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The construction of cyclic compound via transitioretal catalysts is of
currently considerable interest in organic chemistireatment of aryl allyl
ethers with Pd(CECN).Cl,, p-benzoquinone and NaOs; under mild
condition afforded in situ the benzofurans via €da rearrangement and
subsequent oxidative cyclization. On the other hamgl homoallyl ethers
gave the chromenes through the direct cyclizatioribe similar conditions.
Pd-catalyzed intramolecular cyclizations were penked with a variety of
aryl allyl ethers and aryl homoallyl ethers to pdevthe corresponding
benzofuran and chromene derivatives. It is likattboth reactions proceed
via a common Pd-catalyzed pathway involving olefactivation,
nucleophilic attack, anf-hydride elimination.
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1. Introduction

Organic chemists have been making extensive sfftot produce these
heterocyclic compounds by developing new and eifici synthetic

transformations. Among a variety of new synthetamsformations, transition-
metal-catalyzed reaction is one of the most aitracimethodologies for

synthesizing heterocyclic compounds, since a transimetal-catalyzed

reaction can directly construct complicated molesulrom readily accessible
starting materials under mild conditions. The ¢dial construction of

heterocyclic skeletons is classified into two majoocesses, as shown in
Scheme 1: (1) C-C bond formation from the correspmm acyclic precursors
and (2) C-Y bond formation from the correspondingcic precursors.

Scheme 1Two Major Processes of Heterocycle Synthesis

—

Y : heteroatom

C--C
(1) C-C bond formation (2) C-Y bond formation

Four-, five- or six-membered heterocycles can b#h®sized, depending on
the partner of the intra- and intermolecular reactiThe intramolecular
reaction of aryl and vinyl halides via Heck-, Suzukand Stille-type
reactions proceeds through the C-C bond formatiod that via the
coupling with a heteroatom proceeds through the @Gevid formation.
Transition-metal-catalyzed intramolecular reactiomd carbon-carbon
unsaturated compounds tethered with N-H, O-H, Caf C=N groups



have been extensively studied and have become arpidwool for the
synthesis of heterocycles. Alkenes, allenes, mettedyclopanes, and
alkynes have been utilized as a carbon-carbon uraéati compound, and a
wide variety of transition-metal complexes, suchpafladium, platinum,
gold, copper, titanium, tungsten, and organolarttes) have been used as a
catalyst. In these reactions the heterocyclic camge are produced via
carbon-heteroatom (C-Y) bond formatibn.

Among the various synthesis of heterocycles, paitaecatalyzed
oxidative cyclizations have had a significant impagon organic synthesis
and are now reliable and well-used processes.nhaiecular variants of
these reactions, leading to the synthesis of aetyarof heterocyclic
structures, have also received considerable attenin this paper, we
demonstrate that palladium-catalyzed intramoleatyatization of allyl aryl
ethers and aryl homoallyl ethers is an efficierdgeiss and can be used to
prepare a variety of substituted benzofurans anohoénes.

Benzofurans and chromenes have attracted considextibntion due to
their biological activity and their presence inaiety of significant natural
products Consequently, a number of synthetic strategiese hbeen
reported for the construction of benzofursdhand chromen&sA common
approach to the benzofuran ring system consis@laiten rearrangemént
of an allyl aryl etherfollowed by Pd-catalyzed intramolecular oxidative
cyclizatiorf®”
transformation in two discrete reactions (SchemeQjromenes are also

of the corresponding 2-allylphenol, accomplishihg overall

constructed by a two step sequence, typically wiagl prefunctionalization
of the arene €g., halogenation at the 2-position) followed by Hegge
cyclization®' We were interested in developing a one-pot syighes
benzofurans from allyl aryl ethers whereby a sirgg&alytic system would
invoke sequential Claisen rearrangement and oxiglattyclization’
Similarly, we proposed that the direct oxidativeugling of unactivated

arene and olefin components of aryl homoallyl etheould be an efficient



route to the chromene core, obviating the neegrfehalogenation. Herein
we report simple, convenient methods for the one-pgnthesis of

benzofurans by Claisen rearrangement and subseqxieiative cyclization

of allyl aryl ethers and for the synthesis of chemes by direct oxidative
cyclization of aryl homoallyl ethers.

