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Abstract

Intramolecular addition of heterofunctionalities to C@C double bonds without b-hydride elimination was investigated and catalyzed
by ruthenium complexes. The combination of RuCl3 Æ nH2O (10 mol%) and 3 equiv. of AgOTf acted as a catalyst for cyclization of 2-
allylphenol (1a) to 2,3-dihydro-2-methylbenzofuran (2a) in good yield in the presence of Cu(OTf)2 as a co-catalyst and PPh3 as a ligand.
This catalyst system also catalyzed the cyclization of 2-allylbenzoic acid to lactone in 91% yield. Then, a new catalyst system (RuCp*Cl2)2

(1.0 mol%)/4AgOTf/4PPh3, was found to be more active even in the absence of Cu(OTf)2. Furthermore, this catalysis was applied to
asymmetric reaction of 2-allylphenol (1a). When using TolBINAP as a ligand, over 60% e.e. was achieved.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

As olefin is the most accessible raw material in chemical
industry, transformation of olefin is a great deal to con-
structing various materials. Nevertheless, addition of
RXH (X = heteroatom) to olefin under neutral conditions
has been limited [1–3]. There have been only few examples
of intramolecular [4] and intermolecular [5] addition of het-
eroatom nucleophiles to olefins, except for the amination
of olefins [6].

We have already reported the preliminary work of intra-
molecular addition of phenolic hydroxide to olefin in 2-
allylphenol in the presence of a catalytic amount of
RuCl3 Æ nH2O/3AgOTf and Cu(OTf)2 [7]. This catalysis
revealed that ruthenium complex catalyzes the addition of
nucleophiles (RXH) to olefins without b-elimination [8–
10]. The high loading of catalyst was needed for getting rea-
sonable yield of the product. Then, we have been searching
other catalysts for this reaction and found that (RuCp*Cl2)2
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[11] can act as an effective catalyst for this reaction even
without Cu(OTf)2. Herein, we would like to describe the
details of the reaction using ruthenium catalysts [12].

2. Results and discussion

2.1. Intramolecular cyclization using RuCl3 Æ nH2O/3AgOTf/

Cu(OTf)2

OH O

catalyst

1a 2a 3a

+
Osolvent OH
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+

Various catalytic systems and reaction conditions were
examined for the cyclization of 1a, and some representative

results are listed in Table 1. Ruthenium and iron com-
pounds treated with AgOTf showed some activities for this
reaction, while only the ruthenium compound exhibited
good catalytic activity with the addition of Cu(OTf)2.
Cyclization of 1a was effectively performed in acetonitrile
at 80 �C in the presence of a ruthenium-based catalyst pre-
pared by pre-heating a mixture of RuCl3 Æ nH2O and
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Table 1
Cyclization of 1a by transition-metal catalysta

Entry Catalyst Additive Yieldb (%)

2a 3a 4a

1 RuCl3 Æ nH2O/3AgOTf Cu(OTf)2 51 4 15
2 RuCl3 Æ nH2O/3AgOTf – 4 1 10
3c PdCl2/2AgOTf Cu(OTf)2 0 4 23
4 RhCl3 Æ 3H2O/3AgOTf Cu(OTf)2 0 Trace 5
5 FeCl3 Æ 6H2O/3AgOTf Cu(OTf)2 4 0 10
6 AgOTf – 0 0 0
7d – Cu(OTf)2 0 0 0
8 – TfOHe 0 0 0
9f RuCl3 Æ nH2O/3AgOTf Cu(OTf)2/TfOH 63 0 Trace
10g RuCl3 Æ nH2O/3AgOTf Cu(OTf)2/PPh3 69 0 2

a Reaction conditions: 1a (4.0 mmol), RuCl3 Æ nH2O (0.4 mmol), AgOTf
(1.2 mmol), additive (2.0 mmol), CH3CN (10 mL), 80 �C, 24 h.

b Determined by GLC analysis (PEG-20M).
c CH3OH (10 mL) as a solvent.
d Cu(OTf)2 (4.0 mmol).
e TfOH (1.0 mL, 11 mmol).
f TfOH (0.3 mL, 3.4 mmol).
g CH3CN (3 mL), 48 h, PPh3 (0.8 mmol).

