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ABSTRACT: 2-Substituted benzo[b]furans were synthesized by a one-step o OH
metal-free photochemical reaction between 2-chlorophenol derivatives and @i +
terminal alkynes by tandem formation of an aryl-C and a C—O bond via an

aryl cation intermediate. The mild conditions and the application to
chlorophenols rather of the more expensive bromo or iodo analogues makes

this procedure environmentally convenient.

B INTRODUCTION

The benzo[b]furan moiety is largely diffuse in nature, in
pharmaceutically active compounds,' both natural and man
made, including antifungal, antimicrobial,' antitumor agents, as
well as in drugs for the treatment of vascular diseases, such as
arrhythmia and hypertension.'® Furthermore, some benzofur-
an derivatives have found applications as light collectors in
photovoltaic cells.* An important access to these heterocycles is
offered by metal-mediated heteroannulation of 2-halophenols
with alkynes, as first demonstrated by Castro and co-workers in
1966.> This path has been strongly improved by the
introduction of the Sonogashira procedure. The interest for
this method is evidenced by the large number of reports in
recent years, generally starting from 2-iodophenols*~® (Scheme
1 path a) in a one-pot procedure or with the separation of

crude 2-alkynylphenol”® (Scheme 1 path b).

Scheme 1. Metal-Catalyzed Synthesis of 2-Substituted
Benzo[b]furans from 2-Halophenols (FG = Functional
Group)
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This valuable reaction occurs at a moderate temperature
(60—80 °C) and appears to be equally effective in water as in
an organic solvent, ° although the use of an expensive Pd
complex and, most often, of a Cu(l) salt as cocatalyst has a
negative environmental impact and increases the cost of the
reaction. Actually, both copper”'' and palladium-free proce-
dures® have been reported, but, particularly in the latter case,
these required a higher temperature or at any rate more drastic
conditions. Likewise, the use of less toxic and inexpensive iron
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salt catalysts (e.g,, FeCl;) has given poor results and then only
with aromatic alkynes after heating at 135 °C for 72 h.'?

In polyhalophenols the reaction occurred selective at the
iodo atom with no competition by other halides."
Bromophenols have been likewise used in the synthesis of
benzofurans,"*'® but the experimental procedure is less
straightforward than with the corresponding iodides, and in
some cases a preliminary protection of the hydroxy group as
acetate had to be adopted. As a matter of fact, iodophenols gave
benzofurans twice as efficiently'* and as fast'® as bromophe-
nols, while requiring a smaller amount of catalyst. Finally, we
are aware of two examples of the use of 2-chlorophenol for the
synthesis of benzofurans. In the first case the desired product is
obtained in a poor yield (under palladium/magnesium/
lanthanum mixed oxide catalysis),17 while in the second case,
various benzo[b]furans have been prepared having recourse to
a hydroxyterphenylphoshine—palladium catalyst, albeit the high
temperatures (110—120 °C) employed limited the procedure
exclusively to high-boiling alkynes such as dodecyne or phenyl-
acetylenes.'® On the other hand, we have developed a variety of
arylation reactions based on the photogeneration of phenyl
cations under mild conditions."” These involve the heterolytic
cleavage in a polar solvent of an Ar—Cl or Ar—O bond upon
irradiation of electron-rich aryl chlorides®*' or esters** and the
addition of the thus formed triplet phenyl cation to # bond
nucleophiles. In particular, alkynylation has been successful
with the addition of a number of 4-substituted phenyl cations
onto terminal alkynes™ (Scheme 2, path a), one of the rare
examples of a metal-free Sonogashira reaction.'”®

We reasoned that introducing an ortho phenolic group in the
starting aromatic may lead to a new synthesis of benzo[b]furans
if the vinyl cation intermediate would be trapped intra-
molecularly (Scheme 2, path b), thus offering a metal-free
annulation that would be environmentally advantageous,
particularly if a convenient solvent could be used. ortho-
Chloroanisole*** and ortho-chlorophenol*'*” have been used in
related arylations, although these are less photoreactive in
comparison to the corresponding para-derivatives. In fact, the

Received: May 17, 2012
Published: July 9, 2012

dx.doi.org/10.1021/j03010183 | J. Org. Chem. 2012, 77, 6473—6479


pubs.acs.org/joc

The Journal of Organic Chemistry

Scheme 2. Mechanism of Phenyl Cation Addition onto a
Triple Bond
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reaction quantum yield of ortho-chlorophenol (1a) in protic
solvents such as MeOH and MeCN—H,O mixture 5/1 is 0.040
and 0.045, respectively, almost five times lower than that of 4-
chlorophenol in the same media (0.29 in MeOH and 0.26 in
MeCN/H,0). The fact that the reactivity was significant and
the prospective advantage of a metal-free benzofuran synthesis
made an exploratory study worthwhile.

B RESULTS

The first part of the study aimed to individuate the conditions
for a successful synthesis by using the reaction of phenol 1a in
the presence of 1-hexyne (7a) under different conditions.