Scheme 2General Methods for Synthesis of Benzofurans dami@enes
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2. Results and Discussion

2.1. Palladium-Catalyzed Intramolecular Cyclizatiors of Allyl Aryl
Ethers for the Synthesis of Benzofuran Derivatives

We focused our initial efforts in this area on thee-pot synthesis of
benzofurar? from allyl aryl etherl. Transition metal complexes that were
previously reported to either promote Claisen mragemerft or facilitate
the oxidative cyclization of 2-allylphendfd were included in the screen
(Table 1). Metal complexes were examined in a ¥aeé solvents and the
effects of oxidants and bases were studied. Whendaction was carried
out with a stoichiometric amount of Pd(6lEN),Cl, at room temperaturé,
was completely consumed in 4 h and benzof@rams formed in 30% yield,
presumably as a result of Pd-catalyzed Claiserraiegement followed by
oxidative cyclization (Table 1, entry 1). Analysi§ the crude reaction
mixture by 'H NMR showed the remainder of the material to heei
products of ether cleavage or uncyclized Claisexdyets, reaffirming our
initial worries that these side reactions wouldpb&blematic. The formation
of benzofuran instead of dihydrobenzofuran suggedteat p-hydride
elimination had occurred, followed by isomerizatminthe initially formed
exocyclic olefin to the thermodynamically preferrdgnzofuran. This
indicated that a stoichiometric oxidant would bguieed for the catalytic
conversion ofl to 2. In accord with this hypothesis, treatmentlofvith a
catalytic amount of Pd(CI€N).Cl, and a stoichiometric amount of 1,4-
benzoquinone in 1,4-dioxane at room temperaturésforled to2 in 54%
yield (Table 1, entry 8). In addition to Pd(€EN).Cl,, Pd(PhCNYCl,
served as an effective catalyst for this reactidiable 1, entry 10).
Conversely, PtG|] RuCk, and other Pd(ll) sources were not effective (€abl
1, entries 9-14). It was also found that 1,4-benmoape was the optimal
oxidant in this reaction system (Table 1, entrigs®121-22). We supposed



that the addition of base would promote the cytliraof the Claisen-
derived intermediate allylphenol, since the phendiydroxyl should be
deprotonated in order to act as nucleophile towthel olefin fragment,
either directly or through coordination to d®As expected, the inclusion
of NaCO; provided increased yield (Table 1, entry 17). Fnancreasing
the temperature to 6% led to the optimal result in the presence of 5%mo
Pd(CHCN).Cl,, 1,4-benzoquinone, and p&Os;, providing benzofura® in
66% yield (Table 1, entry 26).

Table 1.Optimization Studies for the Cyclization of Compaii®

OH
A
7= S0
o HO o
1

2

Temp Time Yield

Entry Catalyst (mol%) Oxidant Base Solvent °C) (h) (%)
1 Pd(MeCN)Cl, (100) - - dioxane rt 4 30
2 Pd(MeCN)Cl, (100) - CsCO; dioxane  rt 4 54
3 Pd(MeCN)Cl, (100) - CsCO; MeCN rt 4 3
4  Pd(MeCN)Cl, (100) - CsCO;  THF rt 4 13
5 Pd(MeCN)Cl, (100) - CsCO; Toluene rt 4 -
6 Pd(MeCN)Cl, (100) - CsCO; CHLCI, rt 4 43
7 Pd(MeCN)CI; (20) - - dioxane rt 24 18
8 Pd(MeCN)CI; (20) BQ - dioxane rt 5 54
9 Pd(OAc) (20) BQ - dioxane rt 5 -
10 Pd(PhCNXI, (20) BQ - dioxane rt 5 50
11 Pd(PP¥).Cl, (20) BQ - dioxane rt 5 -
12 PdC} (20) BQ - dioxane rt 5 trace
13 PtC} (20) BQ - dioxane rt 5 -
14 RuC} (20) BQ - dioxane rt 5 -




15 Pd(MeCN)Cl, (20) BQ NaOAc dioxane rt 5 trace
16 Pd(MeCN)Cl, (20) BQ L,CO; dioxane  rt 5 21
17 Pd(MeCN)Cl, (20) BQ NaCO; dioxane rt 5 60
18 Pd(MeCNJ)Cl, (20) BQ KCO; dioxane rt 5 48
19 Pd(MeCNJ)Cl, (20) BQ CsCO; dioxane rt 5 -
20 Pd(MeCN)Cl, (20) BQ NE} dioxane rt 5 -
21 Pd(MeCNJ)Cl, (20) CuC} Na,CO; dioxane rt 5 trace
22 Pd(MeCN)Cl, (20) Cu(OAc) NaCO; dioxane rt 5 5
23 Pd(MeCN)Cl, (10) BQ NaCO; dioxane rt 24 37
24 Pd(MeCN)Cl, (10) BQ NaCO; dioxane 80 0.5 52
25 Pd(MeCN)ClI, (5) BQ NaCO; dioxane 80 1 53
26 Pd(MeCN)ClI, (5) BQ NaCO; dioxane 65 5 66
27 Pd(MeCN)ClI, (2) BQ NaCO; dioxane 80 12 trace

& All reactions were carried out with catalyst, bg%eequiv), and oxidant (1 equiv) in
dioxane (0.015 M).” Determined by'H NMR using trichloroethylene as an internal
standard.

With the establishment of a viable one-pot reactigstem, we set out to
explore the scope of this sequential process. W®vs in Table 2, a
variety of allyl aryl ethers underwent tandem Qaisrearrangement/
oxidative cyclization in the presence of PdEM).Cl, to form the
corresponding benzofurans.

