available 2-iodophenols, terminal acetylenes and aryl iodides has been developed utilizing Sonogashira
reaction conditions. After an initial Sonogashira coupling of the 2-iodophenol with the terminal alkyne,
cyclization involving the aryl iodide provides the 2,3-disubstituted benzo[b]furan in good to excellent
yields. The use of microwave irradiation shortens the reaction times and minimizes the side products.
This methodology is especially useful for the construction of libraries of highly substituted benzo[b]fu-

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Benzo[b]furans have been studied extensively due to the high
potential biological and pharmaceutical activity of this ring sys-
tem.! Thus, numerous synthetic methods to access this important
scaffold have been developed.? Among others, Pd-catalyzed re-
actions have proven to be highly efficient and convenient for the
synthesis and functionalization of benzo[b]furans. Several review
articles and books have been published that summarize previous
and recent developments in this area.® In 1996, Cacchi and co-
workers reported that 2-(1-alkynyl)phenols in the presence of vi-
nylic triflates and a palladium catalyst undergo cyclization to the
corresponding 2,3-disubstituted benzo[b]furans.* The authors
proposed that this process most likely proceeds through a vinylic
palladium intermediate, generated in situ from the vinylic triflate
via oxidative addition to Pd(0). To access the starting 2-(1-alkynyl)
phenols, a three-step route has been employed in most cases. First,
the OH group is protected with an appropriate protecting group
(e.g., acetyl), then the Sonogashira coupling is conducted, and,
following deprotection of the phenol, the desired 2-(1-alkynyl)
phenol is obtained, generally in moderate yields. The major prob-
lem with the direct Sonogashira reaction between a 2-iodophenol
and a terminal alkyne is that the coupling is often inefficient. In
addition, if basic reaction conditions are employed, 3H-benzofurans
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are often formed as products, instead of the desired 2-(1-alkynyl)
phenol.

In order to transform Cacchi’s process into a three-component
process, Flynn and co-workers employed MeMgCl as an additive to
mask the phenol oxygen of the iodophenol (1). They were then able to
conduct an efficient Sonogashira coupling and subsequent cyclization
to a benzofuran (3) without isolating the corresponding 2-(1-alkynyl)
phenol (2) (Scheme 1).> A number of highly substituted benzofurans
3 have been obtained in moderate to good yields using this approach.
The authors applied their methodology to the synthesis of (4-)-fron-
dosin B and its analogues, and benzo[b]furan-containing inhibitors of
tubulin polymerization.® However, this method has not been found
suitable for the construction of libraries of 2,3-substituted benzofu-
rans, due to the highly reactive nature of the MeMgCl reagent and its
incompatibility with a large number of functional groups.

Thus in 2004, Hu, Fathi, and Yang, in order to access a 210
member library of 2,3-disubstituted benzofurans, optimized the
method developed by Cacchi starting from 2-(1-alkynyl)phenols,
and, after their optimization studies, found more efficient condi-
tions for the formation of 2,3-diarylsubstituted benzo[b]furans
from 2-(1-alkynyl)phenols and aryl iodides.” However, considering
the three-step route required for synthesis of the 2-(1-alkynyl)
phenols, the average yields of the final benzofurans (over 4 steps)
were only moderate.

During the course of our own investigations into methodology
for the synthesis of 2,3-disubstituted indoles under Sonogashira
conditions,® we have found that 2-iodophenols can also participate
in an analogous process, providing an efficient and convenient new
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route to 2,3-disubstituted benzofurans. This finding encouraged us
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1. MeMgCI, THF, 0°C

2. cat. Pd(PPha),,
65°C, 2 h

_ 1. cool to 18 °C R®
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R 3,45-81%
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Scheme 1. A one-pot approach to benzofurans using MeMgCl.

to proceed with our own optimization studies of this process.

2. Results and discussion

2.1. Optimization

2-lodophenol (4), phenyl acetylene (5), and ethyl 4-iodobenzoate
(6) have been employed as starting materials under the reaction

conditions we developed for the synthesis of indoles,® providing the
benzofuran 7 in a 51% yield (Table 1, entry 1). In order to improve the
yield, optimization of the reaction conditions has been carried out.

Our initial examination of a number of palladium catalysts
(Table 1, entries 1—4) indicated that bis(triphenylphosphine)palla-
dium dichloride provided the best results. Changing the base from
triethylamine to diisopropylamine (entries 5 vs 6) did not improve
the yield of the desired benzofuran 7. A study of the effect of various
solvents on the second cyclization step revealed that DMF afforded

Table 1
Optimization of the reaction conditions®
CO,Et
| Pd catalyst, Cul P Ph solventy, MW O
solvent;, MW, t;, T ~ 25min, 100°C__
— Ph O N—ph
OH 5 OH EtOzC©—I o
4 6 7
Entry Time (min) Temp (°C) Solvent Ratio 4:5:6 Catalyst Yield 7° (%)
Step 1 Step 1 Step 1 Step 2

1 15 60 EtsN MeCN 1:1.05:1.1 2 mol % PdCl(PPhs), 51
1 mol % Cul

2 15 60 EtsN MeCN 1:1.05:1.1 2 mol % Pd(PPhs)4 23
1 mol % Cul

3 15 60 EtsN MeCN 1:1.05:1.1 2 mol % Pd(dppe), 10
1 mol % Cul

4 15 60 EtsN MeCN 1:1.05:1.1 2 mol % Pd(OAc), 6
4 mol % PPhs
1 mol % Cul

5 15 60 EtsN MeCN 1:1.05:1.0 2 mol % PdCly(PPhs), 53
1 mol % Cul

6 15 60 "ProNH MeCN 1:1.05:1.0 2 mol % PdCly(PPhs), 50
1 mol % Cul

7 15 60 EtsN DMF 1:1.05:1.0 2 mol % PdCly(PPhs), 34
1 mol % Cul

8 15 60 EtsN THF 1:1.05:1.0 2 mol % PdCl,(PPhs), 29
1 mol % Cul

9 15 60 EtsN Toluene 1:1.05:1.0 2 mol % PdCly(PPhs), 15
1 mol % Cul

10 25 80 EtsN MeCN 1:1.05:1.0 2 mol % PdCl,(PPhs), 20
1 mol % Cul

11¢ 15 25 EtsN MeCN 1:1.05:1.0 2 mol % PdCly(PPhs), 53
1 mol % Cul

12 30 25 EtsN MeCN 1:1.05:1.0 2 mol % PdCly(PPhs), 73
1 mol % Cul

13 30 25 EtsN MeCN 1:1.05:1.0 3 mol % PdCly(PPhs), 86
2 mol % Cul

144 30 25 NMM/Et5N MeCN 1:1.2:1.0 3 mol % PdCl(PPhs), 89
2 mol % Cul

15¢ 30 25 THF/EtsN MeCN 1:1.2:1.0 3 mol % PdCl,(PPhs), 96
2 mol % Cul

¢ Unless otherwise noted, all of the reactions were carried out under microwave irradiation on a 1.0 mmol scale in microwave-resistant vials.

b Isolated yields after column chromatography.

¢ When the first step of the reaction was carried out at 25 °C, much cleaner reaction mixtures were obtained than at 60 °C.

4 0.5 mL of N-methylmorpholine (NMM)/1.5 mL of Et3N using anhydrous solvents under argon.

e

0.5 mL of THF/1.0 mL of Et3N, and Cul were added as a solution in 0.5 mL of EtsN using anhydrous solvents under argon.
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product 7 in a 34% yield (entry 7), whereas THF and toluene were
less efficient, providing only 29% and 15% yields, respectively (en-
tries 8 and 9). Thus, acetonitrile appeared to be the best solvent for
this transformation. An increase in the temperature of the first step
of the reaction to 80 °C decreased the yield of the desired product to
20% (entry 10), whereas conducting the first step at room tem-
perature did not affect the yield of the product and the reaction was
found to be cleaner based on TLC analysis when compared to the
same reaction at 60 °C. Increasing the reaction time of the first step
at room temperature to 30 min improved the yield of benzofuran 7
to 73% (entry 12). Slightly increasing the catalyst loading and
finding the best Pd/Cu catalyst ratio (3 mol % and 2 mol %, re-
spectively) improved the yield of benzofuran 7 to 86% (entry 13).

After the initial evaluation of the scope of this process had been
performed, the solubility of many iodophenols in triethylamine was
found to be insufficient. The first step of the process was inefficient,
leading to the exclusive formation of coupling products of the aryl
iodides with the terminal alkyne and affording only low yields of
the cyclized benzofurans. Thus, additional evaluation of the sol-
vents for the first step was performed.