Table 2
Cyclization using RuCl3 Æ nH2O/3 AgOTf in the presence of Cu(OTf)2

a

Entry Substrate Product Yieldb (%)

OHR
O

R

1 1a: R = H 2a: R = H 61 (69)c

2 1b: R = 4-MeO 2b: R = 5-MeO 51
3 1c: R = 6-MeO 2c: R = 7-MeO 53
4 1d: R = 6-Me 2d: R = 7-Me 65
5

OH

5

O

6

58

6

OH

M eO

7

MeO

O

8

68

7

OH

9
O

10

72

a Reaction conditions: substrate (4.0 mmol), RuCl3 Æ nH2O (0.4 mmol),
AgOTf (1.2 mmol), Cu(OTf)2 (2.0 mmol), CH3CN (10 mL), 80 �C, 24 h.

b Isolated yield.
c The figure in parentheses was determined by GC.

Table 3
Cyclization of carboxylic acid derivativesa

Entry Substrate Product Yieldb (%)

1

OH

O

11

O

O

12

89 (91)

2

OH

O

13

O

O

14

78 (83)

3

OH
O

15

O
O

16

46 (67)

a Reaction conditions: substrates (4 mmol), RuCl3 Æ H2O (0.4 mmol),
AgOTf (1.2 mmol), Cu(OTf)2 (2 mmol), PPh3 (0.8 mmol), CH3CN (3 mL),
80 �C, 48 h, under Ar.

b Isolated yield of cyclization product. Figures in parentheses show the
yield from the reaction for 96 h.
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3 equiv. of AgOTf in the presence of Cu(OTf)2 in CH3CN
to give 2a in moderate yield. Acetonitrile was solely chosen
among the solvents examined. No reaction occurred by the
use of AgBF4 instead of AgOTf or by the addition of
CuCl2 instead of Cu(OTf)2.

From the reaction, the desired product 2a was
obtained in moderate yield followed by considerable
amounts of 3a and olefin-isomerized product (E)- and
(Z)-2-(1-propenyl)phenol (4a). Interestingly, the addition
of TfOH or PPh3 suppressed the formation of 3a and
4a. Since TfOH alone was ineffective as a catalyst for
this cyclization in acetonitrile, TfOH influenced the cata-
lytic stage mediated by ruthenium.

This catalytic cyclization was not influenced by the sub-
stituents on the aromatic ring of the substrates (Table 2),
and five-membered ring compounds were always formed
from allyl derivatives (entries 1–5). In the case of phenol
derivative with 3-methyl-2-butenyl substituent 7, six-mem-
bered product 8, Markovnikov type product, was formed.
2-Homoallylphenol (9) was transformed to a six-membered
cyclic product, 3,4-dihydro-2H-2-methylbenzopyran (10),
in good yield, while 2-vinylphenol was not converted to
the cyclic compound.

Benzoic acids were also used for this catalysis (Table 3).
2-Allylbenzoic acid (11) was converted to six-membered
lactone 12 in good yield, while five-membered lactone 14
was obtained from the reaction of 2-vinylbenzoic acid
(13). This catalysis was also applied to aliphatic carboxylic
acid, 4-pentenoic acid (15), to give c-valerolactone (16) in
moderate yield.

2.2. Intramolecular cyclization of 2-allylphenol (1a) using

(Cp*RuCl2)2

The reaction of 2-allylphenol (1a) was performed in the
presence of a ruthenium complex derived from 1 mol% of
(Cp*RuCl2)2, 4 mol% of AgOTf, and PPh3, in various sol-
vents in the presence of Cu(OTf)2. The representative
results are listed in Table 4. The reaction did not proceed



Table 4
Ruthenium complex-catalyzed intramolecular cyclization of 2-allylphenola

Entry Reaction condition Yieldb of 2a (%)

Solvent Temperature
(�C)/time (h)

Additive
(mol%)