This method was compatible with functional grogegh as methoxy,
methylenedioxy, and free hydroxyl. While reactiook electron rich
arenes were facile, higher catalyst loading andessed temperatures were
required for relatively electron deficient aren&alfle 2, entry 2 and entries
4-5). It should be noted that in addition to prodg the desired
benzofuran produci8, aryl crotyl etherl? yielded a small amount of
chromene productl9, which could have formed through either direct
oxidative coupling of the arene to the alkene anéo cyclization of the
Claisen-derived 2e¢f-methylallyl)phenol. The former seems more plawsibl



since 5exo cyclization occurs predominantly overefdo in the Pd4-
catalyzed oxidative cyclization of 2-allylphendfd® This result prompted
us to extend the application of our catalytic systo the formation of
chromenes from aryl homoallyl ethers via directdative cyclization.

Table 2. Pd-Catalyzed Benzofuran Synthékis.

Entry Substrate Product (%)
OH ‘ X ‘
N N
o 2 (54)
1 10-=84: 16)
OMe
v LS @
o 4 (51)
3 10-=84: 16)
OMe
e O f /@J
MeO (0]
5 6 (60)
=
a ﬁl g )5\1
o o
7 8 (49)
g 90
54 J/ (0
o =
9 10 (57)
TS SOwul
\
11 12 (62)
r \
7g HO (0] HO O

13

14 (49)




OMe OMe

MeO MeO.
c = ‘
8
MeO O

MeO O
15 16 (66)
OMe OMe OMe
= A
9° \
MeO O MeO O MeO O
17 18 (31) 19 (12)

& All reactions were performed with Pd(MeCR}),, N&CO; (1 equiv), and
BQ (1 equiv) in dioxane (0.015 M) for 1-5 hourk.Isolated yields.®
Performed with 5 mol % Pd(MeCpjl, at 65 °C.9 performed with 20
mol % Pd(MeCN)CI, at 80 °C.° Performed with 25 mol % Pd(MeC)0l,
at 80 °C." Performed with 10 mol % Pd(MeC)Q)l, at 80 °C.? Performed
with 10 mol % Pd(MeCNLI, at 65 °C The ratios were determined bt
NMR of the mixture.

2.2. Palladium-Catalyzed Intramolecular Cyclizations of Aryl
Homoallyl Ethers for the Synthesis of Chromene Deviatives

Since palladium dichloride complexes are known tdakyze olefin
isomerization’ we worried that, upon exposure to the catalytistay we
had developed for the tandem Claisen rearrangeaxétative cyclization,
an aryl homoallyl ether such @6 might simply isomerize to the aryl crotyl
ether17, and then undergo conversion to a similar mixofr@roducts18
and 19. To our delight, cyclization o0 at room temperature in the
presence of Pd(GIEN),Cl, gave chromend9 in 77% yield without any
detectable amount of benzofurkB (Table 3, entry 4).



Table 3. Optimization Studies for the Cyclization of Compdi20.*

OMe | OMe
/@\ cat. (5 mol%) m
MeO o dioxane, rt MeO o

20 19
Entry Catalyst Oxidant  Base Time (h)  Yield (%)
1 Pd(MeCN)Cl, BQ - 0.5 16
2 Pd(MeCN)Cl, - NaCO;, 24 -
3 - BQ NaCO;, 24 -
4 Pd(MeCN)Cl, BQ NaCO; 3 77
5 Pd(OAC) BQ NaCO; 24 -
6 PdC} BQ NaCO; 24 28

& All reactions were carried out with catalyst (519 NaCO; (1 equiv), and BQ (1
equiv) in dioxane (0.015 M) at ftDetermined byH NMR using trichloroethylene as
an internal standard.

We proceeded to explore the substrate scope ohéwsmethod (Table 4).
Several chromene derivatives could be prepared tien corresponding
aryl homoallyl ethers. Higher catalyst loadings eveequired in similarly
substituted systems relative to the analogous Mermo formation;
variations in the nucleophilicity of the arenes esflected in the catalytic
demands, with less nucleophilic arenes requirirghds catalyst loadings
(Table 4, entries 2-6). The oxidative cyclizatioocorred with excellent
regioselectivity for unsymmetrically substitutedostrates (Table 4, entries
2-5), and only the homoallyl naphthyl ett#f gave a significant amount of
the regioisomeriexo- olefin.



Table 4.Pd-Catalyzed Chromene Synthésis.