In this methodology, the choice of solvents plays a crucial role.
For the first step, the ideal solvent needs to be suitable for an ef-
ficient Sonogashira reaction, but should not promote cyclization of
the intermediate 2-(1-alkynyl)phenol, which will result in for-
mation of an undesired 3H-benzofuran. The second step, on the
other hand, requires a solvent, which will promote the cyclization.
Based on our observations on the effect of different solvents on the

Table 2
Scope of the reaction

cyclization step (Table 1; entries 5, 7—9), it can be concluded that
a more polar solvent generally affords a more efficient cyclization
process. The increased polarity of the solvent most likely produces
less ion pairing between the phenolate and the EtsNH™ cation,
which facilitates a more favorable attack of the phenolate on the
alkyne triple bond. We, therefore, tried to add additional reagents
to the triethylamine to improve the solubility of the iodophenols,
but still retain reaction conditions favorable for the Sonogashira
coupling. Solvents, like acetonitrile and DMF, solubilized the
iodophenols well, but were not suitable for the first step, since
they promote the cyclization subsequent. The best additives were
found to be N-methylmorpholine (entry 14) and THF. Eventually,
the ratio of 3/1 triethylamine/THF afforded the best results and
was chosen as our optimized conditions. After we discovered that
the reaction was sensitive to the palladium/copper ratio, we again
looked at this factor. We subsequently found that only very low
amounts of Cul were needed and it was better to add the exact
amount of Cul desired as a 7.5 M solution in EtsN. When running
the reaction under an inert atmosphere and anhydrous conditions,
this allowed us to increase the yield of the desired benzofuran 7 to
96% (entry 15).

2.2. Evaluation of the scope
After ‘optimal’ conditions for the formation of the benzo[b]furan

7 were found, an evaluation of the reaction scope was performed
(Table 2).

3
| 1. =—R? 3 mol % PdCl,(PPhs),, 2 mol % Cul R
R N Et;N/THF (3:1), 25 °C, MW, 30 min . R \_ g2
Z OH 2. R3l, MeCN, 100 °C, MW, 25 min o
Entry lodophenol Acetylene Aryl iodide Product Yield? (%)
CO2Et
@' o
1 OH 5 91
OMe O S
o

MeOzC\©il
2 OH 5

10

OH

12

OMe

9

CO:Et
MeO2C 92
O N—pn
(0]

11

EtO2C

CO2Et O 53
-l Oy
o
13 ‘

(continued on next page)
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Table 2 (continued )

Entry Iodophenol Acetylene Aryl iodide Product Yield? (%)
COzEt
BF\©[| O
4 OH 5 6 Br 84
O S—pn
15 o)
16
O CO,Et
5 15 5 13 Br N 60°
Ph
(0]
17
H CO2Et
6 4 EE 6 94
(\tl
OMe
OMe O o
18 19
CO2Et
OMe
7 4 6 93
<
MeO OMe 0
20 OMe
21
8 v <5 6 83
)
NM
NMe O 5 e2
2 23
EtO2C.
CHO
9 4 13 O N O 69°
(0]
24 OHC
25
CO,Et

10 4 ;B 6 Trace?
O
CN o)
27
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Table 2 (continued )
Entry lodophenol Acetylene Aryl iodide Product Yield? (%)
H O CO,Et
11 10 13 MeO,C O A\ C 52
(6]
28
29
12 4 Z ) 6 100
S
30
13 4 Me~ "X 6 63¢
N=
32
33
Ph
A\
14 4 Phl @’Ph 87
(0]
34
OMe
Me i
15 4 53f
| O N Ph
o
35
36
OMe O OMe
16 4 84
| O S—pn
O
37
38
CN
N (O
17 4 98
| O
o
39
40
NO;
NO2
18 4 <> O 75
. Crm
o .
41 (continued on next page)

K
N
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Table 2 (continued )
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Entry Iodophenol Acetylene Aryl iodide Product Yield? (%)
@\ 0N O
19 4 5 NG, N 74
| Ph
(0]
43
4
Cl
| 0
20 4 5 é 96
| O N Ph
45 0
46
]
O,
21 4 30 5 73
| A\ =
<
O
47
48
P
NTs —
22 4 5 =~ 58
| O N Ph
(0]
49
50
(0]
23 4 5 [e) = 43
|
51
52
It FN
‘ N
24 8 OHC 65
Me '
3 54
55
AcO,
OAc
OMe A AcO [ O
OH
OA Br N\ 60
: c Q
OAc
Br I OMe OAc O o
56 57 58 OMe
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Table 2 (continued )

Entry lodophenol Acetylene

Aryl iodide Product Yield? (%)

{3
|
26 57

OH
OMe

60

27 4 5

O OAc
R
Oy
o
OMe OMe

0
R=4< ] 61

R = CHO, 62 (94%)

Me
Me o ’ Me
o Me
O A\ 34

Ph
o

58 63

64

a
b

Isolated yields after column chromatography.

€ 1.0 equiv of alkyne was employed.

This compound was prepared on a large scale and recrystallized, what might have contributed to the lower yield.

The reaction afforded a complex mixture; for an alternative route to 27, see Scheme 2.

d
€ 1.0 equiv of alkyne was employed and the first step of the process was run at 60 °C.
f

The second step of the process was conducted at 80 °C with the addition of 10

First, several different iodophenols were investigated under our
optimized reaction conditions (Table 2, entries 1-5). The electron-
rich methoxy-containing phenol 8, and the electron-poor ester-
containing phenol 10 afforded the expected benzo[b]furans 9 and
11 in 91% and 92% yields, respectively (entries 1 and 2). When 6-
allyl-2-iodophenol (12) was employed, benzofuran 14 was
formed, albeit in only a 53% yield (entry 3). The presence of a bro-
mine atom para to the hydroxy group was well tolerated and the
bromo-containing benzo[b]furans 16 and 17 were isolated in 84%
and 60% yields, respectively (entries 4 and 5). Even though the
addition of THF greatly improved the solubility of many of the
starting o-iodophenols, some substrates (e.g., 5-iodovanillin, 7-
iodo-8-hydroxyquinoline-5-sulfonic acid, and 5-iodouracil) still
exhibited insufficient solubility in the Et3N/THF mixture to afford
good results. The poor solubility prevented the first coupling step
from proceeding in acceptable yield and thus sharply reducing the
yield of the three-component coupling product while increasing
the number of side products.

Various additional terminal alkynes have been studied (entries
6—12). Alkynes bearing electron-donating groups, such as alkynes
18, 20, and 22, were well tolerated, providing benzofurans 19, 21,
and 23 in 94%, 93%, and 83% yields, respectively (entries 6—8). The
alkyne 24, containing an electron-withdrawing aldehyde group in

mol % Pd( Pphg )4.

the position ortho to the alkyne functionality was also tolerated,
providing the benzofuran 25 in a 69% yield (entry 9). However,
when a stronger electron-withdrawing cyano group (26) was
present in the alkyne, no cyclization product was observed (entry
10). Instead a complex reaction mixture, containing the 3H-ben-
zofuran 66, the coupling product of 26 with 6, as well as trace
amounts of other products was obtained. This result can be ratio-
nalized by examining the nucleophilicity of the alkyne moiety.
When an electron-withdrawing group is present, the electron
density on the carbon—carbon triple bond is decreased, thus pro-
moting cyclization of the OH group, without interception by the
desired intermediate arylpalladium iodide. In the case of 4-
ethynylbenzonitrile (26), using the corresponding TMS-protected
phenol 65 and adding TBAF during the second step of the se-
quence, we were able to obtain the desired benzo[b]furan 27 in
a 53% yield (Scheme 2).

The use of 1-ethynylcyclohexene (28) afforded the desired
benzo[b]furan 29 in a 52% yield (entry 11). The heterocycle-
containing terminal alkynes 30 and 32 were also well tolerated
under our reaction conditions, providing thiophenyl- and
methylimidazolyl-substituted benzofurans 31 and 33 in 100% and
63% yields, respectively (entries 12 and 13). Unfortunately, aliphatic
acetylenes [e.g., 1-pentyne] led to formation of the desired benzo[b]

CO,Et

o

| 1. 26, 3 mol % PdCly(PPhs),, 2 mol % Cul

o .
@[ MeCN, Et;N, MW, 60 °C, 30 m;n . O N\ O oN + O A O .
OTMS 2. 6, TBAF (1.5 equiv), MW, 100 °C, 25 min o o

65

27,53% 66, 11%

Scheme 2. An alternative route employing 4-ethynylbenzonitrile.
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furan in only trace amounts and afforded a complex reaction
mixture. Various attempts to modify the reaction conditions failed
to improve this reaction.