1 CH3CN 80/48 Cu(OTf)2 (50) 0
2 THF 80/48 Cu(OTf)2 (50) 0
3 MeOH 80/48 Cu(OTf)2 (50) 0
4 Benzene 80/48 Cu(OTf)2 (50) 88
5 CH2Cl2 Reflux/48 Cu(OTf)2 (50) 72
6 CHCl3 60/48 Cu(OTf)2 (50) >95
7c CHCl3 60/48 Cu(OTf)2 (50) >95
8c CHCl3 60/48 Cu(OTf)2 (25) >94
9c CHCl3 60/48 Cu(OTf)2 (10) 83
10c CHCl3 60/48 Cu(OTf)2 (1) 67
11c CHCl3 60/48 – 21
12d CHCl3 60/48 Cu(OTf)2 (10) 58–68
13d CHCl3 60/48 AgOTf (10) 7
14d CHCl3 60/48 CuCl2 (50) 0
15d CHCl3 60/48 TfOH (20) 45

a Reaction conditions: 1a (1.0 mmol), (Cp*RuCl2)2 (1 mol%), AgOTf
(4 mol%), solvent (3 mL), PPh3 (2 mol%), under Ar.

b Yields were determined by 1H NMR using internal standard (dibenzyl
ether) method.

c (Cp*RuCl2)2 (0.5 mol%), AgOTf (2 mol%), and PPh3 (1 mol%) were
used.

d Without (Cp*RuCl2)2 and AgOTf. N-Ts N
TsH

19 20

RuCl3
.nH2O (10 mol%), Ag(OTf) (30 mol%), PPh3 (20 mol%)

Cu(OTf)2 (50 mol%), CH3CN, 80 oC, 96 h
(RuCp*Cl2)2 (1 mol%), Ag(OTf) (4 mol%), PPh3 (2 mol%)

 benzene, reflux, 48 h

38% yield

79% yield
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in acetonitrile, which was chosen as the solvent for the reac-
tion using RuCl3 Æ nH2O/3AgOTf as a catalyst in the previ-
ous section. No reaction occurred in THF and methanol.
On the other hand, benzene, dichloromethane and chloro-
form are the choice of solvents for this catalysis to give
the cyclic product in good yield (up to >95%). In chloro-
form, the amount of catalyst was able to be reduced to
0.5 mol% without any loss of the yield (entry 7). The
amount of Cu(OTf)2 was also able to be reduced, but use
of less than 25 mol% of Cu(OTf)2 slightly decreased the
yield of the product. In acetonitrile, Cu(OTf)2 and AgOTf
showed no catalytic activities. But interestingly, Cu(OTf)2

was catalytically active in chloroform. Still, AgOTf gave
the product in less than catalytic amount yield in chloro-
form. CuCl2 did not work as a catalyst for cyclization.
These metal compounds are going to be demonstrated sep-
arately as a catalyst for this reaction. Trifluoromethanesulf-
onic acid also showed catalytic activity in chloroform.

OH O

(RuCp*Cl2)2  / 2 PPh3 / 4 AgOTf

additive, solvent

1a 2a
2.3. Other substrates
OH
catalyst

O

17 18
Alcohols were subjected for this reaction instead of phe-
nols. Using RuCl3 Æ nH2O + AgOTf, 2-allylbenzyl alcohol
(17) reacted to give cyclic product 18 in 15%, while
(Cp*RuCl2)2 + AgOTf system showed better catalytic
activity even through the yield was low. Acidity of the pro-
tic hydrogen might affect the reactivity. Aliphatic alcohol,
5-hexen-1-ol, did not give the cyclic product (see Table 5).

In cases of aniline derivatives, the reaction was strongly
dependent of the substituent on nitrogen. In both catalytic
systems, 2-allylaniline was not converted at all. When N-
methyl-2-allylaniline was used, cyclization did not occur,
and furthermore, isomerization of olefin proceeded (2-(1-
propenyl)-N-methylaniline 95% (cis/trans = 59:36)). This
probably is due to the enhanced coordination ability of
nitrogen in N-methyl-2-allylaniline. 2-Allylacetanilide and
2-allylbenzanilide did not suffer any transformation, while
2-allyl-N-tosylaniline (19) converted to cyclic product 20

in 38% yield by RuCl3 Æ nH2O-based catalyst system and
in 79% yield by (Cp*RuCl2)2catalyst system. These results
suggested that the acidity of the proton on nitrogen of
the substrates was very important in this catalysis.
2.4. Attempt for asymmetric reaction