Entry Substrate Product (%)
OMe ‘ OMe
MeO O MeO O
20 19 (72)
4! Ise
X
d
2 @\ 5 MeO (0]
o 22 (62)
21 (p-:0-=88:12)
5! Ise
X
e
3 @b HO o
24 (40)
23 (p-:0-=88:12)
\
O O A
s <]$L5 <
O O o (0]
25 26 (59)
| LI
5 0
(@) N
27 28 (42)

ped

)

6 Ho/©\o HO
29 30 (39)

2 All reactions were performed with Pd(MeGR}),, Na,CO;

(1 equiv), and BQ (1 equiv) in dioxane (0.015 My 5

hours. ° Isolated yields. ¢ Performed with 5 mol%

Pd(MeCN)Cl, at rt. ¢ Performed with 25 mol%

Pd(MeCN)}Cl, at 80 °C.°¢ Performed with 20 mol%

Pd(MeCN)Cl, at 80 °C.f The ratios were determined By

NMR of the mixture.
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Plausible mechanisms for both Pd-catalyzed zgtibns presented
herein are outlined in Scheme 3 and are based enMhcker oxidation
mechanisnt! For allyl aryl ethers, the Pd-complexed olefirstiundergoes
Claisen rearrangeméntto form the corresponding 2-allylphenol
intermediate. Subsequently, intramolecular cydlimat proceeds via
oxypalladatiori" Coordination of the C-Gtbond by palladium activates
the olefin toward intramolecular nucleophilic akaby the phenolic oxygen,
which is readily deprotonated by the stoichiometfiantity of basé™"®
Subsequent-hydride elimination produces Pd(H)CI and the 2i}3/dro-2-
methylene benzofuran, which isomerizes to the tbesmamically stable 2-
methylbenzofuraff. Pd(H)CI eliminates HCI and forms $dwhich is
reoxidized by BQ to regenerate the catalyticallyivec Pd(Il) species
(Scheme 3a).

Cyclization of the aryl homoallyl ether most likelgroceeds via
carbopalladation, wherein activation of the oldiiy coordination to Pd(ll)
is followed by intramolecular nucleophilic attack the arene. Subsequent
B-hydride elimination forms Pd(H)CI and the 4-me#ngchromane, which
isomerizes to the thermodynamically favored 4-mletinpmene® Since no
products derived from initial olefin isomerizatiovere detected in any of
the reactions in Table 4, it is likely that attack the arene on the Pd-
complexed olefin is fast relative to Pd-mediate@finl isomerizatiotf
(Scheme 3b).

11



Scheme 3Possible Mechanism for the Pd-Catalyzed Cyclinatio

(@) For Allyl Aryl Ethers : Claisen Rearrangemenhda
Subsequent Intramolecular Oxidative Cyclizations

S S QN

RQ\O pd" (I\%ﬂ
SN BQ S . PdCl,
SIS
R o

0 1
Pd H--B
& HC|«1
N
| H-Pd-Cl || e
= cr
IR 7 o
PdCl

PdCI

I
b | dll <_Q PdO H-Pd-ClI
O
R
= | N
RS o
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3. Conclusion

We have developed both a one-pot procedure focahgersion of allyl
aryl ethers to 2-methylbenzofurans and a direatatre cyclization of aryl
homoallyl ethers to afford chromenes. Because arsivrange of allyl and
homoallyl aryl ethers can be easily prepared, tibeatalyzed oxidative
cyclizations represent an attractive means for fdwle construction of
benzofuran and chromene ring systems, which argapee motifs in
biologically active natural products and pharmaicalitdrug targets. While
the method is currently limited to electron rictbstrates, we are exploring
ways to broaden the scope of the reaction to imchttier arenes, as well as
acyclic substrates for the synthesis of monocyudierocycles.

13



4. Experiment Section

4.1. General

Nuclear Magnetic Resonance spectra were recordd@&omn 400 Fourier
transform NMR spectrometers. Spectra were recomedDCl; solutions
referenced to TMS or solvent residual peak. IR spewere taken as neat
for liquids on NaCl plates using a Perkin-Elmer Gpem 2000 FT-IR
Spectrophotometer. High Resolution Mass Spectra witained on a JEOL
JMS-700 mass spectrometer. Flash chromatography pea®rmed on
MERCK silica gel 60(230-400 mesh). All catalystsught from Strem or
Aldrich and used as received. Unless otherwisedyodd commercially
obtained reagents were used as received. THF vgaifledi from sodium
benzophenone ketyl immediately prior to use. Toduand CHCI, were all
distilled from CaH immediately prior to use. Reaction temperaturesewe
controlled by an IKAmag temperature modulator. Tl&s conducted with
E. Merck silica gel 60 F254 precoated plates (0r26) and visualized via
UV and anisaldehyde staining.

4.2. Systematic Screen

Reactions were conducted at 0.015 M concentratigealed vials under
argon. To a solution of (or 20) in solvent were added catalyst, béke
equiv.), and oxidant (1 equiv.). The resulting ramet was heated with
stirring for the reported time at the reported tenapure. After the reaction
was completed (by TLC), the mixture was cooled,nghed with distilled
water, extracted with Ci€l, (three times), dried over MgQQO and
concentrated in vacuo. Yields were determined by NMR using
trichloroethylene as an internal standard.