Finally, we examined the scope of the aryl iodides that can be
used in this process under our optimized reaction conditions.
Starting with iodobenzene, 2,3-diphenylbenzo[b]furan (34) was
obtained in an 87% yield (entry 14). When 4-iodoanisole (35) was
employed, only a 22% yield of benzofuran 36 was obtained under

1. R—=

reported.’® We were interested in knowing if our methodology
could provide such a Heck-type transformation to afford 3-(1-
alkenyl)benzofurans in a one-pot fashion from 2-iodophenol (4).
Gratifyingly, by employing butyl acrylate and slightly modifying
our reaction conditions for the second step of the process, we were
able to obtain the olefinic product 67 in a 56% yield (Scheme 3). The
alkyne 1-ethynylcyclohexene (28) also afforded the desired product
68 in a 70% yield.

3 mol % PdCl,(PPhs),, 2 mol % Cul =

I Et3N, rt, 30 min, MW
@ 2. MeCN, 60 °C, 25 min, MW
OH

KOAc (3 equiv), benzoquinone (1 equiv)

4 ZCO5Bu (5 equiv)

67, R = Ph, 56%
68, R = 1-cyclohexenyl, 70%

Scheme 3. Synthesis of benzofurans from iodophenols, alkynes, and alkenes.

our optimized conditions. However, using a slightly lower temper-
ature (80 °C) and an additional loading of the Pd catalyst in the
second step improved the yield of the product 36 to 53% (entry 15).
Surprisingly, the presence of an electron-donating methoxy group in
the meta-position of the aryl iodide 37 was well tolerated and
afforded the desired heterocycle 38 in an 84% yield (entry 16). Aryl
iodides with electron-withdrawing groups, such as 4-
iodobenzonitrile (39) and 4-iodonitrobenzene (41), also afforded
the corresponding benzofurans 40 and 42 in 98% and 75% yields,
respectively (entries 17 and 18). Placing the nitro group in the po-
sition ortho to the iodine did not affect the efficiency of the process,
providing benzo[b]furan 44 in a 74% yield (entry 19). 4-
Chloroiodobenzene (45) afforded the benzo[b|furan 46 in an ex-
cellent 96% yield (entry 20). The product 48 has been obtained in
a 73% yield by employing 3-ethynylthiophene (30) and p-iodoace-
tophenone (47) (entry 21). Various heterocyclic aryl and vinylic io-
dides have been examined under our standard reaction conditions,
providing the corresponding heterocyclic products in moderate to
good yields (entries 22—24). N-Tosyl 3-iodoindole (49) afforded the
desired benzofuran 50 in a 58% yield (entry 22). When employing 2-
iodochromene (51), the bis-heterocyclic product 52 was obtained,
albeit in only a 43% yield (entry 23). To our delight, this methodol-
ogy proved to be useful for the synthesis of the highly substituted
benzofurans 55, 59, and 61 (entries 24—26). 2-Fluoro-3-formyl-4-
iodopyridine (54) coupled with 6-methoxy-2-iodophenol (8) and
3-tolyl acetylene (53) to afford the highly substituted benzofuran 55
in a 65% yield (entry 24). Bromo-substituted benzofuran 59 was
obtained in a 60% yield from the readily accessible starting materials
56, 57, and 58 (entry 25). Compound 61 was prepared in a 63% yield
starting from 2-iodophenol 60 and was further converted into the
corresponding aldehyde 62 in 94% yield (entry 26). Benzofurans 59
and 62 would appear to be an ideal intermediates for the synthesis
of naturally-occurring Gnetuhainin F, a benzofuran from the class of
oligostilbenes isolated from Gnetum hainanense species, a tradi-
tional Chinese medicine herb.? Finally, the vinylic halide 2-iodo-4,4-
dimethylcyclohex-2-enone (63) was allowed to react with o-iodo-
phenol and phenyl acetylene to generate the corresponding het-
erocycle 64, albeit in only a 34% yield (entry 27).

2.3. Additional processes and further diversification

Recently, several processes describing Heck-type Pd(0) or Rh(I)-
catalyzed reactions of 2-(1-alkynyl)phenols with alkenes have been

We have also investigated the possibility of employing aryl
boronic acids (analogous to a Suzuki—Miyaura coupling),!" plus aryl
halides and terminal alkynes (analogous to a Sonogashira cou-
pling)!? in a Sonogashira/cyclization/Suzuki—Miyaura sequential
process. However, there was no evidence for formation of the ex-
pected 2,3-disubstituted benzo[b]furans in the two cases we ex-
amined using our standard reaction conditions. The major product
in both cases was the corresponding 3H-benzofuran. This does not
mean that there are no reaction conditions under which the desired
Sonogashira/cyclization/Suzuki—Miyaura process won'’t occur.

We have also attempted Pd-catalyzed couplings with the 5-
bromobenzofurans 16 and 17 prepared by our benzofuran synthe-
sis to illustrate how our benzofurans can be further diversified to
provide a large variety of multisubstituted benzofurans for drug
testing. Thus, Suzuki—Miyaura!® and Mizoroki—Heck'? couplings
proceeded smoothly, affording the benzofurans 69 and 70 in 83%
and 81% yields, respectively (Scheme 4).

3. Conclusions

A novel convenient multicomponent process for the synthesis of
2,3-disubstituted benzo[b]furans under Sonogashira conditions has
been developed and the scope of this process studied. Microwave
irradiation has been employed, providing higher yields, shorter
reaction times and cleaner products. This methodology has proven
quite general and should prove a valuable tool in the synthesis of
combinatorial libraries of benzofurans.

4. Experimental
41. General remarks

All microwave reactions were carried out in sealed oven-dried
microwave vials. A Biotage microwave reactor was used for all ex-
periments run at or above 60 °C. A CEM microwave reactor was
used for the room temperature microwave reactions. The 'H and
13C NMR spectra were recorded at 300 and 75.5 MHz or 400 and
100 MHz, respectively. The chemical shifts of the '"H NMR and 3C
NMR spectra are reported relative to the residual signal of CDCl3 (6
7.26 ppm for the '"H NMR and é 77.23 ppm for the >C NMR), ace-
tone-dg (2.05 ppm for the '"H NMR and 6 29.92 ppm for the 3C
NMR) or DMSO-dg (2.50 ppm for the 'H NMR and 6 39.51 ppm for
the 13C NMR). All coupling constants () are reported in Hertz (Hz).
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MeO@B(OH)Z

MeO
5 mol % Pd(PPh3)s, KoCOj3 (3 equiv) O

CO,Et

(D

)

69, 83%

EtO,C%
? T N toluene, EtOH, 100 °C, 24 h
Br ]
N Ph
(0]
16 or 17 BUO,C™ X (5 equiv)

O CO,Et
5 mol % Pd(OAc),, 10 mol % SPhos  BuO,C =
EtsN, DMF, 100 °C, 24 h O N Ph

(0]

70, 81%

Scheme 4. Pd-catalyzed diversification.

All commercially obtained chemicals were used as received with-
out further purification. Thin layer chromatography was performed
using commercially prepared 60-mesh silica gel plates, and visu-
alization was effected with short wavelength UV light (254 nm). All
melting points were obtained using an EZ-Melt automated melting
point apparatus and are uncorrected. High resolution mass spectra
(HRMS) were obtained using an Agilent QTOF 6540 mass spec-
trometer (ESI at a voltage of 70 eV). All mass spectra (MS) were
obtained using a GCT-Agilent 6890 gas chromatograph/mass
spectrometer (EI at a voltage of 70 eV). All IR spectra were obtained
using a Nicolet 380 FT-IR apparatus.

4.2. Preparation of the starting compounds for the three-
component coupling

A majority of the starting materials were purchased from com-
mercial sources and used as received. The following compounds
were prepared following the procedure described in the literature:
iodophenols 8' and 12;'* 3-jodo-N-tosylindole (49)," 3-iodo-4H-
chromen-4-one (51),'® 2-iodo-4,4-dimethylcyclohexenone (63).