Our preliminary study for asymmetric cyclization of 2-
allylphenol demonstrated that the reaction proceeded in
an asymmetric fashion using RuCl3 Æ nH2O with BINAP
without Cu(OTf)2 in acetonitrile to give the optically active
product with about 90% e.e. even in trace yield. On the
other hand, the reaction by the same catalyst in the presence
of Cu(OTf)2 (50 mol% to substrate) gave racemic product in
48% yield. These observations forced us to find the catalyst
system without Cu(OTf)2. The results are listed in Table 6.
Using high loading catalyst, higher reaction temperature,
and long reaction time gave the product in higher yields
(entries 1–5). Using less polar solvent, such as benzene
and toluene, exhibited good influence in yield. That is, in
benzene and the product was obtained in 95% yield from
the reaction at reflux for 48 h (entries 6–8). The use of cyclo-
hexane led to a decrease in the yield of the product (entry 9).

Then, we tested the asymmetric reaction using various
optically active phosphine ligands without Cu(OTf)2, and
the results are summarized in Table 7. At first, (S)-BINAP
was used as a ligand for determining a standard condition
(entries 1–4). Toluene was a choice of solvent, and long
reaction time did not affect enantiomeric excess. Lower
reaction temperature made e.e. better as 48% even through
the yield became low (entry 4). As a result, the reaction was



Table 5
Intramolecular cyclization of 2-allylbenzyl alcohol (17) using (Cp*RuCl2)2

a

Entry Reaction condition Yieldb of 18 (%)

Catalyst (mol%) Solvent Temperature (�C)/time (h) Cu(OTf)2 (mol%)

1 RuCl3 Æ nH2O (10) + AgOTf (30) CH3CN 80/48 50 15
2 (Cp*RuCl2)2 (1) + AgOTf (4) Toluene Reflux/48 0 12
3 (Cp*RuCl2)2 (1) + AgOTf (4) Benzene Reflux/48 0 24

a Reaction conditions: 17 (1.0 mmol), catalyst, solvent (3 mL), PPh3 (20 mol% for RuCl3 Æ nH2O, 2 mol% for (Cp*RuCl2)2), under Ar.
b Yields were determined by 1H NMR using internal standard (bibenzyl) method.

Table 6
Intramolecular cyclization of 2-allylphenol (1a) using (Cp*RuCl2)2

a

Entry Solvent Temperature (�C)/time (h) Yieldb of 2a (%)

1c CHCl3 60/48 21
2 CHCl3 60/48 26
3 CHCl3 Reflux/24 39
4 CHCl3 Reflux/48 64
5 CHCl3 Reflux/72 64
6 Benzene Reflux/24 75
7 Benzene Reflux/48 95
8 Toluene Reflux/48 85
9 Cyclohexane Reflux/48 56

a Reaction conditions: 1a (1.0 mmol), (Cp*RuCl2)2 (1.0 mol%), AgOTf
(4.0 mol%), PPh3 (2.0 mol%), a solvent (3 mL), under Ar.

b Yields were determined by 1H NMR using internal standard (dibenzyl
ether) method.

c (Cp*RuCl2)2 (0.5 mol%), AgOTf (2.0 mol%), PPh3 (1.0 mol%).

Table 7
Asymmetric intramolecular cyclization of 2-allylphenol (1a) using
(Cp*RuCl2)2

a

Entry Ligand Yield of 2 (%)b % e.e.c of 2

1d (S)-BINAP 63 17
2 (S)-BINAP 74 28
3e (S)-BINAP 50 7
4f (S)-BINAP 28 48
5 (S)-TolBINAP 80 33
6f (S)-TolBINAP 37 65
7g (S)-TolBINAP 2 13
8 (S,S)-BPPM 0(100) –
9 (S,R)-BPPFA 0(100) –

10 (R,R)-Me-DuPHOS 90 2
11 (R,R)-DIOP 33 (60) 37
12f (R,R)-DIOP 75 15
13 (R,S)-JOSIPHOS 10 (78) 69
14f (R,S)-JOSIPHOS 41 47
15 (R,R)-CHIRAPHOS 57 3
16 (R)-PROPHOS 78 14
17 (R,R)-NORPHOS 73 4

a Reaction conditions: 2-allylphenol (1.0 mmol), (Cp*RuCl2)2 (1 mol%),
AgOTf (4 mol%), ligand (2 mol%), toluene (3 mL), reflux, 48 h, argon
atmosphere.