14



4.3. General procedure for the preparation of allylaryl ethers

| D /\/Br K2CO3 @\ f
+

/

R/ OH DMF R/ 7 o

0C—-rt

To a solution of the corresponding phenol in DMRaevadded KCO; (2
equiv.) and allyl bromide (1.1 equiv.) at°G. The resulting homogeneous
solution was warmed up to rt. After the reactiorswampleted, the reaction
mixture was quenched with distilled water, extrdatgth ether (three times),
washed with brine, dried over Mg%0and concentrated in vacuo. The
residue was purified by column chromatography dieasigel by eluting
EtOAc-Hexane (1:3 fof, 1:5 for13, 1:20 ~ 1:50 for others) to afford the
corresponding product (31-88%).

Spectral data for 3-allyloxyphenotl)(** 3-allyloxyanisole 8),**** 3,5-
dimethoxyallyloxybenzene 5(,** 3,5-dimethylallyloxybenzene 7),** 2-
allyloxynaphthalene9),*? 3,4-methylenedioxyallyloxybenzen&lj,"*** and
3,4,5-trimethoxyallyloxybenzenel )*® were consistent with data reported
in the literature.

3-Allyloxy-2-methylphenol (13)

an orange oil (43%, EtOAc:Hexane = 1:5).

dn (CDCl;, 400MHz) 2.15 (s, 3H), 4.53 (td,= 1.5, 5.1, 2H), 4.65 (s, 1H),
5.27 (qdJ = 1.4, 10.6, 1H), 5.42 (qd,= 1.7, 17.3, 1H), 6.07 (m, 1H), 6.45
(d,J = 4.1, 1H), 6.47 (dJ = 4.1, 1H), 7.00 (tJ = 8.2, 1H).5c (CDCl,
100MHz) 8.07, 69.09, 104.42, 108.12, 112.53, 116026.33, 133.56,
154.47, 157.63vmax(NaCl)/cmi* 3419, 3084, 2926, 1595, 1471, 1362, 1096,
925, 769. HREIMSn/z 164.0840 (M), calcd for GoH1,0,164.0837.

(3,5-Dimethoxyphenoxy)-2-butene (17)

a pale brown oil (31%, olefin isomer mixture 3:10Bc:Hexane = 1:30).
Signals corresponding to the major isonter(CDCkL, 400MHz) 1.75 (d,)

15



= 6.5, 3H), 3.76 (s, 6H), 4.41 (d,= 5.8, 2H), 5.72 (m, 1H), 5.85 (m, 1H),
6.10 (m, 3H). Representative signals corresponttirthe minor isomerdy
(CDCls, 400MHz) 1.60 (dJ = 6.5, 3H), 3.78 (s, 3H), 3.79 (s, 3H), 4.55]1d,
= 6.5, 2H), 5.43 (m, 1H), 5.53 (M, 1H) (CDCk, 100MHz) 17.84, 55.29,
68.74, 92.98, 93.56, 125.89, 130.73, 160.57, 161,45(NaCl)/cm’ 2938,
1606, 1457, 1379, 1204, 1064, 967, 818. HREIN5208.1096 (MJ, calcd
for C1oH1605208.1099.

4.4. General procedure for the preparation of aryhomoallyl ethers.

N + PPh3, DEAD
R/ F OH 7 om THIj reflux 0\5
A solution of the 3-buten-1-ol, the correspondirgepol (3 equiv.) and
PPh (1.3 equiv.) in THF (0.3 M) was treated with DEAD.§ equiv.) at rt.
The resulting homogeneous solution was heated flatxréor 1-3 hours,
cooled at rt, and concentrated in vacuo. The residgas purified by column
chromatography on silica gel by eluting EtOAc-Hexdh : 5 ~ 1 : 30) to
afford the corresponding product. (47~86%)
Spectral data for 1-(3-methoxyphenoxy)-3-butene21),F> 1-(3-
hydroxyphenoxy)-3-butene 28),">  1-(3,4-methylenedioxyphenoxy)-3-

butene 25)* and 1-(2-naphthoxy)-3-buten27j*°were consistent with data
reported in the literature.

1-(3,5-Dimethoxyphenoxy)-3-butene (20)

a colorless oil (70%, EtOAc:Hexane = 1:30).

dn (CDCls, 400MHz) 2.53 (qtJ = 1.4, 6.8, 2H), 3.77 (s, 6H), 3.98 {t= 6.7,
2H), 5.10 (dqJ = 10.3, 1.4, 1H), 5.17 (dg,= 17.2, 1.7, 1H), 5.90 (q8,=
6.8, 10.3, 1H), 6.09 (s, 3H)c (CDCk, 100MHz) 33.54, 55.29, 67.19, 92.99,
93.41, 116.99, 134.40, 160.79, 161.4fa(NaCl)/cm'3078, 2937, 1601,
1471, 1387, 1204, 1152, 1066, 918, 818. HRE$208.1100 (M), calcd