4.2.1. 4-Bromo-2-iodo-6-methoxyphenol (56). Phenol 56 was pre-
pared by a modification of a procedure described for the bromi-
nation of guaiacol’® 2-lodo-6-methoxyphenol (8, 0.975 g,
3.9 mmol) was dissolved in dry DMF (0.8 mL), the reaction mixture
was cooled to 0 °C, and then NBS (0.69 g, 3.9 mmol) in DMF (0.8 mL)
was added dropwise. The reaction mixture was stirred for 30 min at
0 °C and then slowly quenched with an ice cold water/ethyl ether
mixture at the same temperature. (The yield of the product drop-
ped significantly when the reaction temperature was not kept at or
below 0 °C). The organic fraction was separated, washed, and dried
over MgSO4. The reaction mixture was purified using column
chromatography and the desired compound 56 was obtained as
a brown solid (0.96 g, 75%): mp 77—79 °C; 'H NMR (300 MHz,
CDCl3) ¢ 3.88 (s, 4H), 6.04 (s, 1H), 6.94 (d, J=2.1 Hz, 1H), 743 (d,
J=2.1 Hz, 1H); 3C NMR (75 MHz, CDCl3) ¢ 56.7, 81.6, 112.5, 114.3,
1324, 145.3, 146 4.

4.2.2. 4-Ethynyl-2-methoxyphenyl acetate (57). Commercially avail-
able 4-bromo-2-methoxyphenol (1.02 g, 5.0 mmol) and acetic anhy-
dride (0.71 mL, 7.5 mmol) were dissolved in dichloromethane (10 mL).
Then concentrated H,SO4 (25 mg) was added and the mixture was
stirred for 30 min at rt. The reaction was then subjected to an aqueous
work-up analogous to the one described in the literature,' resulting in

4-bromo-2-methoxyphenyl acetate, obtained as a colorless solid,
1.21 2(99%): 'TH NMR (300 MHz, CDCl3) 6 2.31 (s, 3H), 3.82 (s, 3H), 6.90
(d, J=8.6 Hz, 1H), 7.03—7.12 (m, 2H). 4-Bromo-2-methoxyphenyl ac-
etate (1.21 g, 4.9 mmol), Pd(OAc), (53.8 mg, 0.24 mmol), Cul (23 mg,
0.12 mmol), and tris(tert-butyl)phosphoniumtetrafluoroborate
(69.6 mg, 0.24 mmol) were dissolved in diisopropylamine (10 mL) and
purged with argon. Trimethylsilyl acetylene (1.38 mL, 9.8 mmol) was
added and the reaction mixture was stirred at 40 °C for 2 h. The work-
up was conducted analogous to a procedure described in the litera-
ture.?% The desired alkyne was obtained as a colorless solid (1.28 g,
100%). The resulting product was dissolved in THF (29 mL) and water
(3.5mL)and a 1 M solution of TBAF in THF (5.7 mL) was added at 0 °C.
The reaction mixture was allowed to warm to room temperature and
stirred for an additional 1 h. The volatile solvents were evaporated and
the aqueous layer was extracted with ethyl acetate. The organic
fractions were dried and evaporated, affording 0.74 g (80%) of the
desired compound 57 as a colorless solid: mp 77—79 °C; '"H NMR
(400 MHz, CDCl3) ¢ 2.31 (s, 3H), 3.07 (s, 1H), 3.82 (s, 3H), 6.99 (d,
J=8.0Hz,1H), 7.06—7.12 (m, 2H); > CNMR (75 MHz, CDCl3) 6 20.7, 56.0,
773, 83.2,116.0,120.8, 123.0, 125.1, 140.5, 150.9, 168.8.

4.2.3. 3,5-Diacetoxyiodobenzene (58). 3,5-Dihydroxyiodobenzene
(0.27 g, 116 mmol) was dissolved in dichloromethane (3 mL);
Ac0 (0.33 mL, 3.49 mmol) and HSO4 (1.2 mg) were added and the
mixture was stirred at rt for 1 h. Then concentrated aqg NaHCO3
solution was added at 0 °C and the mixture was allowed to warm up
to room temperature. The organic phase was collected, dried
(MgS04) and evaporated. Compound 58 was obtained as a colorless
solid (0.34 g, 91%) and used without further purification: mp
77—80°C; 'H NMR (400 MHz, CDCl3) 6 2.28 (s, 3H), 6.92 (t, J=2.0 Hz,
1H), 7.36 (d, J=2.0 Hz, 1H); *C NMR (100 MHz, CDCl3) 6 21.3, 69.5,
92.7, 115.6, 128.4, 151.3, 168.8; HRMS calcd for C1gHglO4 [M+Na]*
342.9438, found 342.9441.

4.2.4. 4-(1,3-Dioxolan-2-yl)-2-iodo-6-methoxyphenol (60). Compo-
und 60 was prepared following a procedure described for an analo-
gous reaction.’! 5-lodovanillin (1.0 mmol) and ethylene glycol
(5.0 mmol) were dissolved in toluene. Then acidic aluminum oxide
was added and the resulting mixture was refluxed for 24 h. After
cooling, the mixture was filtered, washed with dichloromethane/
water and the organic phase was dried (MgSO4) and evaporated.
Column chromatography using ethyl acetate/hexanes (1:3) as the
eluent afforded 196 mg (62%) of product 60 as a colorless oil: '"H NMR
(400 MHz, CDCl3) 6 3.91 (s, 3H), 3.97—4.06 (m, 2H), 4.08—4.16 (m, 2H),
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5.69 (s, 1H), 6.16 (s, 1H), 6.96 (s, 1H), 7.42 (s, 1H); *C NMR (101 MHz,
CDCl3) 6 56.5, 65.5, 80.9, 95.7, 103.0, 108.9, 129.1, 131.6, 146.2, 146.6.

4.3. General procedure for the one-pot, three-component
Sonogashira/Cacchi type coupling to synthesize benzofurans

The 2-iodophenol (0.5 mmol) and dichlorobis(triphenylphos-
phine)palladium (10.5 mg, 3 mol %) were placed in a 5 mL microwave
vial and purged with argon. Dry THF (0.5 mL) was added and the re-
action mixture was stirred until the iodophenol completely dissolved.
Then dry triethylamine (1.0 mL) and a 3.8 M solution of Cul in dry
triethylamine (0.5 mL) were added and the mixture allowed to stir for
10 min. Then 1.2 equiv of the corresponding alkyne was added; the vial
was capped, purged with argon and placed in the microwave reactor
for 30 min at 25 °C. The corresponding aryl iodide (0.5 mmol) and dry
acetonitrile (2 mL) were added and the reaction mixture was heated in
the microwave reactor at 100 °C for 25 min. After cooling, the solvents
were evaporated and column chromatography using ethyl acetate/
hexane as the eluent afforded the desired products.

4.3.1. Ethyl 4-(2-phenylbenzofuran-3-yl)benzoate (7). Yellow solid,
164.2 mg (96%): mp 100—103 °C; 'H NMR (400 MHz, CDCl3) 6 1.42
(t,J=7.1Hz, 3H), 441 (q, J=71 Hz, 2H), 7.21-7.26 (m, 1H), 7.26—7.36
(m, 4H), 7.49 (d, J=7.3 Hz, 1H), 7.52—7.66 (m, 5H), 8.14 (d, J=8.1 Hz,
2H); 3C NMR (101 MHz, CDCl3) 6 14.6, 61.3,111.4, 116.7,119.9, 123.3,
125.1,127.4,128.7,128.9,129.8,129.8,130.4, 131.6, 131.9, 137.9, 151.3,
154.2, 166.6; HRMS calcd for Cp3H1303 [M+H]" 342.1256, found
342.1260.

4.3.2. Ethyl 4-(7-methoxy-2-phenylbenzofuran-3-yl)benzoate (9). Br-
ight yellow solid, 169.6 mg (91%): mp 125—127 °C; 'H NMR (400 MHz,
CDCl3) 6 1.44 (t, J=7.1 Hz, 3H), 4.08 (s, 3H), 4.43 (q, J=7.1 Hz, 2H), 6.87
(d,J=79 Hz, 1H), 7.10 (d, J=7.8 Hz, 1H), 7.19 (t, ]=7.9 Hz, 1H), 7.28—7.36
(m, 3H), 7.59 (d, J=8.0 Hz, 2H), 7.61—7.70 (m, 2H), 8.14 (d, ]=8.0 Hz,
2H); 3C NMR (100 MHz, CDCls) 6 14.6, 56.4, 61.3, 107.4, 112.3, 117.0,
124.0, 127.5,128.7,128.9, 129.8, 129.9, 130.3, 130.3, 131.4, 137.9, 143.6,
145.6,151.6, 166.6; HRMS calcd for C4H2004 [M+H]" 372.1362, found
373.1438.