As shown in Table 1, formation of the desired 2-butyl-
benzo[b]furan (8) was accompanied by some reduction to
phenol 1H. Compound 1la absorbs poorly at the wavelength
used (310 nm), and it was found expedient to carry out the
reaction under triplet sensitization (acetone, 0.9 M) and in the
presence of an equimolar amount of a base (Cs,CO;) to buffer
the acidity liberated.** As for the solvent, our previous
alkynylation was carried out in CF;CH,OH (TFE), a rather
toxic and expensive solvent, that was unsuitable in the present
case since la was completely consumed after 24 h irradiation,

but only a negligible amount (<5%) of 8 was formed.
Increasing the amount of acetone had a positive effect, with
the yield of 8 reaching 20% (entry 2) in a 1 to 1 v/v mixture
and 30% in neat acetone (no base added), although there the
photoreduction became predominant. The presence of solid
K,CO; or of a protic solvent such as water led to a roughly
equimolar mixture of 8 and 1H (entries 4 and S).

In recent years,”"?**> the use of aqueous acetonitrile has
emerged as a greener alternative to TFE for the photocleavage
of chlorophenols, as shown in the synthesis of y-benzyl
lactones,>™ substituted benzonitriles,”>* y-benzyl tetrahydrofur-
ans®" and allylphenols.”> We were delighted to find that a
MeCN/water 5/1 mixture was superior to all the other media
tested. In fact, photoreaction of 1a in this solvent (entries 6—8)
strongly reduced the reduction to phenol, although the amount
of benzofuran formed remained modest, and best results
obtained (1H, 16%; benzofuran 8, 49%) were those with 1.8 M
acetone (20% v/v) and of a large excess of the trap (7a, 1 M) .

Then, the effect of changing the leaving group in the starting
compound was explored. Irradiation of the catechol mesylate
1b gave 8 in only 31% yield, but competitive reduction was
almost suppressed. Under the same conditions, 2-fluorophenol
(1c) exhibited a low photoreactivity (only 38% consumption
after 24 h irradiation) and gave benzofuran in a reasonable yield
(38% yield based on the consumption of 1c accompanied by
some 1H).

The above data give some indication about the conditions
under which a benzofuran may be obtained. In particular, o-
chlorophenols appeared to be the best reagents. Thus the
exploration was extended to further substituted derivatives (2—
6) under the best conditions found (those of entry 8 in Table
1).

As shown in Table 2, the irradiation of 1a in the presence of
either 1-hexyne (7a) and trimethylsilylacetylene (7b) gave
respectively the 2-butyl- (8, 49% yield, a compound recently
investigated as antimicrobial'®) and the 2-trimethylsilyl
derivative (9, 37% yield), along with some phenol but no
significant amounts of the open-chain aryl alkynes. 5-Methyl-2-
chlorophenol (2) gave likewise the corresponding benzofurans
10, 11 in the presence of alkynes 7a and 7b, respectively. The
benzofuran yield bordered here 60%, but reduction remained

Table 1. Irradiation of o-Halophenols (1a, 1c) or Mesylate 1b in the Presence of 1-Hexyne (7a)

hv (310 nm) OH

1a,X=Cl @EOH nCiH 7a N

1b, X = OSO,CH3 nC4Hy +

1¢c, X=F Solvent 0 1H

0.05M (Base) 8
products (yield %)
entry conditions t,. (h) consumption (%) 8 1H

1 1a, 7a 0.5 M, acetone 0.9 M, Cs,CO; 0.025 M, Solvent: CF;CH,OH 24 100 <S 10
2 1a, 7a 0.5 M, Cs,CO; 0.025 M, Solvent: CF;CH,OH/acetone 1/1 24 100 20 10
3 1a, 7a 0.5 M, Solvent: acetone’ 24 80 28 37
4 1a, 7a 0.5 M, K,CO; (s), Solvent: acetone 24 100 45 31
5 1a, 7a 0.5 M, Solvent: acetone/H,0 9/1” 24 90 30 45
6 1a, 7a 0.5 M, acetone 0.9 M, Solvent: MeCN/H,O 5/1% 35 85 42 17
7 1a, 7a 0.5 M, acetone 1.8 M, Solvent: MeCN/H,0 5/1° 24 100 42 18
8 1a, 7a 1.0 M, acetone 1.8 M, Solvent: MeCN/H,O 5/1" 24 100 49 16
9 1b, 7a 1.0 M, acetone 1.8 M, Solvent: MeCN/H,0O 5/1° 24 100 31 S
10 1c, 7a 1.0 M, acetone 1.8 M, Solvent: MeCN/H,0 5/1% 24 38 38 14

“Yields were based on consumed phenol and determined by HPLC analysis.
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®No base added.