b Yields were determined by 1H NMR using internal standard (dibenzyl
ether) method, and figures in parentheses are recovered substrate 1a.

c Determined by chiral HPLC (column packing: Daicel Chiralcel OJ-R;
eluent: MeOH/H2O = 3/2; detector: UV254 nm; flow rate 0.3 mL/min).

d In benzene.
e In cyclohexane.
f At 50 �C for 96 h.
g At 30 �C for 150 h.
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performed in toluene at reflux temperature using various
optically active ligands. Using (S)-TolBINAP showed
higher catalytic activity and moderate selectivity (entry
5). BPPM and BPPFA did not promote the reaction at
all (entries 10 and 11). DIOP and JOSIPHOS showed mod-
erate enantiomeric excesses as 37% and 69%, respectively,
even through a considerable amount of substrates
remained unchanged (entries 11 and 13). Lowering the tem-
perature led to an increase in the enantiomeric the use of
(S)-TolBINAP, while the enantiomeric excess with became
lower in cases of DIOP and JOSIPHOS (entries 6, 12, and
14).
2.5. Reaction mechanism

Now, we have no evidence about the reaction mecha-
nism. Nevertheless, plausible mechanism is shown in
Scheme 1. First, ruthenium precursor reacts with AgOTf
to give a cationic ruthenium species. This cationic Ru(III)
species has some TfO�, ligand, and/or solvent molecules.
The C@C double bond of 2-allylphenol coordinates to this
cationic ruthenium to give a Ru–olefin complex, which
allowed to react with phenolic oxygen in a nucleophilic
fashion intramolecularly to give cyclized intermediate. At
this stage, the counter anion holds the phenolic proton,
and the resulting TfOH reacts with carbon–ruthenium r-
bond by protonolysis to give the desired product and active
ruthenium intermediate. Hosokawa et al. also suggested a
similar intermediate in the reaction of 1a catalyzed by a
Pd compound [8b]. Product 2a could be obtained from
21 by protonolysis, and by-product 3a could be formed
from the same intermediate 21 by b-hydride elimination.
No formation of 3a by addition of TfOH indicates that
the protonolysis of 21 proceeds smoothly by adding TfOH.
The formation of olefinic by-product 4a was also sup-
pressed by adding TfOH or PPh3, suggesting that 4a was
formed from common olefin–ruthenium intermediate via
hydrogen migration proposed in the literature [12].
3. Experimental

3.1. General

Proton nuclear magnetic resonance (1H NMR) spectra
were measured using a JEOL JNM A-400 (400 MHz) spec-
trometer using tetramethylsilane as the internal standard.
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Scheme 1. Possible mechanism for the intramolecular cyclization of 2-allylphenol catalyzed by ruthenium complex.
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IR spectra were measured on a Shimadzu IR-408 spectrom-
eter. Mass spectral (GC–MS) data were recorded on a Shi-
madzu QP2000A instrument. HPLC analysis was done by
Shimadzu LC-10A with chiral column (Daicel CHIRAL-
CEL OJ-R, 0.3 mL/min, detector UV254 nm). Optical rota-
tion was measured by Horiba Sepa-200 instrument. The
substrates purchased were used without further purifica-
tion. The solvents were purified according to the literature
method, and stored under argon.

2-Allyl-4-methoxyphenol (1b) [13], 1-allyl-2-naphthol (5)
[14], 2-(3-methyl-2-butenyl)-4-methoxyphenol (7) [15],
2-(3-butenyl)phenol (9) [16], 2-allylbenzoic acid (11) [17],
2-vinylbenzoic acid (13) [18], 2-allylbenzyl alcohol (17)
[19], 2-allylaniline [20], 2-allyl-N-methylaniline [21],
N-(2-allylphenyl)acetamide [22], 2-allyl-N-benzanilide [23],
2-allyl-N-tosylaniline (19) [24], and dichloropentamethyl-
cyclopentadienylruthenium dimer [Cp*RuCl2]2 [11] were
prepared according to the literature method.

