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An electrophilic ring-opening reaction of 2-aryl-3,4-dihydropyran with many nucleophiles, such as
thiophenols, thiols, benzenesulfinic acid, resorcin, 2-methylfuran, benzamide and allyltrimethylsilane,
was developed. In the presence of an appropriate catalyst, a product that contains not only a moiety of
the nucleophile but also a fragment of 1,3-dicarbonyl compound was obtained.
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1. Introduction

Heterocyclic compounds display an intrinsic reactivity, which
enables rich, versatile and productive transformations. Taking into
account their ubiquitous presence in natural products and drugs,
the development of new and efficient preparative protocols for
these structures remains an urgent task in organic synthesis.!
Dihydropyran derivatives, which are among the most investigated
heterocycles in the past decade, are widely present in nature-
occurring products.> Some of dihydropyrans showed important
biological and pharmaceutical activities, and therefore, their syn-
thesis have attracted much attention.

Recently, we have described a three-component reaction of
olefins, formaldehyde and B-dicarbonyl compounds, which gener-
ated a variety of 2,5,6-trisubstituted 3,4-dihydropyrans in high
yields.# This reaction opens a facile method to prepare the dihy-
dropyrans. Therefore, using of these dihydropyrans in organic
synthesis becomes thus a downstream topic for us. Because skel-
etons of the dihydropyrans involve a benzyl ether fragment, that is,
generally unstable in the presence of nucleophile under acidic
condition,” the dihydropyran could be a valuable substrate in acid-
catalyzed transformations. Out of this consideration, quite recently,
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we have developed a novel ring-opening reaction of 2-substituted
3,4-dihydropyrans with nucleophiles.® However, for the reactions
of 2-aryl-3,4-dihydropyrans, only a few nucleophiles have been
utilized. In this paper, we will mainly focus on the ring-opening
reaction of 2-aryl-3,4-dihydropyrans, in which many nucleo-
philes, such as thiophenols, thiols, benzenesulfinic acid, resorcin, 2-
methylfuran, benzamide and allyltrimethylsilane, were screened.
These reactions along with our previous results offered compre-
hensive information about the ring-opening reaction of 2-aryl-3,4-
dihydropyrans.

Initially, reaction of a 2-aryl-3,4-dihydropyran, 1a, with thio-
phenol, 2a, was investigated, and the results are listed in Table 1. In
the absence of catalyst, no reaction occurred (entry 1). When some
weak acids, such as MnCl, and boric acid, were used, a product, 3a,
was formed, but owing to the fact that most of the starting mate-
rials keep unaltered, as a result, the yields obtained are rather poor
(entries 2 and 3). These results imply that the ring-opening reaction
is, indeed, possible, and therefore, we screened the other Lewis acid
catalysts in later study. FeCls was found to be ineffective for this
reaction because of the formation of a very messy mixture (entry 4).
With other strong Lewis acids, such as Sc(OTf)s, InCls, ZrCly and
Bi(OTf)s3, only moderate yields were obtained with a complete
consumption of 1a (entries 5—8). In these cases, many spots were
observed by TLC detection. However, attempt to isolate the by-
product was failed. Interestingly, an exclusive selectivity to 3a
was observed when using MnBry as a catalyst. And after 11 h of
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Table 1
Ring-opening reaction of 1a with 2a in different conditions®

O
o 2a (1.5 equiv) @\
s o

‘ OEt catalyst (10 mol %)

= o solvent, 80 °C, 11 h OEt
= o

1a 3a
Entry Catalyst Solvent Yield%
1 — CH5NO, 0
2 MnCl, CH3NO, 22
3 H3BO3 CH5NO, 31
4 FeCl; CH5NO, 10
5 Sc(OTf)3 CH5NO, 45
6 InCl3 CH35NO, 62
7 ZrCly CH5NO, 55
8 Bi(OTf); CH5NO, 46
9 MnBr; CH3NO, 87
10 MnBr; Toluene Trace
11 MnBr; 1,4-Dioxane 10
12 MnBr; DCE 29
13° MnBr, CH5NO, 85

¢ The reaction was performed in 0.25 mmol scale in 1.0 ml of solvent.
b The reaction was performed in 20 mmol scale.

reaction at 80 °C, the yield reached to 87% (entry 9). Further in-
vestigation revealed that the solvent also played a key role in
controlling the catalytic activity of MnBr,, and nitromethane was
proved to be an appropriate solvent for this system (entries 9—12).

%ﬁ

3b, R = OMe (80%)
3¢, R=ClI (94%)
3d, R = isopropyl (84%)

L,

3e, R =0OMe (
3f, R = OEt (98%)
3g, R=Bu' (91%, MnBr,,

With the optimized conditions in hand, we probed the scope of
the reaction with respect to both the dihydropyrans and thio-
phenols. As shown in Scheme 1, a variety of dihydropyrans and
thiophenols could be applied in the ring-opening reaction, and the
corresponding products were obtained in good to excellent yields.
Thiols can also be used instead of thiophenol to react with 1a-type
dihydropyran under catalysis of MnBr, to generate the corre-
sponding ring-opening products in high yields. A reaction in
preparative-scale (20 mmol) was also investigated by using thio-
phenol 2a as substrate, and it was found that the reaction pro-
ceeded uneventfully (Table 1, entry 13), indicating the usefulness of
this method for practical synthesis. It should be noted that because
the formed product contains not only a fragment of 1,3-dicarbonyl
compound, but also a moiety of sulfide, it is thus conceivable that
these products could be useful for organic synthesis.

The mechanism of the ring-opening reaction most likely in-
volves a Lewis acid-assisted formation of a benzylcarbenium and
the following electrophilic reaction with the nucleophile. In order
to get an evidence, we then treated a 2-aryl-3,4-dihydropyran, 1b,
under the reaction condition in the absence of nucleophile. After
6 h of reaction, a styrene derivative, 4a, was obtained in 31% of yield
(Scheme 2). Interestingly, in the presence of MnBry, the isolated 4a
can react smoothly with thiophenol, 2a, to form the ring-opening
product, 3e, in 81% of yield. This result implies (i) a benzylcarbe-
nium might be, indeed, formed, which can then generate 4a
through a hydrogen transfer pathway; and (ii) 4a might be the
reaction intermediate for the model reaction.