dx.doi.org/10.1021/j03010183 | J. Org. Chem. 2012, 77, 6473—6479



The Journal of Organic Chemistry

Table 2. Photolysis of Chlorophenols 1—6 in the Presence of Alkynes 7a—d

hv 7 fG
AN elonm) =R TN FG OH ~OH
FoU mR + @ + FGI
Cl MeCN-H,0 5/1 Z~0d N AN CsHit
1-6 20% acetone 8-13 1-6H 9k or13k O
Ar-Cl (0.05M) Alkyne (1M) Products, (yield %)*
OH
©: 7a, R =nBu mcmg
Cl 1a o 8,49; 1H, 16
1a 7b, R = TMS mws
o 9,37;1H, 13
OH CsHq4
7a o
o 10, 59; OH 10k, 7; 2H, 20
2 7b mTMS
o 11,55 2H, 20
OH
+Bu cl 3 tBu 0 12, 59; 3H, 10
3 7b mes
tBu 0 13, 65; 3H, 11
Cl Ie) o)
Ty 2 Yo
HO 04 o o 14,54; 4H, 4
MeO. Cl MeO
OH3 ¢ 15,85
MeO
5 7b mms
o 16, 62
MeO A
5 7¢,R = CH,OH mcmw
o 17,39, 5H, 12
MeO A OH
5 7d, R = CMe,OH
o 18,44, 5H, 8
cl CsH14
HO/C[OH b m Catto @ °
6a HO 0 19, 21; HO OH 19k, 12
cl
/@[ 7a 19, 41
HO OMe ¢b

“Isolated yields in the case of benzofurans and compounds 9k and 13k, HPLC yields in the case of compounds 1—6H.

conspicuous (20%). Furthermore, in the reaction of 2 with 7a,
we obtained also a small amount (7%) of the aromatic ketone
10k.

The yield of benzofurans (12, 13) further increased when
starting from 4-tert-butyl-2-chlorophenol (3) with both of the
alkynes considered. Furthermore, good yields (up to 85%) of
benzofurans, with no change in the paths followed, were
obtained when oxygen based substituents, such as a methoxy or
hydroxy group, were introduced. Thus, compound 14 was
smoothly accessed through the photochemical reaction
between chlorosesamol 4 and 1-hexyne (7a), while 4-
methoxy-2-chlorophenol (5) reacted efficiently with both
alkynes 7a and 7b, affording the corresponding benzofurans
(15, 16) in high yields. In this case, propargyl alcohols 7c,d
were added to the alkynes considered and gave indeed the
corresponding benzofurans (17, 18), though in less satisfactory
yields. The reaction was less satisfactory with 4-chlororesorcinol
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(6a), where benzofuran 19 is obtained in only 21% yield, along
with a significant amount of ketone 19k.

Finally, it was tested whether the presence of a free OH
group in the ortho position was an absolute requirement for the
occurring of the reaction. Accordingly, the irradiation of 4-
chloro-3-methoxyphenol 6b in the presence of 7a (1 M) gave
compound 19, although in a moderate yield and at a slower rate
(80% consumption after 40 h). Obtaining a benzofuran directly
from ortho-haloanisoles has little precedent. Thus, the synthesis
of benzofurans from iodoanisoles under metal catalysis has
been found either to require two steps or to lead to mixtures.>®
A further explorative study showed that no benzofurans were
formed when nonterminal alkynes such as 1-trimethylsilyl
propyne were used.

Computational Studies. Experimental results were
supplemented by computational data. The geometry and
energy of both triplet and singlet 2-hydroxyphenyl cations
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(**20*, FG = H, see Scheme 3), as well as of S-(2-
hydroxyphenyl)-vinyl cations *22* (FG = H) modeling the
Scheme 3
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putative intermediates in the described arylations, were
optimized by DFT calculations at UB3LYP/6-31G(d) level
(Supporting Information). Analogously to what was observed
for 2-methoxyphenyl cation,”” triplet 320" resulted more stable
(3.6 kcal mol™') than the corresponding singlet cation. Since
trapping by triple C—C bond took place only when the triplet
phenyl cation (*20%) was involved, the cationic adducts were
first formed in the same spin state. Considering all the possible
orientations of both C(vinyl)-H and O—H bonds, four
isomeric structures were found for 322* namely, 322%, ..

a) b) <)
9 ;l o 9
1”?/J,&‘ ’ j ? .O’é ¢-J
f‘f’i‘ J0f 9 ‘?QJ’J;,
P, T

d) e)
2 9
s /‘#J 59 2

Figure 1. Calculated geometries of reaction intermediates: (a)
32’2’+in—in; (b) 32’2’+0ut—ini (C) 32'2’+in—0ut; (d) 322’+0ut—0ut; (e) 12’2+ (See
Scheme 3).