4.3.3. Methyl 3-[4-(ethoxycarbonyl)phenyl]-2-phenylbenzofuran-5-
carboxylate (11). Colorless solid, 162.3 mg (92%): mp 186—187 °C;
TH NMR (300 MHz, CDCl3) 6 1.44 (t, ]=7.1 Hz, 3H), 3.92 (s, 3H), 4.44
(q, J=71 Hz, 2H), 7.29—-7.47 (m, 3H), 7.46—7.73 (m, 5H), 8.09 (d,
J=8.6 Hz, 1H), 8.17 (d, J=8.2 Hz, 2H), 8.20 (s, 1H); '>*C NMR (75 MHz,
CDCl3) 6 14.6, 52.4, 61.4,111.4,117.1,122.4,125.8, 126.9, 127.4, 128.9,
129.4, 129.9, 129.9, 130.2, 130.6, 137.2, 152.7, 156.8, 166.5, 167.3;
HRMS calcd for Co5H300s [M+H]" 401.1384, found 401.1395.

4.3.4. Ethyl 4-(7-allyl-2-phenylbenzofuran-3-yl)benzoate (14). Colo-
rless oil, 97.6 mg (53%): 'H NMR (300 MHz, CDCl5) é 1.38 (t,
J=71 Hz, 3H), 3.79 (d, J=6.7 Hz, 2H), 4.39 (q, J=7.1 Hz, 2H),
5.11-5.33 (m, 2H), 5.06—5.38 (m, 2H), 6.16 (ddt, J=16.8,10.0, 6.6 Hz,
1H), 7.11-7.40 (m, 6H), 7.53 (t, J=7.7 Hz, 1H), 7.59—7.73 (m, 3H), 8.10
(dt, J=7.8, 1.5 Hz, 1H), 8.23 (t, J=1.8 Hz, 1H); '3C NMR (75 MHz,
CDCl3) 6 14.5, 29.9, 30.2, 34.2, 61.3, 116.5, 117.0, 118.1, 123.5, 123.9,
125.1,127.2,128.7,129.0,129.3,130.0,130.7,131.0, 131.6, 133.7, 134.5,
136.1, 150.9, 152.6, 166.6; HRMS calcd for CygHz203 [M+H]"
382.1563, found 382.1558.

4.3.5. Ethyl 4-(5-bromo-2-phenylbenzofuran-3-yl)benzoate (16). Colo-
rless solid, 176.8 mg (84%): mp 135—137 °C; 'H NMR (400 MHz, CDCl3)
6 144 (t, J=7.1 Hz, 3H), 443 (q, J=7.1 Hz, 2H), 7.29—7.37 (m, 3H), 7.44
(d, J=1.0 Hz, 2H), 7.56 (d, J=8.3 Hz, 2H), 7.58—7.64 (m, 3H), 8.15 (d,
J=8.2 Hz, 2H); >C NMR (75 MHz, CDCl3) § 14.6, 61.4,112.9,116.3,116.6,
122.7,127.5,128.0, 128.9, 129.4, 129.8, 129.9, 130.2, 130.6, 131.9, 137.2,

152.6, 153.0, 166.5; HRMS calcd for Cy3Hi7Br O3 [M+H]' 421.0361,
found 421.0434.

4.3.6. Ethyl3-(5-bromo-2-phenylbenzofuran-3-yl)benzoate (17). Colo-
rless solid: mp 103—104 °C; 'H NMR (300 MHz, CDCls) ¢ 1.39 (t,
J=71 Hz, 3H), 440 (q, J=7.1 Hz, 2H), 7.28—7.35 (m, 3H), 7.44 (d,
J=1.2 Hz, 2H), 7.50—7.71 (m, 5H), 8.12 (dt, J=7.6, 1.4 Hz, TH), 8.17 (s,
1H); 3C NMR (100 MHz, CDCl3) 6 14.5, 61.4,112.9, 116.2, 116.5, 122.7,
126.4,127.2,127.9,128.8,128.9,129.2,129.4, 129.5, 130.0, 130.9, 131.8,
132.3, 132.8, 134.4, 152.4, 152.9, 166.5; HRMS calcd for C3H1gBrOs
[M+H]* 421.0434, found 421.0440.

4.3.7. Ethyl 4-[2-(4-methoxyphenyl)benzofuran-3-yl]benzoate (19).
Yellow solid, 175.0 mg (94%): mp 125—127 °C; 'H NMR (400 MHz,
CDCl3) 6 141 (t, J=7.1 Hz, 3H), 3.78 (s, 3H), 4.41 (q, J=7.1 Hz, 2H),
6.83 (d, J=8.8 Hz, 2H), 7.22 (t, J=7.5 Hz, 1H), 7.29 (t, J=7.7 Hz, 1H),
747 (d, J=7.7 Hz, 1H), 7.52—7.61 (m, 5H), 8.13 (d, J=8.2 Hz, 2H); °C
NMR (101 MHz, CDCl3) 6 14.6, 55.4, 61.2, 111.2, 114.2, 115.2, 119.6,
122.9, 123.2, 124.6, 128.9, 129.5, 129.8, 130.3, 134.1, 138.2, 151.5,
154.1, 160.1, 166.6; HRMS calcd for Cy4H004 [M+H]™ 372.1362,
found 372.1372.

4.3.8. Ethyl  4-[2-(3,5-dimethoxyphenyl)benzofuran-3-yl]benzoate
(21). Cream colored solid, 186.3 mg (93%): mp 102—104 °C; 'H
NMR (400 MHz, CDCl5) 6 1.45 (t, J=7.1 Hz, 3H), 3.70 (s, 6H), 4.44
(g, J=7.1 Hz, 2H), 6.45 (s, 1H), 6.81 (s, 2H), 7.27 (t, J=7.5 Hz, 1H),
7.37 (t, J=7.7 Hz, 1H), 7.49 (d, J=7.8 Hz, 1H), 7.58 (d, J=8.2 Hz, 1H),
763 (d, J=8.0 Hz, 2H), 8.18 (dd, J=8.2, 1.5 Hz, 2H); 3C NMR
(100 MHz, CDCl3) ¢ 14.6, 55.5, 61.3, 101.6, 101.6, 105.2, 111.4, 1171,
119.9, 123.3, 125.2, 129.8, 129.9, 130.3, 131.9, 137.9, 150.9, 154.0,
160.8, 166.5; HRMS calcd for Cy5H2205 [M+H]"™ 403.1540, found
403.1549.

4.3.9. Ethyl 4-[2-(4-(dimethylamino )phenyl)benzofuran-3-yl]benzo-
ate (23). Yellow-green oil, 160.1 mg (83%): 'H NMR (300 MHz,
CDCl3) 6 1.47 (t, J=7.2 Hz, 3H), 2.99 (s, 6H), 447 (q, J=7.1 Hz, 2H),
7.29 (dt, J=17.4, 7.0 Hz, 2H), 6.66 (d, J=8.5 Hz, 2H), 7.29 (dt, J=174,
7.0 Hz, 2H), 7.48—7.61 (m, 4H), 7.67 (d, J=8.0 Hz, 2H), 8.19 (d,
J=8.0 Hz, 2H); 3C NMR (75 MHz, CDCl3) 6 14.5, 40.3, 61.1, 111.1,
111.9,113.7,117.9,119.2, 123.0, 124.1, 128.5, 129.2, 129.8, 130.1, 130.2,
138.8,150.6, 152.7,153.9,166.7; HRMS calcd for Ca5H23NO3 [M+H] "
386.1751, found 386.1759.

4.3.10. Ethyl 4-[2-(2-formylphenyl)benzofuran-3-yllbenzoate (25).
Yellow oil, 128.6 mg (69%): 'H NMR (400 MHz, CDCl3) ¢ 1.36 (t,
J=7.2 Hz, 3H), 4.36 (q, J=7.2 Hz, 2H), 7.36 (t, J=7.5 Hz, 1H), 7.43 (t,
J=7.6 Hz, 2H), 7.47—7.64 (m, 5H), 7.73 (d, J=7.8 Hz, 1H), 8.01 (t,
J=7.6 Hz, 2H), 8.14 (s, 1H), 10.07 (s, 1H); >C NMR (101 MHz, CDCl3)
014.5,61.3,111.8,117.6,120.5,120.7, 123.8, 125.8,128.3, 128.3, 129.0,
129.3, 129.8, 130.5, 131.3, 131.6, 131.9, 132.9, 133.8, 134.3, 148.6,
155.1, 166.2, 191.0; HRMS calcd for Cp4Hig04 [M-+H]* 3711278,
found 371.1276.