On the basis of these results, we thus proposed a plausible
mechanism in Fig. 1. In the beginning of the reaction, the dihy-
dropyran was activated by MnBr; to form a benzylcarbenium (I) via
cleavage of C(2)-0 bond,” which then underwent a hydrogen

g

99%) (86%)

20 mol %, 100 °C, 24 h)

%Q

3i (74%)

ol

(o)

rare @Mﬁ

3j (90%)

k (68%, MnBry, 20 mol %, 24 h)

) o ) o)
R o R? o

31, R = H (79%, MnBry,
20 mol %, 100 °C, 24 h)
3m, R = Me (91%)

3n, R =H (81%, MnBr,,
20 mol %, 100 °C, 24 h)
30, R=CI (87%, MnBr,

3p, R' = OEt, R? = Me (81%)
3q, R' = R? =OMe (90%)

20 mol %, 100 °C, 24 h)

Scheme 1. Ring-opening reactions of 2-aryl-3,4-dihydropyrans with thiophenols or thiols catalyzed by MnBr,. Unless otherwise specified, all the reactions were conducted under

the optimized condition in Table 1.
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‘ OEt (o}

MnBr; (10 mol %) A
o OEt
CH3NO,, 80°C,6 h
MeO MeO (o]

1b 4a (31%)
2a (1.5 equiv)

MnBr; (10 mol %) S o
4a
CH;3NO,, 80°C, 11 h OEt
MeO o

3e (81%)

Scheme 2. Subdivision of the ring-opening reaction and the intermediate isolated

from the catalytic system.
o
‘ OEt
~
Q
MnBrz
1b
MnBrz

M

MnBr;

N
M

MnBrz
2a
(o}
MnBr, Moﬂ
MeO (o}
4a

Fig. 1. Plausible mechanism of the ring-opening reaction of dihydropyran 1b with 2a.

transfer to form 4a. It should be noted that, in the beginning of the
catalytic cycle, MnBr; might also coordinate with the carbonyl
group of the ester functionality of 1b, activating indirectly the C—0
bond of ether group, and leading to thus a formation of a benzyl-
carbenium (I). After an atom-economic addition of 2a to 4a, the
final ring-opening product 3e could be formed.? It should be noted
that, in the presence of a Lewis acid catalyst, (I) could also be di-
rectly trapped with 2a to form the desired product 3e.8%° Although
these reaction pathways are both operative for the formation of 4a,
in view of the presence of a ketocarbonyl in the structures of the
intermediate 4a and the formed product 3e, which are also reactive
toward nucleophiles under acidic condition, controlling of the re-
action selectivity is thus a challenge. The use of a weak Lewis acid as
catalyst ensures the selectivity but may also be a reason of in-
sufficient reaction. On the contrary, the reaction over a strong Lewis
acid proceeds rapidly, but suffers from a bad control of the reaction
selectivity. Thanks to the mild acid strength of MnBr, catalyst, we
are able to make a good balance between the conversion and the
selectivity to the ring-opening product. In addition, the unique
performance of MnBr; as a Lewis acid catalyst may also be valuable
for other organic transformations, and this point deserves further
investigation.

According to this mechanism, other nucleophiles might also
be applicable. We thus explore the generality of this ring-
opening reaction with respect to nucleophiles. In view of the
huge difference on the reactivity of nucleophiles, the reaction
condition has to be optimized for each substrate.!” Catalyst and

solvent proved to be both important for the screening of
nucleophiles.

As shown in Scheme 3, benzenesulfinic acid, 5a, can readily
react, in the presence of catalytic amount of InCls, with dihy-
dropyrans, 1b and 1c¢, to form the corresponding ring-opening
products, 6a and 6b, in excellent yields. Instead of sulfide, the
formed products, here, contain a fragment of sulfone in the struc-
ture. Although the sulfone product could be theoretically synthe-
sized by means of an oxidation of sulfide that was prepared through
the first ring-opening reaction, the reaction of benzenesulfinic acid
offers a straightforward way for the synthesis of this kind of
sulfone.

@«@f

1b, R = OEt
1c, R=0Me

OH
5a (1.0 equiv) ©
InCl3 (10 mol %)

6a, R = OEt (92%)
6b, R = OMe (91%)

CH,Cl,, rt,11h

Scheme 3. Ring-opening reaction of the dihydropyrans, 1b and 1c¢, with benzene-
sulfinic acid 5a.

Scheme 4 shows a ring-opening reaction of dihydropyran 1c
with a nitrogen-based nucleophile, benzamide 7a. Because of the
poor reactivity of benzamide, a strong Lewis acid, Bi(OTf)s, has to be
used in this case. It should be noted that, in view of the fact that
Bi(OTf); is unstable at high temperature,'! the real catalyst here
might be trifluoromethanesulfonic acid (TfOH) that was in situ
generated during the decomposition of Bi(OTf)s. This conjecture
can be verified by a fact that 80% yield could be obtained by using
TfOH as catalyst. Furthermore, the high reaction yield obtained here
implies also that structure of the formed product is quite stable in
the presence of strong acid. And therefore, the observed suscepti-
bility of the model ring-opening reaction in Table 1 toward Lewis
acid catalyst also has to be related to the reactivity of nucleophile.
On the basis of our experience, an empiristic tendency could be
summarized at this stage. That is more reactive the nucleophile is,
more difficult to control the selectivity.

O
NH,
o 7a (1.5 equiv)
OMe Bi(OTf); (10 mol %
‘ (OTf); ( o) 07 NH o

o 1,4-dioxane, 100 °C, 11 h
OMe
MeO
MeO o

1c 8a (84%)

Scheme 4. Ring-opening reaction of dihydropyran 1c¢ with benzamide 7a.