(Figure la), *22* i, (Figure 1b), 322%; .. (Figure 1c) and
322 ou (Figure 1d). Significant energy differences were
observed for the examined isomers and seemed to be due to
steric effects, rather than electrostatic interactions. Thus, in
structure *22%, ;. the planar geometry was distorted by the
steric hindrance of both H atoms, which lowered the stability of
this intermediate. The other three intermediates (322*,_,.0
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$22* and 322*_,_...) exhibited a comparable stability, the
last one being the most stable (ca. 7.5 kcal mol™' below
322", _in)- Interestingly, optimization of a similar singlet adduct
led selectively to a protonated benzofuran structure ('22%,
Figure le).

out—in

B DISCUSSION

The fact that benzofurans 8—19 are obtained as the only
arylated products from phenols 1—6 is remarkable and shows
the selective reactivity of the 2-hydroxy substituted phenyl
cation. This cation (320%, see Scheme 3) is formed in the triplet
state by irradiation of (substituted) 2-chlorophenol, as
previously proposed.”’ The MeCN—H,O 5:1 mixture is
sufficiently polar and protic to favor the cleavage to 20" and
was proved here again a useful substitute for 2,2,2-
trifluoroethanol (TFE). The deprotonation of 320* in water
to yield the corresponding neutral carbene, 2-oxocyclohexa-3,5-
dienylidene carbene (21) is known to be facile (path a’). 28
However, the presence of a sufficiently high concentration of a
7 nucleophile prevents this alternative path and further limits
photoreduction (path b’), fueling trapping of the cation (path
¢'), analogously to what observed with other phenyl cations®
and analogously leading to a triplet f-aryl vinyl cation (as
pointed out by computational data, addition of 20" leads to
322" uout s the preferred isomer), which finally intersystem
crosses (ISC) to the singlet cation '22* (path d’). Notable in
the reaction are the C—O bonding step leading to ring closed
122% and precluding the intermediacy of a vinylidene
phenonium ion,”" as general for phenyl cations not bearing
the OH group,23’30 and the lack of competitive paths from the
last intermediate. Thus, neither vinylic deprotonation (23, path
¢’) nor water addition (path f’) appear to have any role, despite
the high water concentration (ca. 9 M in the solvent mixture).
None of the hydroxyketones 25 expected from enol ether 24
were detected in the reaction mixture even at low irradiation
times, and these may be intermediates in the way to
benzofurans, since such process is known to occur, as in
general “Paal-type” reactions, under acidic conditions.”” The
only exception was a minor product (hydroxyketones of
formulas 10k, 19k), formed in a low yields via hydride shift
from *22* to form the more stable a-phenyl vinyl cation (26,
path g’) followed by intersystem crossing and water addition
(path h").»

These results further strengthen the knowledge about the
reactivity of phenyl cations. Addition to a 7 bond nucleophile is
always the preferred path for the selective triplet cation,
whereas any addition from the singlet is barrierless. Thus, one
takes full advantage from the selective trapping of the triplet
even with weak 7 bond nucleophiles such as alkynes, but then
at singlet multiplicity every nucleophile competes, with the
obvious preference for intramolecular processes (and thus path
d’ exclusively in the present case).

Finally, the formation of a benzofuran occurred in the case of
compound 6b, when a f-(2-methoxyphenyl)-vinyl cation is
involved. The occurrence of a similar intermediate has been
previously reported.>**® Preparatively, a benzofuran is formed
directly from a 2-haloanisole, not requiring the intermediate
isolation of a 2-alkynyl-anisole, a rare instance.>®

The present synthesis of 2-substituted benzo[b]furans from
2-chlorophenol derivatives and terminal alkynes is a further
addition to the synthetic versatility of phenyl cations, and give
the one-step synthesis of benzo heterocycles through the
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tandem formation of aryl—C and C—O bonds. This is a further
example of the ability of photochemical reactions via phenyl
cations to reproduce metal-catalyzed arylations, as well as of the
peculiar experimental simplicity of this method (comgare the
often delicate requirement of the catalyzed method),* as well
as the complementary nature (e.g,, chlorides rather than iodides
as the starting compounds). Yields are variable, but the process
is quite general. In some cases, aromatic ketones (10k, 19k) are
formed and have to be separated by chromatography. In
general, however, benzofurans are the only aromatic products
formed, apart a variable amount of the low boiling phenol, and
thus essentially a silica gel filtration is sufficient for the isolation,
which adds synthetic interest to this protocol. Avoiding the use
(and the recovery) of metals, employing water as cosolvent and
using mild conditions are further appealing characteristics.

B EXPERIMENTAL SECTION

NMR spectra were recorded on a 300 MHz spectrometer. The
attributions were made on the basis of 'H and *C NMR, as well as
DEPT-135 experiments; chemical shifts are reported in ppm downfield
from TMS. The photochemical reactions were performed by using
nitrogen-purged solutions in quartz tubes and a multilamp reactor
fitted with 12 1S W phosphor coated lamps (maximum of emission
310 nm) for the irradiation. Quantum yields were measured at 254 nm
(4 Hg lamps, 15 W). The reaction course was followed by TLC
(cyclohexane—ethyl acetate), GC and HPLC analyses. Workup of the
photolytes involved concentration in vacuo and chromatographic
separation by using silica gel. Chlorophenols la,, 2, S, and 6a and
alkynes 7 are commercially available and freshly purified (by
distillation or crystallization) before use. Phenols 1b*’ (Anal. Calcd
for C;Hg0,S: C, 44.67; H, 4.28. Found: C, 44.7; H, 4.3), 3°® (Anal.
Calcd for C,oH,5CIO: C, 65.04; H, 7.10. Found: C, 65.0; H, 7.1) and
4*° (Anal. Calcd for C,HClO;: C, 48.72; H, 2.92. Found: C, 48.7; H,
2.9) have been synthesized by known procedures, and their
spectroscopic data are in accordance with the literature.*' Solvents
of HPLC purity grade have been employed in the photochemical
reactions.