4.3.11. Ethyl 4-[2-(4-cyanophenyl)benzofuran-3-yl]benzoate (27).
Colorless solid, 97.5 mg (53%): mp 135—137 °C; '"H NMR (400 MHz,
CDCl3) 6 1.45 (t, J=7.1 Hz, 3H), 4.45 (q, J=7.1 Hz, 2H), 7.29 (t, J=7.5 Hz,
1H), 7.41 (t, J=7.8 Hz, 1H), 7.48 (d, J=7.8 Hz, 1H), 7.57 (t, J=8.1 Hz,
5H), 7.73 (d, J=8.1 Hz, 2H), 819 (d, J=8.0 Hz, 2H); *C NMR
(100 MHz, CDCl3) ¢ 14.6, 56.9, 61.4, 111.6, 111.9, 118.8, 119.7, 120.5,
123.8, 126.3, 127.3, 129.6, 129.8, 130.5, 130.7, 132.5, 134.7, 136.9,
148.7, 154.4, 166.4; HRMS calcd for C4H7NO3 [M+H]" 367.1208,
found 367.1212.

4.3.12. Ethyl 4-[2-(cyclohex-1-en-1-yl)benzofuran-3-yl]benzoate (29).
Yellow oil, 1041 mg (52%): 'H NMR (400 MHz, CDCls) ¢ 1.40 (t,
J=71 Hz, 3H), 1.62 (t, J=3.2 Hz, 4H), 2.12 (br s, 2H), 2.18 (br s, 2H), 3.88
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(s,3H), 440 (q,J=7.1 Hz, 2H), 6.41—6.48 (m, 1H), 7.47 (d, J=8.5 Hz, 1H),
7.54 (t, J=7.7 Hz, 1H), 7.61—7.66 (m, 1H), 8.01 (dd, J=10.8, 1.5 Hz, 2H),
8.09 (d, J=7.8 Hz, 1H), 8.13 (d, J=19 Hz, 1H); '3C NMR (100 MHz,
CDCl3) 6 14.5, 219, 22.6, 25.9, 26.6, 52.2, 61.3,110.8, 115.5, 121.9, 125.2,
1264, 127.9, 128.9, 128.9, 1306, 131.0, 1311, 131.2, 133.2, 134.5, 154.5,
156.0, 166.6, 167.4; HRMS calcd for CosHa505 [M+H]* 405.1697, found
405.1706.

4.3.13. Ethyl 4-[2-(thiophen-3-yl)benzofuran-3-yl]benzoate (31). Yell-
ow oil, 174.2 mg (100%): 'H NMR (300 MHz, CDCl3) 6 1.45 (t, J=7.2 Hz,
3H), 444 (q, J=7.1 Hz, 2H), 7.21 (t, J=5.2 Hz, 1H), 7.24—7.30 (m, 2H),
735 (t, J=7.6 Hz, 1H), 747 (d, J=72 Hz, 1H), 7.55 (d, J=8.1 Hz, 1H),
7.58—7.70 (m, 3H), 8.18 (d, J=8.4 Hz, 2H); *C NMR (75 MHz, CDCl5)
0 14.6, 61.3, 111.3, 115.9, 119.8, 123.4, 123.8, 125.0, 126.1, 126.2, 129.7,
130.0,130.3,131.6,137.7,148.3, 154.0, 166.6; HRMS calcd for C21H1603S
[M+H]" 349.0893, found 349.0900.

4.3.14. Ethyl 4-[2-(1-methyl-1H-pyrazol-5-yl)benzofuran-3-yl]ben-
zoate (33). Green amorphous solid, 109.4 mg (63%): 'H NMR
(400 MHz, CDCl3) 6 1.41 (t, J=7.1 Hz, 3H), 3.63 (s, 3H), 4.40 (q,
J=71 Hz, 2H), 7.31 (t, J=7.3 Hz, 1H), 7.38 (t, J=7.3 Hz, 1H),
7.42—7.49 (m, 1H), 7.55 (t, J=6.8 Hz, 3H), 7.60—7.72 (m, 2H), 8.11
(d, J=7.7 Hz, 2H); 3C NMR (100 MHz, CDCl3) 6 14.6, 61.3, 111.6,
120.2, 123.7, 125.5, 128.1, 128.6, 128.7, 129.1, 129.9, 1304,
132.1, 132.2, 132.3, 136.8, 154.8, 166.4 (N—CH3; does not show
up); HRMS calcd for Cp;HigN203 [M+H]" 3471390, found
347.1398.

4.3.15. 2,3-Diphenylbenzofuran (34)%? Yellow-green solid, 117.6 mg
(87%): mp 116—119 °C [lit. mp 123 °C];?> 'H NMR (300 MHz, CDCl3)
6 7.20—7.36 (m, 5H), 7.46 (m, 6H), 7.56 (d, J=8.2 Hz, 1H), 7.66 (d,
J=17.3 Hz, 2H); 3C NMR (75 MHz, CDCl3) 6 111.3, 117.7, 120.3, 123.1,
124.9, 127.2, 127.8, 128.6, 128.6, 129.2, 129.9, 130.5, 130.9, 133.1,
150.7,154.2.

4.3.16. 3-(4-Methoxyphenyl)-2-phenylbenzofuran (36)* Yellow
amorphous solid, 79.7 mg (53%): TH NMR (400 MHz, CDCl3) 6 3.89
(s, 3H), 6.98—7.05 (m, 2H), 7.23—7.27 (m, 1H), 7.28—7.36 (m, 4H),
7.41-7.45 (m, 2H), 7.50 (d, J=8.5 Hz, 1H), 7.56 (d, J=8.2 Hz, 1H), 7.69
(dd, J=8.2, 1.6 Hz, 2H).

4.3.17. 3-(3-Methoxyphenyl)-2-phenylbenzofuran (38).” Yellow oil,
125.7 mg (84%): 'H NMR (400 MHz, CDCl3) 6 3.83 (s, 3H), 6.98—7.03
(m, 1H), 7.13 (dd, J=11.5, 4.9 Hz, 2H), 7.24—7.45 (m, 6H), 7.56—7.63
(m, 2H), 7.75 (dd, J=8.1, 1.5 Hz, 2H).

4.3.18. 3-(4-Cyanophenyl)-2-phenylbenzofuran (40). Yellow solid,
140.1 mg (98%): mp 113—115 °C, 'H NMR (400 MHz, CDCl3) 6 7.27 (t,
J=7.5 Hz, 1H), 7.32—7.39 (m, 4H), 7.48 (d, J=7.7 Hz, 1H), 7.59 (dt,
J=11.4, 4.6 Hz, 5H), 7.69—7.78 (m, 2H); >C NMR (100 MHz, CDCl3)
6 1114, 111.6, 115.9, 118.9, 119.6, 123.6, 125.4, 127.5, 128.9, 129.2,
129.3, 130.0, 130.5, 132.9, 138.3, 151.8, 154.3; HRMS calcd for
C21H13NO [M+H]* 296.107, found 296.1073.

4.3.19. 3-(4-Nitrophenyl)-2-phenylbenzofuran (42).” Yellow solid,
114.5 mg (73%): mp 135-138 °C; 'H NMR (300 MHz, CDCl3)
0 7.26—7.28 (m, 1H), 7.32 (d, J=7.6 Hz, 1H), 7.36—7.39 (m, 4H), 7.52
(d,J=7.8 Hz, 1H), 7.60 (d, J=7.2 Hz, 3H), 7.70 (d, J=8.2 Hz, 2H), 8.33
(dd, J=8.7,1.7 Hz, 2H).

4.3.20. 3-(2-Nitrophenyl)-2-phenylbenzofuran (44). Yellow crystals,
116.6 mg (74%): mp 119-122 °C; 'H NMR (400 MHz, CDCl3)
0 717—7.25 (m, 2H), 7.28—7.39 (m, 4H), 7.51 (dd, J=7.5, 1.7 Hz, 1H),
7.52—7.60 (m, 3H), 7.62 (td, J=7.7,1.6 Hz, 1H), 7.68 (td, J=7.5, 1.5 Hz,
1H), 8.13 (dd, J=8.0, 1.4 Hz, 1H); '3C NMR (101 MHz, CDCl3) 6 111.6,
113.4, 119.5, 123.5, 125.2, 125.2, 126.9, 128.2, 128.9, 128.9, 1294,

129.8, 130.1, 133.6, 133.6, 149.9, 151.4, 154.0; HRMS calcd for
CaoH13NO3 [M+HJ* 316.0968, found 316.0977.