Carbon-based nucleophiles, such as 2-methylfuran and resorcin,
can also be used in this type of ring-opening reaction. As shown in
Scheme 5, in the presence of MnBr», the ring-opening reaction of 1c¢
with 2-methylfuran 9a proceeded exclusively, and the corre-
sponding ring-opening product 10a was obtained in nearly quan-
titative yield. However, in the case of resorcin 11a, only a moderate
yield was obtained. Many other carbon-based nucleophiles might
also be applicable in this reaction, and the study in this line is
underway in our group.
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(o)
W
9a (1.5 equiv)
MnBr; (10 mol %)

CH3NO,, 100 °C, 5 h
o
| R OH 10a (99%)
o
MeO OH OH
1b, R = OEt 11a (1.5 equiv)
1c, R =OMe MnBr_ (10 mol %) O oH o

e

o,
CH;3NO,, 80 °C, 11 h O OFt
MeO [

12a (63%)

Scheme 5. Ring-opening reaction of dihydropyrans, 1b and 1c, with 2-methylfuran 9a
and resorcin 11a.

Finally, the reactivity of a silicon-containing nucleophile, allyl-
trimethylsilane, was examined in the ring-opening reaction
(Scheme 6). In this case, the reaction has to be conducted in
dichloromethane at room temperature by using Sc(OTf)s as cata-
lyst. The obtained product contains not only a double bond but also
a fragment of 1,3-dicarbonyl compound. Therefore, it might be
valuable for organic synthesis.

/\/SiMe3
13a (1.5 equiv)
0 1) S¢(OTH); (20 mol %)
‘ OEt CHCly, rt, 3 h o
o 2) NaHCO3 aqu. rt. 9 h OEt
MeO MeO (o)
1b 14a (55%)

Scheme 6. Ring-opening reaction of dihydropyran 1b with allyltrimethylsilane 13a.

In conclusion, an electrophilic ring-opening reaction of 2-aryl-
3,4-dihydropyran with nucleophile was described. Many nucleo-
philes, such as thiophenols, thiols, benzenesulfinic acid, benza-
mide, 2-methylfuran, resorcin, and allyltrimethylsilane, were all
successfully used in this type of ring-opening reaction. The gener-
ated products contain not only a core structure of the nucleophile,
but also a fragment of 1,3-dicarbonyl compound. The ring-opening
reaction might proceed through (i) a Lewis acid-assisted cleavage of
C(2)—0 bond that generates a benzylcarbenium intermediate, and
(ii) the following electrophilic reaction of the reaction intermediate
with a nucleophile. These results offered a complementary in-
formation about the ring-opening reaction of 2-aryl-3,4-
dihydropyran, and demonstrated that many nucleophiles could
be successfully used. The other nucleophiles might also be appli-
cable in this type of ring-opening reaction, and the study in this line
is underway in our group.

2. Experimental section
2.1. General

4-Methylstyrene, 4-fluoro-o-methylstyrene, tert-butylstyrene,
4-methoxystyrene, 4-ethoxystyrene, thiophenol, 3,5-dimethylthio-
phenol, 2,4-dimethylthiophenol, 4-chlorothiophenol, 4-isopropyl-
thiophenol, 4-methoxythiophenol, 2-methylthiophenolethiol,
benzenemethanethiol, 2-methylfuran, allyltrimethylsilane, benz-

enesulfinic acid, Sc(OTf)s, Bi(OTf)3, InCls, 4-hydroxy-6-methyl-2-
pyrone and chloroform-d were purchased from Alfa Aesar Chem-
ical Company. a-Methylstyrene, resorcin, MnBr,, methyl acetoace-
tate, ethyl acetoacetate, acetylacetone, FeCl3 (anhydrous), MnCl,
(anhydrous), H3BO3, DMSO, 1,4-dioxane, 1,2-dichloroethane, ace-
tonitrile, nitromethane, DMF, toluene, ethyl acetate, and formal-
dehyde aqueous solution (37 wt %) were purchased from
Sinopharm Chemical Reagents Limited Company (SCRC). 2,5,6-
Trisubstituted 3,4-dihydropyrans were prepared in water accord-
ing to our reported method starting from olefins, 1,3-dicarbonyl
compounds and formaldehyde aqueous solution.** 'H and '3C
NMR spectra were recorded on a Bruker AV-400. Chemical shifts
are expressed in parts per million relative to Me4Si in CDCls. IR
spectra were recorded on an FI-IR Bruker (VERTEX 70) using KBr
technology.

2.2. A typical procedure for ring-opening reaction of
dihydropyran 1a with 2a

All reactions were conducted in a 10 ml of V-type flask equipped
with triangle magnetic stirring. In a typical reaction, nitromethane
(1.0 ml) was mixed with 1a (65.1 mg, 0.25 mmol), 2a (41.3 mg,
0.38 mmol) and MnBr; (5.4 mg, 10 mol %) under air. The mixture
was stirred for 11 h at 80 °C. After reaction, the mixture was cooled
to room temperature and the desired product, 3a, was obtained by
preparative TLC using a mixed solution of ethyl acetate and pet.
ether as eluting solvent (the ratio of ethyl acetate/pet. ether is 1/6).
80.6 mg, Yield=87%. Tests for substrate scope and the reaction of
using other nucleophile were all performed according to an anal-
ogous procedure with above mentioned. The reaction in 20 mmol
was performed also in the same procedure, but the product was
isolated by a silica column chromatography method.