Synthesis of 4-Chloro-3-methoxyphenol (6b). A mixture of 4-
chlororesorcine (6a, 4 g, 27.7 mmol), iodomethane (1.9 mL, 29.5
mmol) and K,CO; (7.4 g 53.5 mmol) in acetone (100 mL) was
refluxed overnight. The solvent was then evaporated, and the residue
was dissolved in water, acidified with concentrated HCI and extracted
with Et,O (3 X 30 mL). The organic phases were collected, dried over
anhydrous Na,SO, and Et,O eliminated in vacuo. The resulting
residue was purified by column chromatography (eluant: from neat
cyclohexane to cyclohexane/ethyl acetate 9:1) to afford 1.9 g of 6b
(white solid, 43% yield, mp 7677 °C (lit. 78 °C)* along with 1.5 g
(31% yield) of 1-chloro-2,4-dimethoxy-benzene. 6b: 'H NMR
(CDCl,) 6 3.85 (s, 3H), 5.35 (bs, 1H), 6.35—6.40 (dd, 1 H, J = 7
and 2 Hz), 6.45—6.50 (d, 1H ] = 2 Hz), 7.20—7.25 (d, 1H, ] = 7 Hz);
3C NMR (CDCl,;) § 56.0 (CH;), 100.5 (CH), 107.8 (CH), 113.9,
130.2 (CH), 155.2, 155.6; IR (neat) v/cm™ 3450, 2930, 1591, 1490,
1299, 1199, 1067, 1025, 951. Anal. Caled for C,H,ClO,: C, 53.02; H,
4.4S. Found: C, 53.0; H, 4.5. Spectroscopic data of 6b are in
accordance with the literature.**

General Procedure for the Photochemical Synthesis of
Benzo[blfurans. A solution of the chlorophenol (1—6, 1.5 mmol,
0.05M), the alkyne (7a—d, 30 mmol) and acetone (54 mmol, 1.8M) in
MeCN—water S:1 (30 mL) was argon purged in quartz tubes and
irradiated by means of 12 15-W phosphor-coated lamps (emission
centered at 310 nm) until complete consumption of the aromatic
substrate. The photolyzed solution was saturated with sodium chloride
and extracted with diethyl ether (3 X 20 mL). The organic phase was
then removed in vacuo, and the resulting residue was purified by
column chromatography (silica gel; cyclohexane/ethyl acetate as
eluant). The yield of photoreduced products 1-SH has been
quantified by means of GC analyses.
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Synthesis of 2-Butyl Benzo[blfuran (8). From 156 uL (1.5
mmol) of 2-chlorophenol (1a), 3.40 mL (30 mmol) of 1-hexyne (7a),
and 6.0 mL of acetone (54 mmol) in 30 mL of MeCN—H,O S$:1,
irradiated for 24 h. Purification by column chromatography (eluant:
neat cyclohexane) afforded 110 mg of 2-butyl benzo[b]furan (8, oil,
42%). Compound 8 was likewise obtained in 31% yield (GC yield)
under the same conditions by irradiation of a solution of 1b and 7.
Similarly, 8 was also obtained by irradiation of a solution of 1c and 7
(38% GC vyield based on the consumption of 1c). Spectroscopic data
of 8 are in accordance with the literature.** Anal. Calcd for C,H,,0:
C, 82.72; H, 8.10. Found: C, 82.7; H, 8.1.

Synthesis of 2-Trimethylsilyl Benzo[b]furan (9). 156 uL (1.5
mmol) of 1a, 4.0 mL (30 mmol) of ethynyl-trimethylsilane (7b), and
3.0 mL of acetone (27 mmol) in 30 mL of MeCN—H,O 5:1 were
irradiated for 34 h. Purification by column chromatography (eluant:
neat cyclohexane) afforded 106 mg of 2-trimethylsilyl benzo[b]furan
(9, oil, 30% vyield). Spectroscopic data of 9 are in accordance with the
literature.** Anal. Caled for C,;H,,0Si: C, 69.42; H, 7.41. Found: C,
69.4; H, 7.4.