16



for C12H1503 208.1099.
1-(3-Hydroxy-2-methylphenoxy)-3-butene (29)

a yellow oil (47%, EtOAc:Hexane = 1:10).

dn (CDCls, 400MHz) 2.12 (s, 3H), 2.55 (qi,= 1.4, 6.6, 2H), 4.00 (§ = 6.7,
2H), 4.64 (s, 1H), 5.10 (q8 = 1.5, 10.2, 1H), 5.17 (g8, = 1.6, 17.2, 1H),
5.92 (m, 1H), 6.44 (d) = 6.8, 1H), 6.46 (dJ = 7.1, 1H), 7.00 (tJ) = 8.2,
1H). 6c (CDCl;, 100MHz) 7.96, 33.82, 67.63, 104.18, 107.98, 182.4
116.86, 126.35, 134.69, 154.45, 157 8@ (NaCl)/cni* 3433, 3079, 2926,
1595, 1466, 1380, 1272, 1098, 917, 769, 707. HREWWIS178.0996 (M),
calcd for G;H140,178.0994.

4.5. General procedure for the conversion of allyaryl ethers to 2-
methylbenzofurans

@\ f Pd(MeCN),Cl, | oS |
R/ s BQ, Na,COs F{/ Z o

Dioxane, &

To a solution of allyl aryl ether in 1,4-dioxane.q05 M) were added
Pd(MeCN)Cl,, Na&COs(1 equiv.) and BQ (1 equiv.). The resulting mixture
was heated with stirring for the reported tempemtifter the reaction was
completed, the mixture was cooled, quenched with distilledtera
extracted with CkLCl, (three times), dried over MgSQand concentrated in
vacuo. The residue was purified by column chronmaiolgy on silica gel
(EtOAc:Hexane = 1:10 ~ 1:50) to afford the corresfing product.

6-Hydroxy-2-methylbenzofurans & 4-Hydroxy-2-methylbenzofurans (2)

OH
- G
HO O O
(major) (minor)

17



5 mol % Pd(MeCN)XlI, at 65°C.

The mixture of isomers was obtained as a brown(@®il: 4- = 84:16,
EtOAc : Hexane = 1:10).

Spectral data were consistent with data reportédeiiterature®

6-Methoxy-2-methylbenzofurans & 4-Methoxy-2-methyllenzofurans
(2)

OMe
jouliowt
MeO (0) )
(major) (minor)

20 mol % Pd(MeCNI, at 80°C.

The mixture of isomers was obtained as a pale wetlb (6- : 4- = 88:12,
EtOAc:Hexane = 1:20).

Spectral data were consistent with data reportédeiiterature®

4,6-Dimethoxy-2-methylbenzofuran (6)

OMe
J@UL
MeO O

5 mol % Pd(MeCN)XI, at 65°C.

a white solid (EtOAc : Hexane = 1:20).

oy (CDCls, 400MHz) 2.40 (s, 3H), 3.82 (s, 3H), 3.88 (s, 36129 (d,J =
1.7, 1H), 6.35 (s, 1H), 6.59 (d,= 1.7, 1H).56¢c (CDCk, 100MHz) 13.91,
55.51, 55.75, 88.16, 93.85, 99.55, 112.63, 152162,73, 156.29, 158.15.
vmax (NaCl)/cmi* 3119, 2955, 1601, 1501, 1457, 1370, 1216, 11554,110
1043, 949, 814. HREIM8vz 192.0786 (M), calcd for GiH1,03192.0786.

2,4,6-Trimethylbenzofuran (8)
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25 mol % Pd(MeCNI, at 80°C.
a pale yellow oil (EtOAc : Hexane =1:20).
Spectral data were consistent with data reportédeiiterature®

2-Methylnaphtho[2,1-b]furan (10)

¢}
%

20 mol % Pd(MeCNJI, at 80°C.
a pale yellow solid (EtOAc : Hexane = 1:30).
Spectral data were consistent with data reportédeiterature?

2-Methyl-5,6-methylenedioxybenzofuran (12)

Sl

10 mol % Pd(MeCN(I, at 80°C.

a white solid (EtOAc : Hexane = 1:20).

oy (CDCl, 400MHz) 2.39 (dJ = 1.0, 3H), 5.95 (s, 2H), 6.24 (m, 1H), 6.84
(s, 1H), 6.91 (s, 1H)éc (CDCl, 100MHz) 14.03, 93.20, 98.85, 101.00,
102.82, 122.18, 144.06, 145.01, 149.58, 154:69(NaCl)/cni* 3110, 2962,
2894, 1600, 1463, 1367, 1318, 1279, 1159, 1038, 88Q2. HREIMSnVz
176.0475 (M), calcd for GoHgO3176.0473.