2.3. Aprocedure for treating a dihydropyran 1b in the absence
of nucleophile and the following reaction of 4a with 2a

All reactions were conducted in a 10 ml of V-type flask equipped
with triangle magnetic stirring. In a typical reaction, nitromethane
(2.0 ml) was mixed with 1b (138.2 mg, 0.50 mmol) and MnBr;
(10.7 mg, 10 mol %) under air. The mixture was stirred for 6 h at
80 °C. After reaction, the mixture was cooled to room temperature
and a product, 4a, was obtained by preparative TLC using a mixed
solution of ethyl acetate and pet. ether as eluting solvent (the ratio
of ethyl acetate/pet. ether is 1/8). Yield=31%, 42.8 mg. The obtained
4a was then mixed with 2a (25.6 mg, 0.23 mmol) and MnBr,
(3.3 mg, 10 mol %) in 1 ml nitromethane, and then mixture was then
heated at 80 °C for 11 h. At the end of the reaction, 3e was obtained
by preparative TLC isolation procedure (eluting solvent is a mixture
of ethyl acetate and pet. ether, the ratio is v/v=1/6) in 81% yield
(48.5 mg).

2.4. Procedure for ring-opening allylation reaction of
dihydropyran 1b with allyltrimethylsilane 13a

The reaction was conducted in a 10 ml of V-type flask equipped
with triangle magnetic stirring. Dichloromethane (1.0 ml) was
mixed with dihydropyran 1b (69.1 mg, 0.25 mmol), allyl-
trimethylsilane 13a (42.9 mg, 0.38 mmol), and Sc(OTf)3 (24.6 mg,
20 mol %) under air. The mixture was stirred for 3 h at room tem-
perature. After reaction, the reaction mixture was then mixed with
NaHCOs3 aqueous solution (2N, 2.0 ml) and stirred for 9 h at room
temperature. Finally, 5.0 ml of brine was added and then the aqueous
phase was extracted with dichloromethane (5.0 mlx3). The ob-
tained organic phases were then combined together and dried with
anhydrous Na;SO4. After evaporation under reduced pressure, the
desired product,14a, was obtained by preparative TLC using a mixed
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solution of ethyl acetate and pet. ether as eluting solvent (the ratio of
ethyl acetate/pet. ether is 1/8). Yield=55%, 43.6 mg.

2.5. Spectroscopic data of newly synthesized products

2.5.1. Ethyl  2-acetyl-5-(phenylthio)-5-(p-tolyl)pentanoate  (3a).
Colorless liquid; "H NMR (CDCl3): 1.22 (dt, J,=2.0 Hz, J,=7.2 Hz, 3H),
1.73-1.97 (m, 4H), 2.13 (d, J=4.8 Hz, 3H), 2.29 (s, 3H), 3.34 (q,
J=6.4 Hz, 1H), 4.06—4.18 (m, 3H), 7.06 (d, J=8.0 Hz, 2H), 7.11 (d,
J=8.0 Hz, 2H), 715—7.22 (m, 3H), 7.23—7.28 (m, 2H); *C NMR
(CDCl3): 14.1, 21.1, 26.1, 26.2, 28.7, 28.8, 33.7, 33.8, 52.9, 53.0, 59.4,
59.4, 61.5, 61.5, 127.1, 127.1, 127.6, 128.7, 129.2, 132.3, 132.4, 134.9,
134.9, 137.0,138.1, 138.2, 169.4, 169.5, 202.7; IR (cm™): 3053, 3020,
2980, 2925, 2866, 1738, 1716, 1642, 1583, 1512, 1443, 1359, 1243,
1145, 1023, 821, 742, 692; HRMS m/z (ESI) calcd for CoyHo6NaO3S
[M+Na]* 393.1500 found 393.1495.

2.5.2. Ethyl  2-acetyl-5-[(4-methoxyphenyl)thio]-5-(p-tolyl)penta-
noate (3b). Colorless liquid; 'H NMR (CDCl3): 1.21 (dt, J,=1.2 Hz,
Jp=7.2 Hz, 3H), 1.70—1.98 (m, 4H), 2.13 (d, J=2.4 Hz, 3H), 2.29 (s, 3H),
3.35 (q, J=5.6 Hz, 1H), 3.73 (s, 3H), 3.91 (t, J=8.0 Hz, 1H), 4.13 (q,
J=6.8 Hz, 2H), 6.72 (d, J=8.4 Hz, 2H), 7.04 (t, ]=8.8 Hz, 4H), 7.17 (d,
J=8.4 Hz, 2H); 13C NMR (CDCls): 14.1, 21.1, 26.2, 26.3, 28.7, 28.8,
33.2, 33.3, 54.1, 54.1, 55.3, 59.4, 59.5, 61.4, 114.2, 124.7, 127.7, 129.1,
135.9,135.9,136.8,138.3,138.4,159.6, 169.5,169.5, 202.8; IR (cm ™ ):
2938, 2869, 2837, 1738, 1716, 1591, 1494, 1454, 1360, 1285, 1245,
1173, 1147, 1030, 826; HRMS m/z (ESI) calcd for Cy3HogNaO4S
[M+Na]* 423.1606 found 423.1601.

2.5.3. Ethyl 2-acetyl-5-[(4-chlorophenyl)thio]-5-(p-tolyl)pentanoate
(3¢). Colorless liquid; '"H NMR (CDCl3): 1.23 (t, J=6.8 Hz, 3H),
1.69—1.97 (m, 4H), 2.14 (d, J=5.2 Hz, 3H), 2.29 (s, 3H), 3.35 (q,
J=6.8 Hz, 1H), 4.04 (dd, J,=2.4 Hz, J,=7.6 Hz, 1H), 4.10—4.19 (m, 2H),
7.04—7.11 (m, 4H), 7.12—7.18 (m, 4H); 3C NMR (CDCl3): 14.1, 211,
26.1, 26.2, 28.8, 28.8, 33.6, 33.7, 53.2, 53.2, 59.3, 594, 61.5, 61.5,
127.6, 128.8, 129.3, 133.2, 133.3, 133.3, 133.8, 133.9, 137.2, 137.8,
137.9, 169.4, 169.5, 202.6; IR (cm’1): 2981, 2930, 2866, 1737, 1715,
1644, 1512, 1474, 1450, 1359, 1243, 1145, 1095, 1013, 819; HRMS m/z
(ESI) calcd for CooH;5CINaO3S [M+-Na]™ 427.1111 found 427.1105.