Synthesis of 2-Butyl-6-methyl-benzo[b]furan (10). From 214
mg (1.5 mmol) of S-methyl-2-chlorophenol (2), 3.40 mL (30 mmol)
of 7a, and 3.0 mL of acetone (27 mmol) in 30 mL of MeCN—H,O
S:1, irradiated for 30 h. Purification by column chromatography
(eluant: neat cyclohexane) gave 167 mg of 2-butyl-6-methylbenzo[b]-
furan (10, oil, $9% yield) and 22 mg of 1-(2-hydroxy-4-methylphenyl)-
hexan-1-one (10k, oil, 7% yield). 10: '"H NMR (CDCl;) § 0.95—1.00
(t, 3H, J = 7 Hz), 1.40—1.50 (sext, 2H, ] = 7 Hz), 1.70—1.80 (qui, 2H,
J =7 Hz), 2.50 (s, 3H), 2.75-2.80 (t, 2H, J = 7 Hz), 6.30—6.55 (d, 1
H, J=1Hz), 7.00—7.10 (dd, 1H, J = 8 and 1 Hz), 7.55 (s, 1H), 7.30—
7.40 (d, 1H, J = 8 Hz); '*C NMR (CDCl,) 6 15.1 (CH,), 22.8 (CH;),
23.5 (CH,), 29.4 (CH,), 31.1 (CH,), 102.8 (CH), 112.3 (CH), 120.8
(CH), 124.9 (CH), 127.7, 134.5, 156.3, 160.4; IR (neat) v/cm™" 2928,
1490, 1266, 1118, 955, 812. Anal. Caled for C,3H,c0: C, 82.94; H,
8.57. Found: C, 83.0; H, 8.6. IR (neat) v/cm™ 3392, 2958, 1627,
1489, 1145, 963. Spectroscopic data of 10k are in accordance with the
literature.** Anal. Caled for C;;H;30,: C, 75.69; H, 8.80. Found: C,
75.8; H, 8.7.

Synthesis of 2-Trimethylsilyl-6-methyl-benzo[blfuran (11).
From 214 mg (1.5 mmol) of 2, 4.0 mL (30 mmol) of 7b, and 3.0 mL
of acetone (27 mmol) in 30 mL of MeCN—H,O S$:1 irradiated for 26
h (90% consumption of 2). Purification by column chromatography
(eluant: cyclohexane/ethyl acetate 99:1) afforded 155 mg of 2-
trimethylsilyl-6-methyl-benzo[b]furan (11, oil, 56% yield based on the
consumption of 2). 11: 'H NMR (CDCl;) § 0.35 (s, 9H), 2.50 (s,
3H), 6.90—6.95 (d, 1H, J = 1 Hz), 7.00~7.10 (d, 1H, ] = 8 and 1 Hz),
7.30 (s, 1H), 7.40—7.50 (d, 1H, J = 8 Hz); *C NMR (CDCl;) § —1.9
(CH,), 21.5 CH,), 1114 (CH), 1158 (CH), 1202 (CH), 123.6
(CH), 125.4, 1342, 158.5, 162.7; IR (neat) v/cm™" 2927, 1475, 1253,
1131, 954. Anal. Caled for Cj,H,OSi: C, 70.53; H, 7.89. Found: C,
70.6; H, 7.9.

Synthesis of 2-Butyl-5-tert-butyl-benzo[b]furan (12). From
277 mg of 4-tert-butyl-2-chlorophenol (3, 1.5 mmol), 3.40 mL of 7a
(30 mmol) and 6.0 mL (54 mmol) of acetone in MeCN—H,O S:1,
irradiated for 32 h. Purification by column chromatography afforded
204 mg of 2-butyl-5-tert-butyl-benzo[b]furan (12, oil, 59% yield). 12:
'"H NMR (CDCl;) 6 0.95—1.00 (t, 3H, J = 8 Hz), 1.40 (s, 9H), 1.40—
1.50 (m, 2H), 1.70—1.80 (qui, 2H, J = 8 Hz), 2.75—2.80 (t, 2H, J = 3
Hz), 6.35 (s, 1H), 7.35—7.45 (m, 2H), 7.05 (d, 1H, J = 2 Hz); *C
NMR (CDCL) 6 15.1 (CH,), 23.5 (CH,), 29.5 (CH,), 31.0 (CH,),
33.2 (CH,), 35.9, 1032 (CH), 111.2 (CH), 117.7 (CH), 122.1 (CH),
129.5, 146.6, 154.1, 161.1. IR (neat) v/cm™" 2958, 1600, 1478, 1271,
1124, 807. Anal. Calcd for C,;H,,0: C, 83.43; H, 9.63. Found: C,
83.4; H, 9.6.