4.3.21. 3-(4-Chlorophenyl)-2-phenylbenzofuran (46). Yellow solid,
145.6 mg (96%): mp 100—101 °C; 'H NMR (400 MHz, CDCl3)
6 7.24—7.28 (m, 1H), 7.35 (dd, J=10.2, 5.7 Hz, 4H), 7.45 (s, 4H), 7.47
(d, J=7.8 Hz, 1H), 7.57 (d, J=8.2 Hz, 1H), 7.64 (dd, J=7.9, 1.7 Hz, 2H);
13C NMR (100 MHz, CDCl3) 6 111.4, 116.5, 119.9, 123.3, 125.1, 127.3,
128.7, 128.8, 129.5, 130.0, 130.5, 131.3, 131.5, 133.7, 143.7, 150.9;
HRMS calcd for CyoH13ClO [M+H]* 305.0728, found 305.0731.

4.3.22. 1-[4-(2-(Thiophen-3-yl)benzofuran-3-yl)phenyl]ethanone
(48). Cream colored solid, 116.1 mg (73%): mp 172—174 °C; TH NMR
(400 MHz, CDCl3) ¢ 2.68 (s, 3H), 7.20 (d, J=5.1 Hz, 1H), 7.27 (dd,
J=7.3, 5.5 Hz, 2H), 7.35 (t, J=7.7 Hz, 1H), 7.47 (d, J=7.8 Hz, 1H), 7.55
(d,J=8.1 Hz, 1H), 7.65 (dd, J=8.6, 5.6 Hz, 3H), 8.09 (d, J=8.0 Hz, 2H);
13C NMR (100 MHz, CDCl3) 6 26.9, 111.4, 115.8, 119.8, 123.4, 123.9,
125.1,126.1,126.3,129.1,129.6, 130.2, 131.6, 136.5, 138.1, 148.3, 154.0,
197.9; HRMS calcd for C2gH140,S [M+H] ' 318.0715, found 318.0731.

4.3.23. 3-(2-Phenylbenzofuran-3-yl)-1-tosyl-1H-indole (50). Yellow
amorphous solid, 134.1 mg (58%): 'H NMR (400 MHz, CDCl3) 6 2.40
(s, 3H), 7.14 (t, J=7.5 Hz, 1H), 7.25 (ddd, J=21.5, 15.1, 8.0 Hz, 7H), 7.37
(dd, J=15.9, 8.5 Hz, 3H), 7.57—7.64 (m, 3H), 7.76 (s, 1H), 7.85 (d,
J=8.2 Hz, 2H), 8.13 (d, J=8.3 Hz, 1H); *C NMR (100 MHz, CDCl3)
021.9,108.1,111.5,114.1,114.9,120.3, 121.4,123.2,123.7,125.1,125.3,
125.4, 126.9, 127.1, 128.6, 128.7, 130.0, 130.2, 130.5, 130.6, 135.4,
135.7, 145.3, 152.1, 154.3; HRMS calcd for Cy9H21NOsS [M+H]"
463.1242, found 463.1315.

4.3.24. 3-(2-Phenylbenzofuran-3-yl)-4H-chromen-4-one (52). Cream
colored solid, 73.4 mg (43%): mp 183—184 °C; 'H NMR (400 MHz,
CDCls) 6 7.22—7.28 (m, 1H), 7.29—7.40 (m, 4H), 7.40—7.45 (m, 1H),
7.50 (ddd, J=8.2, 7.2, 1.1 Hz, 1H), 7.53—7.59 (m, 2H), 7.73—7.78 (m,
3H), 8.01 (s, 1H), 8.36 (dd, J=8.0, 1.7 Hz, 1H); >C NMR (101 MHz,
CDCl3) ¢ 107.8, 111.5, 118.3, 118.5, 120.5, 123.3, 124.5, 125.0, 125.8,
126.7,127.3,128.9,128.9, 130.4, 130.5, 134.1,153.1, 154.3, 155.4, 156.7,
176.2; HRMS calcd for Cp3H1403 [M+H]' 339.1016, found 339.1015.

4.3.25. 2-Fluoro-4-[7-methoxy-2-(m-tolyl)benzofuran-3-ylJnic-
otinaldehyde (55). Yellow solid, 116.0 mg (65%): mp 177—180 °C; 'H
NMR (300 MHz, CDCl3) § 2.33 (s, 3H), 4.09 (s, 3H), 6.83 (d, J=7.9 Hz,
1H), 6.90 (d, J=8.0 Hz, 1H), 719 (t, J=3.2 Hz, 4H), 7.36 (d, J=5.1 Hz,
1H), 747 (s, 1H), 8.46 (d, J=5.1 Hz, 1H), 10.05 (s, 1H); °C NMR
(75 MHz, CDCl3) 6 21.7, 56.5, 108.0, 111.5, 124.6, 124.9, 125.2, 125.2,
127.9,128.9,129.0, 130.7, 131.0, 139.1, 140.5, 143.6, 145.8, 149.3, 152.3,
152.6, 153.6, 161.4, 164.7, 1871, 187.1 (extra peaks due to 3C—1°F
coupling); HRMS caled for CyoHigFNOs [M+H]™ 361.1114, found
362.1187.

4.3.26. 2-(4-Acetoxy-3-methoxyphenyl)-5-bromo-3-(3,5-diaceto-
xyphenyl)-7-methoxybenzofuran (59). Compound 59 was synthe-
sized following the general procedure for a three-component
Sonogashira/Cacchi type cyclization and was obtained as a brown
amorphous solid (340.6 mg, 60%): '"H NMR (400 MHz, CDCl3) 6 2.29
(s, 6H), 2.31 (s, 3H), 3.67 (s, 3H), 4.03 (s, 3H), 6.95 (s, 1H), 7.00 (s, 1H),
7.03 (d, J=8.3 Hz, 1H), 7.09 (d, J=1.2 Hz, 2H), 7.15 (s, 1H), 7.21 (s, 1H),
7.35 (d, J=8.3 Hz, 1H); >C NMR (100 MHz, CDCl3) 6 20.9, 21.3, 55.9,
56.6, 110.9, 111.0, 111.1, 114.9, 115.6, 115.7, 116.6, 119.8, 120.6, 123.3,
128.2,132.6,134.2,140.4,142.2,145.7,151.2,151.5, 151.8, 168.9; HRMS
calcd for CogHp4BrOg [M+-H]™ 583.0525, found 583.0598.

4.3.27. 2-(4-Acetoxy-3-methoxyphenyl)-3-(3,5-diacetoxyphenyl)-5-
(1,3-dioxolan-2-yl)-7-methoxybenzofuran (61). Compound 61 was
synthesized following the general procedure for the three-
component Sonogashira/Cacchi type cyclization and was obtained



2712 N.A. Markina et al. / Tetrahedron 69 (2013) 2701-2713

as a bright yellow oil (340.6 mg, 63%): TH NMR (400 MHz, CDCl5)
6 2.28 (s, 6H), 2.30 (s, 3H), 3.67 (s, 3H), 4.00—4.05 (m, 2H), 4.07 (s,
3H), 4.14—4.23 (m, 2H), 5.84 (s, 1H), 6.97—7.05 (m, 3H), 7.12 (d,
J=2.2Hz, 2H), 7.19 (d, J=13.7 Hz, 2H), 7.37 (dd, J=8.3, 2.0 Hz, 1H); 13C
NMR (100 MHz, CDCl3) 6 20.8, 21.3, 55.9, 56.4, 65.5, 104.2, 105.5,
110.9, 111.1, 115.4, 116.5, 117.6, 119.7, 120.7, 123.2, 128.6, 131.2, 134.1,
134.8, 140.2, 143.8, 145.4, 151.1, 151.7, 168.9, 168.9; HRMS calcd for
C31H29011 [M+H]* 577.1704, found 577.1711.

4.3.28. 2-(4-Acetoxy-3-methoxyphenyl)-3-(3,5-diacetoxyphenyl)-5-
formyl-7-methoxybenzofuran (62). Compound 61 (85.4 mg, 0.155
mmol) was dissolved in THF (0.3 mL), 10% aq HCI (62 pL) was added at
0 °C, and the reaction mixture was stirred for 20 min. An aqueous
work-up was conducted according to a procedure described in the
literature.?> Compound 62 was obtained as a yellow oil (75.8 mg,
92%): 'TH NMR (400 MHz, CDCl3) 6 2.29 (s, 6H), 2.30 (s, 3H), 3.67 (s,
3H), 4.08 (s, 3H), 6.99—7.06 (m, 2H), 7.14 (d, J=2.1 Hz, 2H), 7.18 (s, 1H),
7.37 (dd, J=8.3, 1.8 Hz, 1H), 7.40 (s, 1H), 7.61 (s, 1H), 9.96 (s, 1H); 3C
NMR (100 MHz, CDCl3) 6 20.9, 21.3, 55.9, 56.4,105.1,111.1,115.7,116.7,
118.5, 119.8, 120.6, 123.4, 127.9, 131.5, 133.9, 133.9, 140.6, 146.2, 146.8,
151.3, 151.9, 152.2, 168.9, 191.8, 191.9; HRMS calcd for CygH35010
[M-+H]" 533.1442, found 533.1443.