2.5.4. Ethyl  2-acetyl-5-[(4-isopropylphenyl)thio]-5-(p-tolyl)penta-
noate (3d). Colorless liquid; TH NMR (CDCl3): 1.18—2.04 (m, 9H),
1.72—-1.97 (m, 4H), 2.12 (d, J=4.4 Hz, 3H), 2.30 (s, 3H), 2.84 (sept,
J=7.2 Hz, 1H), 3.33 (q, J=6.4 Hz, 1H), 4.03 (dd, J,=4.8 Hz, J,=8.0 Hz,
1H), 4.08—4.17 (m, 2H), 7.02—7.13 (m, 6H), 7.18 (d, J=8.4 Hz, 2H); 13C
NMR (CDCls): 14.1, 21.2, 23.9, 26.2, 26.2, 28.7, 33.7, 33.8, 33.8, 53.1,
53.2, 594, 59.5, 61.4, 126.9, 127.6, 127.7, 129.2, 131.5, 131.6, 132.8,
132.9,136.9,138.3,138.4,148.2,148.2,169.5,169.5, 202.8; IR (cm ™' ):
2963, 2872,1741, 1719, 1646, 1456, 1362, 1147, 1018, 828; HRMS m/z
(ESI) calcd for Cy5H35Na0sS [M+Na]* 435.1970 found 435.1964.

2.5.5. Ethyl 2-acetyl-5-(4-methoxyphenyl)-5-(phenylthio )pentanoate
(3e). Colorless liquid; 'H NMR (CDCls): 121 (dt, J,=2.8 Hz
Jp=7.2 Hz, 3H), 1.72—1.97 (m, 4H), 2.13 (d, J=4.4 Hz, 3H), 3.34 (q,
J=6.0 Hz, 1H), 3.75 (s, 3H), 4.06—4.18 (m, 3H), 6.78 (td, J,=2.4 Hz,
J»=8.8 Hz, 2H), 7.13 (dd, J=1.6 Hz, J,=8.8 Hz, 2H), 7.16—7.22 (m, 3H),
7.22—7.28 (m, 2H); >*CNMR (CDCl3): 14.1,26.1, 26.2, 28.8, 28.8,33.7,
33.8,52.6,52.6,55.2,59.3,59.4, 61.5,113.9,127.2,127.2,128.7,128.8,
132.5,132.5, 1331, 133.2, 134.7, 134.8, 158.8, 169.4, 169.5, 202.7; IR
(cm’l): 3060, 2960, 2937, 2837, 1738, 1716, 1608, 1510, 1454, 1360,
1303, 1249, 1176, 1035, 835, 744, 692; HRMS m/z (ESI) calcd for
CpHpsNa04S [M+Na]™ 409.1449 found 409.1444.

2.5.6. Ethyl 2-acetyl-5-(4-ethoxyphenyl)-5-(phenylthio)pentanoate
(3f). Colorless liquid; 'H NMR (CDCls): 1.20 (dt, J,=2.4 Hz,
Jp=7.2 Hz, 3H), 1.37 (t, J=6.8 Hz, 3H), 1.72—1.98 (m, 4H), 2.12 (d,

J=4.4 Hz, 3H), 334 (q, J=6.0 Hz, 1H), 3.97 (q, J=6.8 Hz, 2H),
4.05-4.18 (m, 3H), 6.77 (td, J;=2.0 Hz, J,=6.4 Hz, 2H), 712 (dd,
Jo=1.6 Hz, J,=8.8 Hz, 2H), 7.15—-7.21 (m, 3H), 7.21—7.27 (m, 2H); 13C
NMR (CDCls): 14.1, 14.9, 26.1, 26.2, 28.7, 28.8, 33.7, 33.8, 52.6, 52.6,
59.3, 59.4, 614, 614, 63.4, 114.4, 127.2, 127.2, 128.8, 128.8, 132.5,
132.5,132.9,133.0,134.8, 134.8,158.2,169.4, 169.5, 202.7; IR (cm ' ):
3061, 2982, 2938, 1967, 1887, 1742, 1720, 1609, 1510, 1477, 1363,
1248, 1177, 1049, 924, 840, 746, 695; HRMS m/z (ESI) calcd for
C23H25Na04S [M+Na]* 423.1606 found 423.1601.

2.5.7. Ethyl 2-acetyl-5-(4-(tert-butyl)phenyl)-5-(phenylthio)penta-
noate (3g). Colorless liquid; "H NMR (CDCls): 1.20 (t, J=7.2 Hz, 3H),
1.29 (s, 9H), 1.64—2.00 (m, 4H), 2.11 (d, J=3.6 Hz, 3H), 3.34 (q,
J=7.6 Hz, 1H), 4.12 (quint, J=6.8 Hz, 3H), 7.13-7.22 (m, 5H),
7.23—7.30 (m, 4H); 13C NMR (CDCl3): 14.1, 26.1, 26.2, 28.7, 28.8,
314, 33.7, 33.8, 34.5, 52.8, 52.8, 59.4, 59.5, 614, 61.5, 125.5, 127.1,
1271, 1274, 128.7, 128.7, 132.0, 132.3, 132.3, 135.0, 135.0, 138.0,
138.0, 150.2, 169.5, 169.5, 202.8; IR (cm™): 3056, 2965, 2905,
2869, 1739, 1717, 1643, 1584, 1470, 1362, 1146, 1024, 842, 744, 692,
570; HRMS m/z (ESI) calcd for Cy5H;3Na0sS [M-+Na]™ 435.1970
found 435.1964.