Synthesis of 2-Trimethylsilyl-5-tert-butyl-benzo[b]furan
(13). From 277 mg of 3 (1.5 mmol), 400 mL of 7b (30 mmol)
and 6.0 mL (54 mmol) of acetone in MeCN—H,O $:1, irradiated for
32 h. Purification by column chromatography afforded 240 mg of 2-
trimethylsilylbenzo[b]furan (13, oil, 65% vyield). 13: 'H NMR
(CDCl;) 6 035 (s, 9H), 140 (s, 9H), 6.95 (d, 1H, ] = 1 Hz),
7.30—7.35 (dd, 1H, J = 8 and 2 Hz), 7.45-7.50 (d, 1H, ] = 8 Hz),
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7.55—7.60 (d, 1H, J = 2 Hz); *C NMR (CDCL,) § —1.9 (CH,), 31.8
(CH,), 34.5, 1104 (CH), 116.1 (CH), 116.9 (CH), 122.2 (CH),
127.6, 145.3, 156.2, 163.6; IR (neat) v/cm™" 2961, 1259, 1249, 1130,
1063, 843. Anal. Calcd for C,H,,0Si: C, 73.11; H, 9.00. Found: C,
73.1; H, 9.0.

Synthesis of 2-Butyl-5,6-methylendioxy-benzo[blfuran (14).
From 259 mg (1.5 mmol) of 2-chloro-benzo-4,5-diox-1-ol (4), 3.40
mL of 7a (30 mmol) and 6.00 mL of acetone (54 mmol) in 30 mL of
MeCN-H,O S:1 irradiated for 20 h. Purification by column
chromatography (eluant: neat cyclohexane) afforded 177 mg of 2-
butyl-5,6-methylendioxy-benzo[b]furan (14, oil, 54% yield). 14: 'H
NMR (CD;COCD;) § 0.95—-1.00 (t, 3H, ] = 7 Hz), 1.20—1.45 (sext,
2H, ] = 7 Hz), 1.65—1.80 (qui, 2H, ] = 8 Hz), 2.70—2.85 (t, 2H, ] = 8
Hz), 5.95 (s, 2H), 6.30 (s, 1H), 6.90 (s, 1H), 7.00 (s, 1H); *C NMR
(CD,COCD,) 6 14.4 (CH,), 232 (CH,), 29.0 (CH,), 31.0 (CH,),
94.1 (CH), 100.1 (CH), 102.4 (CH,), 103.5 (CH), 123.4, 1432,
145.5, 146.6, 160.2; IR (neat) v/cm™ 2931, 1461, 1318, 1158, 945.
Anal. Caled for C;3H,,0;: C, 71.54; H, 6.47. Found: C, 71.5; H, 6.4.

Synthesis of 2-Butyl-5-methoxy-benzo[b]lfuran (15). From
238 mg (1.5 mmol) of 2-chloro-4-methoxyphenol (5), 3.40 mL of 7a
(30 mmol) and 6.00 mL of acetone (54 mmol) in 30 mL of MeCN—
H,0 S5:1 irradiated for 16 h. Purification by column chromatography
(eluant: cyclohexane/ethyl acetate 99:1) gave 260 mg of 2-butyl-S-
methoxy-benzo[b]furan (18, oil, 85% yield). 15: '"H NMR (CDCL;) &
0.95—1.05 (t, 3H, J = 7 Hz), 1.40—1.50 (sext, 2H, J = 7 Hz), 1.70—
1.85 (qui, 2H, ] = 7 Hz), 2.75—2.80 (t, 2H, J = 8 Hz), 3.85 (s, 3H),
6.55 (d, 1H, J = 1 Hz), 6.80—6.8S (dd, 1H, ] = 9 and 3 Hz), 6.95—7.00
(d, 1H, J = 3 Hz), 7.25—7.30 (d, 1H, ] = 9 Hz); *C NMR (CDCl,) §
13.7 (CHsy), 22.2 (CH,), 28.1 (CH,), 29.7 (CH,), 55.8 (CHj;), 101.8
(CH), 103.0 (CH), 110.9 (CH), 111.2 (CH), 129.4, 149.5, 155.6,
160.6; IR (neat) v/cm™ 2939, 1465, 1248, 1145, 961. Anal. Calcd for
C3H,60,: C, 76.44; H, 7.90. Found: C, 76.4; H, 7.9.

Synthesis of 5-Methoxy-2-trimethylsilyl-benzo[blfuran (16).
From 238 mg (1.5 mmol) of §, 4.00 mL of 7b (30 mmol) and 6.0 mL
of acetone (54 mmol) in 30 mL of MeCN—H,0 S$:1 irradiated for 16
h. Purification by column chromatography (eluant: cyclohexane/ethyl
acetate 99:1) afforded 205 mg of S-methoxy-2-trimethylsilyl-benzo-
[b]furan (16, oil, 62% yield). 16: '"H NMR (CDCIl,) § 0.40 (s, 9H),
3.85 (s, 3H), 6.85—6.95 (dd, 1H, J = 2 and 7 Hz), 6.90 (d, 1H, J = 1
Hz), 7.05-7.10 (d, 1H, J = 2 Hz), 7.40—7.45 (d, 1H, J = 7 Hz); "*C
NMR (CDCl;) § —0.5 (CH,), 57.2 (CHj), 104.3 (CH), 112.9 (CH),
114.6 (CH), 117.4 (CH), 129.8, 154.5, 157.0, 165.9; IR (neat) v/cm™"
2930, 1491, 1228, 1143, 955. Anal. Caled for C,,H,40,Si: C, 65.41; H,
7.32. Found: C, 65.4; H, 7.3.