3.2. Intramolecular cyclization of 2-allylphenol (1a)

3.2.1. Typical reaction procedure 1

Into a 30 mL three-necked flask were added
RuCl3 Æ nH2O (0.10 g, 0.4 mmol), acetonitrile (3.0 mL),
and AgOTf (0.32 g, 1.2 mmol), and then the mixture was
heated at 80 �C for 2 h. After cooling, 2-allylphenol
(4.0 mmol), PPh3 (0.21 g, 0.8 mmol), and Cu(OTf)2

(0.72 g, 2.0 mmol) were added to the mixture, and the mix-
ture was stirred at 80 �C for 48 h. After the reaction, solid
materials were removed through a Celite pad, and then the
eluent was concentrated. To the residue were added water
and ether, and the organic materials were extracted by
ether. After removal of the solvent, the products were iso-
lated by column chromatography (silica gel, hexane–ethyl
acetate) and identified by 1H NMR, GC–MS, and/or IR.

3.2.2. Typical reaction procedure 2

Into a 20 mL Schlenk tube under argon were added
(Cp*RuCl2)2 (6.2 mg, 0.01 mmol), benzene (3.0 mL), and
AgOTf (10.3 mg, 0.06 mmol), and then the mixture was
heated at reflux for 3 h. After cooling, 2-allylphenol
(1.0 mmol) and PPh3 (0.02 mmol) were added and the mix-
ture was stirred at reflux for 48 h. The solvent was removed,
water and dibenzyl ether (48.5 mg, 0.25 mmol) were added,
and then the organic materials were extracted with chloro-
form. The obtained organic mixture was analyzed by 1H
NMR, and the yield of 2,3-dihydro-2-methylbenzofuran
was determined by its area compared to that of the internal
standard (dibenzyl ether). The product was isolated by col-
umn chromatography (silica gel, hexane:AcOEt = 10:1).
When chiral phosphine was used, the enantiomeric excess
was determined using chiral HPLC analysis (column pack-
ing: Daicel Chiral OJ-R; eluent: MeOH/H2O = 3/2; detec-
tor: UV254 nm; flow rate 0.3 mL/min).

3.3. 2,3-Dihydro-2-methylbenzofuran (2a)

1H NMR(CDCl3) d 1.46 (3H, d, J = 6.4, CH3), 2.81
(1H, dd, J = 14.4, 7.2, CH2), 3.30 (1H, dd, J = 14.4, 7.2,
CH2), 4.88–4.94 (1H, m, CH), 6.75 (1H, d, J = 7.6, Ar),
6.82 (1H, t, J = 7.6, Ar), 7.10 (1H, t, J = 7.6, Ar), 7.15
(1H, d, J = 7.6, Ar). GC–MS (m/z) 134.
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3.4. 2,3-Dihydro-5-methoxy-2-methylbenzofuran (2b)

1H NMR(CDCl3) d 1.43 (3H, d, J = 6.79, CH3), 2.77 (1H,
dd, J = 15.2, 7.6, CH2), 3.25 (1H, dd, J = 15.2, 7.6, CH2),
3.73 (3H, s, OCH3), 4.83–4.91 (1H, m, CH), 6.61–6.67
(2H, m, Ar), 6.73 (1H, d, J = 2.4, Ar). GC–MS (m/z) 164.

3.5. 2,3-Dihydro-7-methoxy-2-methylbenzofuran (2c)

1H NMR(CDCl3) d 1.51 (3H d, J = 6.0, CH3), 2.84 (1H,
dd, J = 15.2, 7.6, CH2), 3.32 (1H, dd, J = 15.2, 7.6, CH2),
3.87 (3H, s, OCH3), 4.93–5.02 (1H, m, CH), 6.72–6.81 (3H,
m, Ar). GC–MS (m/z) 164.

3.6. 2,3-Dihydro-2,7-dimethylbenzofuran (2d)

1H NMR(CDCl3) d 1.47 (3H, d, J = 6.4, CH3), 2.20
(3H, s, CH3), 2.81 (1H, dd, J = 15.2, 7.6, CH2), 3.30 (1H,
dd, J = 15.2, 7.6, CH2), 4.86–4.94 (1H, m, CH), 6.73 (1H,
d, J = 7.6, Ar), 6.92 (1H, d, J = 7.6, Ar), 6.98 (1H, d,
J = 7.6, Ar). GC–MS (m/z) 148.