2.5.8. Ethyl  2-acetyl-5-(p-tolyl)-5-(o-tolylthio))pentanoate  (3h).
Colorless liquid; "H NMR (CDCl3): 1.21 (dt, J,=2.4 Hz, Jy=7.2 Hz, 3H),
1.69—1.99 (m, 4H), 2.12 (d, J=4.8 Hz, 3H), 2.29 (s, 3H), 3.34 (q,
J=6.8 Hz, 1H), 4.04 (dd, J;=6.0 Hz, J,=8.8 Hz, 1H), 4.13 (tq, J,=2.0 Hz,
Jp=7.2 Hz, 2H), 7.01-7.09 (m, 3H), 7.09—7.14 (m, 3H), 7.21-7.26 (m,
1H); 13C NMR (CDCl3): 1441, 20.7, 211, 26.2, 26.2, 28.7, 28.8, 33.8,
33.9, 52.2, 52.2, 594, 59.5, 61.4, 126.3, 127.0, 127.1, 127.6, 127.6,
129.2, 130.2, 132.3, 1324, 134.2, 134.3, 137.0, 138.1, 138.2, 139.8,
139.9, 169.5, 169.5, 202.7; IR (cm’l): 3057, 2982, 2927, 2869, 1739,
1717, 1644, 1514, 1456, 1361, 1245, 1209, 1146, 1049, 1023, 821, 750;
HRMS m/z (ESI) calcd for Cy3HgNaOsS [M+Na]™ 407.1657 found
407.1651.

2.5.9. Ethyl 2-acetyl-5-[(2,4-dimethylphenyl)thio]-5-(p-tolyl)penta-
noate (3i). Colorless liquid; 'TH NMR (CDCl3): 1.21 (dq, J,=3.6 Hz,
Jp=6.8 Hz, 3H), 1.72—1.99 (m, 4H), 2.12 (d, J=4.0 Hz, 3H), 2.25 (s,
6H), 2.29 (s, 3H), 3.33 (q, J=6.8 Hz, 1H), 3.96 (dd, J;=6.0 Hz,
Jp=8.4 Hz, 1H), 4.09—4.18 (m, 2H), 6.86 (d, J=8.0 Hz, 1H), 6.95 (s,
1H), 7.05 (d, J=8.0 Hz, 2H), 7.09 (dd, J,=2.0 Hz, J,=8.4 Hz, 2H),
7.14 (d, J=7.6 Hz, 1H); 13C NMR (CDCl3): 14.1, 20.7, 21.0, 21.1, 26.2,
26.3, 28.7, 28.8, 33.6, 33.8, 52.6, 52.7, 59.4, 59.5, 61.4, 61.4, 127.0,
127.6, 129.2, 130.4, 130.4, 131.1, 133.5, 133.6, 136.9, 137.3, 1374,
138.3, 138.3, 140.4, 140.4, 169.5, 169.5, 202.8; IR (cm~!): 2923,
2867, 1738, 1716, 1642, 1451, 1359, 1241, 1146, 1056, 1020, 813;
HRMS m/z (ESI) calcd for Co4H3gNaO3S [M+Na]™ 421.1813 found
421.1827.

2.5.10. Ethyl 2-acetyl-5-[(3,5-dimethylphenyl)thio]-5-(p-tolyl )penta-
noate (3j). Colorless liquid; '"H NMR (CDCl3): 1.21 (dt, J,=3.2 Hz,
J»=7.2 Hz, 3H),1.72—1.97 (m, 4H), 2.12 (d, J=4.8 Hz, 3H), 2.22 (s, 3H),
2.30 (s, 3H), 3.33 (q, J=8.0 Hz, 1H), 4.07 (dt, J,=2.4 Hz, J,=8.4 Hz,
1H), 4.10—4.18 (m, 2H), 6.80 (s, 1H), 6.87 (s, 2H), 7.07 (d, J=8.0 Hz,
2H), 712 (dd, J;=1.2 Hz, J,=8.0 Hz, 2H); 13C NMR (CDCl5): 14.1, 21.1,
21.2, 26.2, 26.2, 28.7, 28.8, 33.7, 33.8, 52.6, 59.4, 61.4, 127.7, 128.9,
128.9, 129.2, 129.8, 129.9, 134.3, 134.3, 136.9, 138.2, 138.3, 169.5,
169.5, 202.8; IR (cm™1): 2923, 2861, 1739, 1587, 1452, 1364, 1216,
1146, 1021, 849, 687; HRMS m/z (ESI) calcd for C4H3pNaOsS
[M+Na]* 421.1813 found 421.1808.

2.5.11. Ethyl 2-acetyl-5-(4-fluorophenyl)-5-((4-methoxyphenyl)thio)
hexanoate (3k). Colorless liquid; 'H NMR (CDCl3): 125 (dt,
Ja=2.8 Hz, J,=7.2 Hz, 3H), 1.52—1.67 (m, 4H), 1.71-1.92 (m, 2H),
2.02—2.14 (m, 1H), 2.17 (d, J=14.4 Hz, 3H), 3.33 (q, J=6.0 Hz, 1H),
3.75 (s, 3H), 4.14—4.22 (m, 2H), 6.70 (td, J;=2.4 Hz, ],=8.8 Hz, 2H),
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6.94 (dt, J,=1.2 Hz, J,=8.8 Hz, 2H), 6.98—7.03 (m, 2H), 7.23—7.29 (m,
2H); 13C NMR (CDCl3): 14.1, 23.4, 23.5, 25.1, 25.2, 28.8, 28.9, 39.3,
39.4, 53.4, 55.2, 59.8, 61.5, 113.8, 113.9, 114.6, 114.6, 114.8, 114.8,
122.4, 128.7, 128.8, 138.4, 138.5, 139.8, 139.9, 160.1, 160.4, 162.6,
169.5,169.5, 202.7; IR (cm™1): 3066, 2974, 2940, 2838, 2532, 2045,
1892,1739,1717,1594, 1498, 1461, 1405, 1369, 1285, 1246, 1166, 1102,
1028, 830, 737, 644, 527; HRMS m/z (ESI) calcd for Cy3H,7FNaO4S
[M-+Na]* 441.1512 found 441.1506.