2,7-Dimethyl-6-hydroxybenzofuran (14)

19



|
HO 0

10 mol % Pd(MeCN(I, at 65°C.

a pale yellow solid (EtOAc : Hexane = 1:10).

dn (CDCl;, 400MHz) 2.39 (s, 3H), 2.43 (s, 3H), 4.66 (s, 16126 (s, 1H),
6.69 (d,J=8.2, 1H), 7.12 (d) = 8.2, 1H).3c (CDCl;, 100MHz) 8.31, 14.04,
102.52, 107.12, 111.00, 116.84, 122.27, 150.33,.4154154.58. vmax
(NaCl)/cm' 3285, 2922, 1605, 1508, 1427, 1277, 1154, 10808,1035,
810. HREIMSWz 162.0677 (MJ, calcd for GoH1002162.0681.

2-Methyl-4,5,6-trimethoxybenzofuran (16)

OMe

MeO.
|

MeO (@)
5 mol % Pd(MeCN)XI, at 65°C.
an orange oil (EtOAc : Hexane = 1:5).
o4 (CDCl;, 400MHz) 2.39 (dJ = 1.4, 3H), 3.85 (s, 3H), 3.87 (s, 3H), 4.06
(s, 3H), 6.42 (m, 1H), 6.73 (s, 1Hjc (CDCk, 100MHz) 13.86, 56.32,
60.31, 61.35, 90.28, 100.45, 114.01, 136.78, 143.28.17, 151.63, 153.32.

vmax(NaCl)/cni* 3117, 2936, 1621, 1469, 1383, 1200, 1039, 933, 895,
HREIMS m/z 222.0892 (M), calcd for GoH1404222.0892.

4,6-Dimethoxy-2,3-dimethylbenzofuran (18)

OMe

|
MeO i (6] :

25 mol % Pd(MeCNXI, at 80°C.
a colorless oil (EtOAc : Hexane = 1:50).
dn (CDCl, 400MHz) 2.23 (s, 3H), 2.29 (s, 3H), 3.81 (s, 38184 (s, 3H),
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6.25 (d,J = 1.7, 1H), 6.53 (d] = 2.0, 1H).5¢c (CDClk, 100MHz) 9.72, 11.36,
55.33, 55.68, 87.93, 93.50, 93.78, 109.42, 147154,31, 155.49, 157.96.
vmax(NaCl)/cnit 2927, 1606, 1501, 1455, 1214, 1148, 1112, 815. INFEI
m/z 206.0946 (MJ, calcd for GoH1405 206.0943.

4.6. General procedure for a direct oxidative cychation of aryl
homoallyl ethers to afford chromenes

@\5 Pd(MeCN),Cl, | X
= BQ, Na2C03 > =
R o) R o)

Dioxane, A

To a solution of aryl homoallyl ether in 1,4-dioxait0.015 M) were
added Pd(MeCNEI,;, NaCO; (1 equiv.) and BQ (1 equiv.). The resulting
mixture was heated with stirring for the reportednperature. After the
reaction was completed,the mixture was cooled, quenched with distilled
water, extracted with CH€l, (three times), dried over Mg30O and
concentrated in vacuo. The residue was purifiedddymn chromatography
on silica gel (EtOAc : Hexane = 1:10 ~ 1:30) tooadf the corresponding
product.

5,7-Dimethoxy-4-methyl-H-chromene (19)

OMe
@C%
MeO O

5 mol % Pd(MeCNXI, at rt.

a yellowish oil (EtOAc : Hexane = 1:20).

dn (CDCl;, 400MHz) 2.15 (dt) = 1.7, 3H), 3.77 (s, 3H), 3.78 (s, 3H), 4.49
(dg,J =4.4, 1.5, 2H), 5.40 (tg, = 4.3, 1.5, 1H), 6.08 (d, = 2.4, 1H), 6.11
(d, J = 2.4, 1H).6c (CDCkL, 100MHz) 21.73, 55.28, 55.38, 64.97, 92.92,

21



93.78, 107.99, 115.21, 131.64, 157.22, 158.23, 5B80uax (NaCl)/cni
2962, 1615, 1470, 1213, 1046, 949, 820,740. HREIWV5206.0942 (M),
calcd for GoH1405206.0943.

7-Methoxy-4-methyl-2H-chromene & 5-Methoxy-4-methyl-2H-chromene (22)

OMe
N A
+
MeO O (0]

(major) (minor)

25 mol % Pd(MeCNJI, at 80°C.

The mixture of isomers was obtained as a yellow(@il : 5- = >99:1,
EtOAc : Hexane = 1:30).

Spectral data were consistent with data reportéldeiiterature?

7-Hydroxy-4-methyl-2H-chromene & 5-Hydroxy-4-methyl-2H-chromene (24)

OH
N X
+
HO o o

(major) (minor)

20 mol % Pd(MeCN(I, at 80°C.