Synthesis of 2-(Hydroxymethyl)-5-methoxy-benzo[b]furan
(17). From 238 mg (1.5 mmol) of §, 1.75 mL (30 mmol) of propargyl
alcohol (7c), and 6.0 mL of acetone (54 mmol) in 30 mL of MeCN—
H,O 5:1 irradiated for 24 h. Purification by column chromatography
(eluant: cyclohexane/ethyl acetate 9:1) afforded 104 mg of 2-
(hydroxymethyl)-S-methoxy-benzo[b]furan (17, white solid, 39%
yield, mp = 64.5—65.0 °C). The spectroscopic data of compound 17
were in accordance with literature.*> Anal. Caled for C,oH,,O5: C,
67.41; H, 5.66. Found: C, 67.4; H, 5.7.

Synthesis of 2-(1-Methyl-1-hydroxyethyl)-5-methoxybenzo-
[blfuran (18). From 238 mg (1.5 mmol) of 2-chloro-4-methox-
yphenol (5), 2.90 mL (30 mmol) of 3-methyl-1-butyn-3-ol (7d), and
6.0 mL of acetone (54 mmol) in 30 mL of MeCN—H,O S§:1 irradiated
for 24 h. Purification by column chromatography (eluant: cyclo-
hexane/ethyl acetate 9:1) afforded 136 mg of 2-(I-methyl-1-
hydroxyethyl)-5-methoxybenzo[b]furan*® (18, oil, 44% yield). 18:
"H NMR (CDCl,) 6 1.70 (s, 6H), 2.35 (bs, 1H), 3.80 (s, 3H), 6.55 (s,
1H), 6.85—6.90 (dd, 1H, J = 8 and 2 Hz), 7.00-7.05 (d, 1H, ] = 2
Hz), 7.25-7.35 (d, 1H, ] = 8 Hz). 3*C NMR (CDCl;) 6 28.6 (CHj,),
55.8 (CHj;), 69.2, 100.4 (CH), 103.5 (CH), 111.5 (CH), 112.4 (CH),
1287, 149.5, 155.8, 163.8; IR (neat) v/cm™' 3450, 2967, 1490, 1287,
1167, 816. Anal. Caled for C,H,;,05: C, 69.88; H, 6.84. Found: C,
69.9; H, 6.8.

Synthesis of 2-Butyl-benzo[blfuran-6-ol (19). From 216 mg
(1.5 mmol) of 4-chloro-resorcin (6a), 1.70 mL (30 mmol) of 7a, and
6.00 mL of acetone (54 mmol) in 30 mL of MeCN—H,0O 5:1
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irradiated for 60 h. Purification by column chromatography (eluant:
cyclohexane/ethyl acetate 8:2) afforded 56 mg of 2-butyl-benzo[b]-
furan-6-ol (19, oil, 21% yield) along with a mixture of 19 (4 mg) and
of 1-(2,4-dihydroxyphenyl)hexan-1-one (19k, 37 mg, 12% yield). The
same reaction, when performed by using 4-chloro-3-methoxyphenol
(6b) in place of 6a, gave 19 in 41% yield. Spectroscopic data of 19 are
in accordance with the literature.*” Anal. Caled for C;,H,,0,: C,
75.76; H, 7.42. Found: C, 75.8; H 7.3. 19k: 'H NMR (CDCl,, from
the mixture) 6 0.95—1.00 (t, 3H, ] = 7 Hz), 1.20—1.30 (m, 4H), 1.80—
1.90 (q, 2H, J = 7 Hz), 2.90-3.00 (t, 2H, J = 7 Hz), 5.80—5.90 (bs,
1H), 6.30—6.40 (m, 2H), 7.60—7.70 (d, 1H, ] = 6.5 Hz), 12.40 (bs,
1H); 3C NMR (CDCl,, from the mixture) § 13.4 (CH,), 22.0 (CH,),
24.1 (CH,), 31.0 (CH,), 37.5 (CH,), 100.9 (CH), 107.2 (CH), 1134,
131.9 (CH), 162.0. 164.8, 204.9. IR (of the mixture) v/cm™" 3307,
2957, 2872, 1633, 1455, 1245, 1145, 908.

Calculations. Geometries of all intermediates and adducts were
optimized in vacuo at the UB3LYP/6-31G(d) level, by using the
Gaussian03 package.*® Frequency calculations were performed at the
same level of theory, to check energy minima. Solvent effect was
calculated by CPCM-UB3LYP/6-31G(d) method (acetonitrile bulk)*
on the optimized geometries obtained in vacuo. Reported energies
were evaluated by adding ZPE energies obtained in vacuo, to CPCM
energies. Optimized geometries, listed in Cartesian format, and
minimum energies (in Hartree) are available as Supporting
Information.
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