2.5.12. Methyl 2-acetyl-5-(benzylthio)-5-phenylpentanoate (3l).

Colorless liquid; 'H NMR (CDCl3): 1.62—1.94 (m, 4H), 2.12 (d,
J=9.6 Hz, 3H), 3.30 (quint, J=7.6 Hz, 1H), 3.38 (dd, J,=4.0 Hz,
J»=13.6 Hz, 1H), 3.50 (d, J=13.6 Hz, 1H), 3.58 (dt, J,=1.6 Hz,
J»=6.8 Hz, 1H), 3.67 (d, J=6.0 Hz, 3H), 717—7.22 (m, 2H), 7.22—7.29
(m, 5H), 7.29—7.36 (m, 3H); 13C NMR (CDCl3): 26.1, 26.2, 28.8. 28.9,
33.9, 34.0, 354, 35.4,48.7, 48.7, 52.5, 59.1, 127.0, 127.4, 128.0, 128.1,
128.4, 128.5, 128.5, 128.6, 128.6, 129.0, 138.2, 138.2, 141.8, 141.9,
169.9, 169.9, 202.7; IR (cm™1): 3074, 2965, 2905, 2869. 1739, 1717,
1643, 1470, 1362, 1270, 1178, 1147, 1024, 842, 744, 692, 570; HRMS
m/z (ESI) calcd for C31H24Na03S [M+Na]* 379.1344 found 379.1338.

2.5.13. Ethyl 2-acetyl-5-(benzylthio)-5-(p-tolyl)pentanoate (3m).
Colorless liquid; 'H NMR (CDCl3): 1.22 (dq, Jo=2.0 Hz, J=7.2 Hz,
3H), 1.63—1.90 (m, 4H), 2.12 (d, J=8.8 Hz, 3H), 2.34 (s, 3H), 3.27
(quint, J=8.4 Hz, 1H), 3.38 (dd, J,=3.6 Hz, Jp=13.2 Hz, 1H), 3.50 (d,
J=13.6 Hz, 1H), 3.56 (dt, J,=2.0 Hz, J,=7.2 Hz, 1H), 413 (dq,
Ja=3.2 Hz, Jp=6.8 Hz, 2H), 7.11-718 (m, 4H), 7.21 (dt, J,=1.2 Hz,
J»=6.8 Hz, 3H), 7.24—7.31 (m, 2H); 13C NMR (CDCls): 14.1,14.1, 21.2,
26.1, 26.2, 28.7, 28.8, 33.9, 34.0, 35.3, 35.4, 48.4, 48.4, 59.3, 59.3,
61.4,126.9,127.9,128.4,129.0,129.3,136.9, 138.3,138.4,138.7,138.8,
169.4, 169.5, 202.8, 202.8; IR (cm~1): 3029, 2982, 2925, 1740, 1718,
1454,1361, 1244, 1151, 1030, 819, 769, 702; HRMS m/z (ESI) calcd for
Cy3HgNa03S [M+4-Na]* 407.1657 found 407.1651.

2.5.14. Ethyl 2-acetyl-5-(benzylthio)-5-phenylhexanoate
(3n). Colorless liquid; '"H NMR (CDCl3): 1.23 (q, J=7.2 Hz, 3H),
1.55-1.71 (m, 1H), 1.74 (d, J=1.6 Hz, 3H), 1.86—1.88 (m, 1H),
1.88—2.06 (m, 2H), 2.13 (d, J=16.8 Hz, 3H), 3.23—3.31 (m, 2H), 3.43
(d, J=12.0 Hz, 1H), 4.10—4.21 (m, 2H), 7.09—7.14 (m, 2H), 7.16 (td,
Jo=1.2 Hz, J,=6.8 Hz, 1H), 7.18—7.27 (m, 3H), 7.30—7.38 (m, 2H),
7.50—7.59 (m, 2H); 3C NMR (CDCl3): 14.1,14.2, 234, 26.1, 26.2, 28.8,
28.9, 33.9, 34.0, 39.9, 40.0, 52.0, 52.0, 59.8, 61.4, 61.5, 125.8, 126.8,
126.8, 1271, 127.2, 128.2, 128.2, 128.3, 128.3, 128.4, 129.0, 138.0,
138.0, 144.2, 144.3,169.4, 169.5, 202.8; IR (cm~1): 3086, 3061, 3029,
2977, 2936, 2873, 1952, 1885, 1739, 1717, 1603, 1450, 1360, 1243,
1206,1154,1097,1070, 1028, 860, 763, 700; HRMS m/z (ESI) calcd for
Co3H2gNa03S [M+Na]* 407.1657 found 407.1651.

2.5.15. Ethyl 2-acetyl-5-(benzylthio)-5-(4-chlorophenyl)hexanoate
(30). Colorless liquid; TH NMR (CDCl3): 1.25 (q, J=7.2 Hz, 3H),
154—1.68 (m, 1H), 1.71 (d, J=1.6 Hz, 3H), 1.74—1.84 (m, 1H),
1.85—1.97 (m, 2H), 2.16 (d, J=12.8 Hz, 3H), 3.23—3.32 (m, 2H), 3.45
(d, J=12.0 Hz, 1H), 4.17 (double quint, J;=0.8 Hz, J,=7.2 Hz, 2H),
7.09—7.14 (m, 2H), 7.15—7.26 (m, 3H), 7.30 (td, J;=2.4 Hz, J,=9.6 Hz,
2H), 7.45 (td, J;=2.4 Hz, J,=9.6 Hz, 2H); >C NMR (CDCl5): 14.1,14.1,
23.3,26.0,26.1, 28.9, 29.0, 33.9, 34.0, 39.9, 40.0, 51.5, 51.5, 59.6, 59.7,
61.5, 61.5, 126.9, 128.4, 128.4, 128.4, 128.6, 128.7,128.9, 132.5, 137.7,
137.7,143.0, 143.1, 169.4, 169.4, 202.6; IR (cm‘1): 3085, 3062, 3029,
2976, 2934, 2873, 1739, 1717, 1645, 1601, 1488, 1454, 1397, 1369,
1258, 1151, 1096, 1012, 831, 710, 697; HRMS m/z (ESI) calcd for
Co3H,7CINaO3S [M+Na] "™ 441.1267 found 441.1262.