The mixture of isomers was obtained as a colortek$7- : 5- = 94:6,
EtOAc : Hexane = 1:10

Signals corresponding to the major isondgr(CDClL, 400MHz) 1.98 (dt)

= 1.7, 3H), 4.71 (dqg) = 3.6, 1.7, 2H), 5.24 (br, 1H), 5.43 (t4= 3.6, 1.6,
1H), 6.33 (dJ = 2.7, 1H), 6.39 (dd] = 8.3, 2.6, 1H), 7.00 (d, = 8.2, 1H).

dc (CDCl, 100MHz) 17.95, 65.68, 103.14, 107.93, 115.45,73,7124.57,
130.02, 155.39, 156.29. Representative signalesponding to the minor
isomer:dy (CDCkL, 400MHz) 2.24 (dtJ = 1.7, 3H), 4.53 (dqJ) = 4.2, 1.7,
2H), 5.12 (br, 1H), 5.56 (tq,= 4.1, 1.7, 1H), 6.49 (d,= 8.2, 1H), 6.95 (1)

= 7.9, 1H).3c (CDClk, 100MHz) 21.61, 64.78, 108.96, 109.68, 118.36,
128.82.vmax (NaCl)/cmi* 3376, 2969, 1616, 1506, 1466, 1381, 1160, 1066,
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1011, 942, 813. HREIM8vYz 162.0680 (M), calcd for GoH100, 162.0681.

4-Methyl-6,7-methylenedioxy-2-chromene (26)

se
o 0
20 mol % Pd(MeCNXI, at 80°C.

a pale yellow oil (EtOAc : Hexane = 1:30).

oy (CDCl, 400MHz) 1.97 (dtJ = 1.6, 1.7, 3H), 4.64 (dqg,= 3.8, 1.7, 2H),
5.47 (tq,J = 3.8, 1.7, 1H), 5.90 (s, 2H), 6.41 (s, 1H), 6(661H).5c (CDCl,
100MHz) 18.27, 65.41, 98.44, 100.99, 103.34, 11585/.63, 130.54,
141.82, 147.24, 149.64ma (NaCl)/cri 2923, 1624, 1485, 1404, 1341,
1265, 1166, 1038, 937, 858, 753. HREIM® 190.0631 (M), calcd for
C11H1005190.0630.

1-Methyl-3H-benzof]chromene (28) & 1-Methylene-2,3-dihydro-H-
benzoffchromene (28’)

o,
A
28 28

25 mol % Pd(MeCNXI, at 80°C.

The mixture of28 and 28’ was obtained as an orange d@B@8'= 2:1,
EtOAc : Hexane = 1:30).

Signals corresponding @8** & (CDCk, 400MHz) 2.42 (dt]) = 1.5, 3H),
4.55 (dg,J = 6.2, 1.4, 2H), 5.76 (tg) = 6.2, 1.6, 1H), 7.15 (dl = 8.9, 1H),
7.35 (m, 1H), 7.45 (m, 1H), 7.68 (@= 8.9, 1H), 7.78 (d) = 8.2, 1H), 8.11
(d,J = 8.6, 1H).5¢ (CDCk, 100MHz) 22.52, 64.41, 114.03, 117.78, 118.07,
123.26, 125.38, 125.89, 128.83, 129.57, 129.99,7030132.59, 154.07.
Representative signals correspondin@&a 64 (CDCl, 400MHz) 2.75 (t,J

= 6.0, 2H), 4.47 (t) = 5.8, 2H), 5.38 (m, 1H), 5.66 (s, 1H), 7.02Jd&; 8.9,
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1H), 7.35 (m, 1H), 7.45 (m, 1H), 7.64 @= 8.5, 1H), 7.78 (d] = 8.2, 1H),
8.45(d,J = 8.6, 1H).5c (CDCk, 100MHz) 33.24, 68.44, 118.49, 123.16,
124.01, 126.54, 128.52, 129.35, 130.28, 130.96,.4839152.31.Vmax
(NaCl)/cnit 3056, 2926, 1633, 1595, 1513, 1466, 1395, 13401,12314,
1079, 1028, 996, 816, 747. HREIMSZz 196.0884 (MJ, calcd for G4H1,0
196.0888.

4,8-Dimethyl-7-hydroxy-2H-chromene (30)

HO @)

20 mol % Pd(MeCNXI, at 80°C.

a white solid (EtOAc : Hexane = 1:18).

dn (CDCl, 400MHz) 1.98 (dJ = 1.0, 3H), 2.09 (s, 3H), 4.72 (m, 2H), 4.79
(s, 1H), 5.45 (m, 1H), 6.37 (d,= 8.2, 1H), 6.89 (d) = 8.2, 1H).3c (CDCl,
100MHz) 7.99, 18.06, 65.58, 107.14, 111.23, 11512%,58, 121.24, 130.56,
153.22, 154.41vmax(NaCl)/cni* 3430, 2968, 1615, 1505, 1456, 1379, 1101,
808. HREIMSmz 176.0832 (M), calcd for GiH;50, 176.0837.
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