3.7. 2,3-Dihydro-2-methylnaphtho[3,2-b]furan (6)

1H NMR(CDCl3) d 1.54 (3H, d, J = 6.4, CH3), 3.07
(1H, dd, J = 15.2, 7.6, CHH), 3.60 (1H, dd, J = 15.2, 7.6,
CHH), 5.08–5.17 (1H, m, CH), 7.08 (1H, d, J = 8.8, Ar),
7.27–7.31 (1H, m, Ar), 7.43–7.47 (1H, m, Ar), 7.56 (1H,
d, J = 8.8, Ar), 7.67 (1H, d, J = 8.8, Ar), 7.79 (1H, d,
J = 8.8). GC–MS (m/z) 185 (MH+).

3.8. 6-Methoxy-2,2-dimethylchroman (8)

1H NMR(CDCl3) d 1.31 (6H, s, 2CH3), 1.78 (2H, t,
J = 6.8, ArCH2CH2), 2.75 (2H, t, J = 6.8, ArCH2), 3.74
(3H, s, OCH3), 6.61 (1H, d, J = 2.4, Ar), 6.66–6.72 (2H,
m, Ar). GC–MS (m/z) 192.

3.9. 3,4-Dihydro-2-methyl-2H-1-benzopyran (10)

1H NMR (CDCl3) d 1.39 (3H, d, J = 6.0, CH3), 1.65–
1.48 (1H, m, CH2CH2CH), 1.94–2.00 (1H, m,
CH2CH2CH), 2.70–2.76 (1H, ddd, J = 16.4, 3.2,
CH2CH2CH), 2.81–2.90 (1H, ddd, J = 16.4, 6.4, 3.2,
CH2CH2CH), 4.08–4.18 (1H, m, CH), 6.78–6.83 (2H, m,
Ar), 7.02–7.09 (2H, m, Ar). GC–MS (m/z) 148.

3.10. 3,4-Dihydro-3-methyl-1-oxoisocoumarine (12)

1H NMR (CDCl3) d 1.53 (3H, d, J = 6.0, CH3), 2.90–
3.02 (2H, m, CH2), 4.65–4.73 (1H, m, CH), 7.24 (1H, d,
J = 7.2, Ar), 7.39 (1H, t, J = 7.6, Ar), 7.54 (1H, t,
J = 7.6, Ar), 8.09 (1H, d, J = 6.4, Ar). GC–MS (m/z) 162.

3.11. 3-Methylphthalide (14)

1H NMR (CDCl3) d 1.64 (3H, d, J = 6.4, CH3), 5.57
(1H, q, J = 6.5, CH), 7.46 (1H, t, J = 7.6, Ar), 7.53 (1H,
d, J = 7.6, Ar), 7.68 (1H, t, J = 7.3, Ar), 7.89 (1H, d,
J = 7.6, Ar). GC–MS (m/z) 169.

3.12. c-Methylbutyrolactone (16)

1H NMR (CDCl3) d 1.38 (2H, d, J = 6.1, CH3), 1.77–
1.85 (1H, m, COCH2CH2), 2.03–2.37 (1H, m,
COCH2CH2), 2.50–2.54 (2H, m, COCH2), 4.57–4.65 (1H,
m, CH). GC–MS (m/z) 100.

3.13. 3-Methylisochroman (18)

1H NMR (CDCl3) d 1.35 (3H, d, J = 6.0, CH3), 2.71
(2H, d, J = 6.8, ArCH2CH), 3.82 (1H, m, CH), 4.83 (2H,
s, ArCH2O), 6.99–7.36 (4H, m, Ar).

3.14. 2-Methyl-N-tosylindoline (20)

1H NMR (CDCl3) d 1.46 (3H, d, J = 6.4, CHCH3), 2.38
(3H, s, ArCH3), 2.46 (1H, dd, J = 6.4, 3.2, CH2), 4.34–4.42
(1H, m, CH), 7.03–7.09 (2H, m, Ar), 7.18–7.26 (3H, m, Ar),
7.58 (2H, d, J = 8.4, Ar),7.69 (1H,d, J = 8.0, Ar). GC–MS
(m/z) 287.
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