4.3.29. 4,4-Dimethyl-2-(2-phenylbenzofuran-3-yl)cyclohex-2-enone
(64). Yellow solid, 54.3 mg (34%): mp 100-106 °C; 'H NMR
(400 MHz, CDCl3) ¢ 1.27 (s, 6H), 2.08 (t, J=6.8 Hz, 2H), 2.73 (t,
J=6.8 Hz, 2H), 6.82 (s, 1H), 7.23 (t, J=7.5 Hz, 1H), 7.31 (d, J=8.8 Hz,
3H), 7.33-7.48 (m, 2H), 7.52 (d, J=8.1 Hz, 1H), 7.72 (d, J=7.3 Hz, 2H);
13C NMR (100 MHz, CDCl3) 6 27.8, 33.9, 35.3, 36.3, 111.3, 112.5, 115.5,
120.1,122.9,124.7,127.0, 128.6, 130.2, 130.3, 130.9, 151.9, 154.0, 160.7,
197.2; HRMS calcd for CpHy00;, [M+H] ' 339.1356, found 339.1348.

4.4. General procedure for the synthesis of benzofurans 67
and 68 by a three-component Sonogashira/Heck-type
coupling

2-lodophenol (0.5 mmol) and bis(triphenylphosphine)palla-
dium dichloride (10.5 mg, 3 mol %) were placed in a 5 mL micro-
wave vial and purged with argon. Dry THF (0.5 mL) was added and
the reaction mixture was stirred until the iodophenol completely
dissolved. Then dry triethylamine (1.0 mL) and a 3.8 M solution of
Cul in dry triethylamine (0.5 mL) were added and the mixture
allowed to stir for 10 min. Then 1.2 equiv of the corresponding al-
kyne was added; the vial was capped, purged with argon and
placed in the microwave reactor for 30 min at 25 °C. The corre-
sponding alkene (2.5 mmol), dry acetonitrile (2 mL), benzoquinone
(0.5 mmol), and anhydrous KOAc (1.5 mmol) were added and the
reaction mixture was heated in a microwave reactor at 60 °C for
25 min. After allowing the reaction to cool and a standard aqueous
work-up, the reaction mixture was subject to column chromatog-
raphy using ethyl acetate/hexane as the eluent to afford the desired
products.

4.4.1. n-Butyl (E)-3-(2-phenylbenzofuran-3-yl)acrylate (67). Orange
amorphous solid, 88.9 mg (56%): 'H NMR (400 MHz, CDCl3) é 1.00
(t, J=7.4 Hz, 3H), 1.48 (h, J=7.3 Hz, 2H), 1.67—1.76 (m, 2H), 4.26 (t,
J=6.6 Hz, 2H), 4.14—4.41 (m, 2H), 6.71 (s, 1H), 7.31-7.41 (m, 2H),
7.52 (dt,J=13.4,6.9 Hz, 4H), 7.78 (d, J=8.0 Hz, 2H), 7.90 (d, J=7.5 Hz,
1H), 8.05 (d, J=16.0 Hz, 1H); '3C NMR (100 MHz, CDCl3) 6 14.0, 19.5,
31.0, 64.6, 111.8, 112.8, 115.5, 119.4, 121.2, 123.9, 125.5, 126.9, 128.7,
129.1, 129.9, 136.0, 154.7, 157.7, 167.6; HRMS calcd for Cy1H»103
[M+H]" 321.1485, found 321.1491.

4.4.2. n-Butyl (E)-3-[2-(cyclohex-1-en-1-yl)benzofuran-3-yljacrylate
(68). Yellow amorphous solid, 113.6 mg (70%): 'H NMR
(400 MHz, CDCl3) 6 0.99 (t, J=7.4 Hz, 3H), 1.45 (dd, J=14.8, 7.4 Hz,

2H), 1.68—1.82 (m, 6H), 2.32 (s, 2H), 2.52 (s, 2H), 4.24 (t, ]=6.6 Hz,
2H), 6.33 (s, 1H), 6.56 (d, J=16.1 Hz, 1H), 7.26—7.31 (m, 2H), 7.45
(s, TH), 7.81 (d, J=8.0 Hz, 1H), 7.95 (d, J=16.0 Hz, 1H); *C NMR
(100 MHz, CDCl3) ¢ 13.9, 194, 21.9, 22.5, 26.2, 26.6, 31.0, 64.4,
111.4, 111.8, 117.6, 120.9, 123.6, 124.9, 126.8, 128.4, 134.9, 136.7,
153.9, 160.6, 167.9; HRMS calcd for Co1Hp403 [M+H]™ 324.1725,
found 325.1799.

4.5. Elaboration of the bromo-containing benzofurans by Pd-
catalyzed couplings

4.5.1. Ethyl 4-[5-(4-methoxyphenyl)-2-phenylbenzofuran-3-yljben-
zoate (69). In a 2 mL microwave vial, compound 16 (42.2 mg,
0.1 mmol), 4-methoxyphenylboronic acid (18.2 mg, 0.12 mmol),
and tetrakis(triphenylphosphine)palladium (5.8 mg) were dis-
solved in a 1:1 mixture of EtOH/DMF (1.6 mL), then 1 M aq
Cs»C03 (0.25 mL) was added and the mixture was heated in
a microwave reactor at 120 °C for 20 min. The mixture was di-
luted with saturated aq Na;SO4 and extracted with ethyl acetate
(3x15 mL), dried (MgSO4), and evaporated. Column chromatog-
raphy using ethyl acetate/hexanes (1:10) as the eluent afforded
35.6 mg (80%) of benzofuran 69 as a colorless solid: mp
127—129 °C; 'H NMR (400 MHz, CDCl3) 6 1.44 (dd, J=7.4, 6.8 Hz,
3H), 3.85 (d, J=0.5 Hz, 3H), 4.44 (q, J=71 Hz, 2H), 6.97 (d,
J=8.2 Hz, 2H), 7.30—7.38 (m, 3H), 7.53 (t, J=8.1 Hz, 3H), 7.63 (dt,
J=17.1, 5.9 Hz, 6H), 8.17 (d, J=7.7 Hz, 2H); *C NMR (100 MHz,
CDCl3) 6 14.6, 55.6, 61.3, 111.5, 114.4, 116.9, 117.9, 124.5, 1274,
128.6, 128.8, 128.9, 129.8, 129.9, 130.3, 130.4, 130.5, 134.2, 136.8,
137.9, 151.9, 153.6, 159.1, 166.6; HRMS calcd for C3gH2404 [M+H] "
449.1747, found 449.1675.

4.5.2. Ethyl 3-[5-((E)-3-butoxy-3-oxoprop-1-en-1-yl)-2-phenylben-
zofuran-3-ylJbenzoate (70). In a 2 mL vial, compound 17 (41.5 mg,
0.1 mmol), n-butyl acrylate (17.9 pL, 0.12 mmol), palladium acetate
(0.6 mg) and SPhos (4.1 mg) were dissolved in DMF (0.5 mL). Then
triethylamine (0.12 mL) was added and the mixture was heated at
100 °C for 24 h. The mixture was diluted with brine and extracted
with ethyl ether (3x15 mL), dried (MgSQy4), and evaporated. Column
chromatography using ethyl acetate/hexanes (1:10) as the eluent
afforded 37.1 mg (81%) of benzofuran 70 as a cream colored solid: mp
77—80 °C; "H NMR (400 MHz, CDCl3) 6 0.96 (t, J=7.3 Hz, 3H), 1.42 (m,
5H),1.69 (m, 2H), 4.20 (t, J=6.7 Hz, 2H), 4.41 (q, J=7.1 Hz, 2H), 6.41 (d,
J=15.9 Hz, 1H), 7.29-7.36 (m, 3H), 7.50—7.68 (m, 7H), 7.76 (d,
J=16.0 Hz, 1H), 8.14 (d, J=7.7 Hz, 1H), 8.21 (s, 1H); 3C NMR (100 MHz,
CDCl3) 6 13.9,14.5,19.4, 31.0, 614, 64.6,111.9,116.7,117.4,120.1,125.2,
127.2,128.8,129.1,129.3,129.5,130.0, 130.2, 130.9, 131.8, 132.9, 134.4,
144.9, 152.2, 155.2, 166.4, 167.4; HRMS calcd for C3gH2805 [M+-H]"
468.1937, found 469.2010.
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