2.5.16. Ethyl 2-acetyl-5-(cyclohexylthio)-5-(p-tolyl)pentanoate (3p).
Colorless liquid; "H NMR (CDCl3): 1.10—1.36 (m, 8H), 1.44—1.57 (m,
1H), 1.58—1.86 (m, 6H), 1.86—1.99 (m, 2H), 2.16 (d, J=8.0 Hz, 3H),
2.30—-2.39 (m, 4H), 3.35 (dq, J,=1.6 Hz, J,=6.8 Hz, 1H), 3.79 (dt,

Ja=2.0 Hz, J,=7.2 Hz, 1H), 4.16 (double quint, J,=2.0 Hz, J,=6.8 Hz,
2H), 710 (d, J=8.0 Hz, 2H), 7.17 (d, J=8.0 Hz, 2H); *C NMR (CDCls):
141,141, 21.1, 25.8, 25.9, 26.0, 26.3, 28.7, 28.8, 33.2, 33.8, 34.6, 34.6,
425,425,473, 474, 59.5, 59.5, 614, 61.4,127.5,127.5, 129.2, 136.6,
139.6, 139.7, 169.5, 169.6, 202.9; IR (cm™!): 2928, 2852, 1738, 1716,
1643, 1510, 1449, 1359, 1242, 1145, 1021, 953, 887, 817, 779, 525;
HRMS m/z (ESI) calcd for CooH3oNaO3S [M+Na]t 399.1970 found
399.1964.

2.5.17. Methyl 2-acetyl-5-(cyclohexylthio )-5-(4-methoxyphenyl)
pentanoate (3q). Colorless liquid; 'H NMR (CDCl3): 1.16—1.23 (m,
4H), 1.51—-194 (m, 10H), 2.16 (d, J=9.2 Hz, 3H), 2.28—2.38 (m, 1H),
3.35—3.40 (m, 1H), 3.70 (d, 6.8 Hz, 3H), 3.79—3.91 (m, 4H), 6.84
(d, J=8.4 Hz, 2H), 7.20 (d, J=8.4 Hz, 2H); 13C NMR: 25.7, 25.8,
25.9, 26.2, 28.7, 28.8, 33.2, 33.8, 34.5, 34.6, 42.4, 46.9, 47.0, 52.4,
52.5, 55.2, 59.1, 59.2, 113.8, 128.5, 134.5, 134.6, 158.5, 169.9,
170.0, 202.7, 202.8; IR (cm™'): 3433, 2999, 2929, 2851, 1744,
1716, 1609, 1510, 1446, 1358, 1301, 1248, 1176, 1147, 1035, 834,
544; HRMS m/z (ESI) calcd for C31H3gNaO4S [M+Na]* 401.1762
found 401.1753.

2.5.18. (E)-Ethyl 2-acetyl-5-(4-methoxyphenyl)pent-4-enoate
(4a). White solid, mp=41—42 °C; 'H NMR (CDCl3): 1.25 (t,
J=6.8 Hz, 3H), 2.25 (s, 3H), 2.72 (t, J=7.2 Hz, 2H), 3.57 (t, J=7.6 Hz,
1H), 3.79 (s, 3H), 419 (q, J=7.2 Hz, 2H), 5.96 (dt, J,=15.6 Hz,
Jp=7.6 Hz, 1H), 6.39 (d, J=15.6 Hz, 1H), 6.82 (d, J=8.4 Hz, 2H), 7.24 (d,
J=8.4Hz, 2H); 3CNMR: 14.1,29.2, 31.5, 55.2, 59.7, 61.4,113.9,123.4,
127.3,129.8,132.1,159.0, 169.2, 202.5; IR (cm™!): 3414, 3031, 2986,
2965, 2916, 2842,1736, 1710, 1607, 1511, 1457, 1422, 1367,1303, 1251,
1217, 1175, 1143, 1030, 974, 838, 795; HRMS m/z (ESI) calcd for
C16Hz0NaO4 [M+Na]™ 299.1259 found 299.1256.

2.5.19. Ethyl 2-acetyl-5-(4-methoxyphenyl)-5-(phenylsulfonyl)pen-
tanoate (6a). Colorless liquid; "H NMR (CDCl3): 1.24 (dt, J,=7.2 Hz,
Jp=4.8 Hz, 3H); 1.67—1.74 (m, 2H), 1.99—-2.20 (m, 4H), 2.32—2.36
(m, 1H), 3.41 (t, J=6.4 Hz, 1H), 3.76 (s, 3H), 3.98—4.03 (m, 1H), 4.16
(m, 2H), 6.75 (d, J=8.8 Hz, 2H), 6.98 (d, J=8.8 Hz, 2H), 7.37 (t,
J=8.0 Hz, 2H), 7.51 (m, 3H); *C NMR: 14.0, 19.1, 25.0, 25.1, 25.2,
25.3,28.9, 29.0, 30.5, 55.2,59.0, 61.5, 65.5,114.0,123.1,123.1,123.2,
128.6, 128.8, 130.9, 133.4, 137.1, 160.0, 169.0, 169.1, 202.1; IR
(cm_] ): 3064, 3036, 2962, 2936, 2839, 1737,1713,1609, 1513, 1446,
1362,1298,1253,1180, 1145, 1084, 1031, 843, 724, 689, 607; HRMS
mfz (ESI) caled for CpHpeNaOgS [M-+Na]™ 441.1348 found
441.1331.

2.5.20. Methyl 2-acetyl-5-(4-methoxyphenyl)-5-(phenylsulfonyl)
pentanoate (6b). Colorless liquid; 'H NMR (CDCl3): 1.71—1.77 (m,
2H), 2.05-2.14 (m, 1H), 2.15 (d, J=4.0 Hz, 3H), 2.31-2.37 (m, 1H),
3.44 (dt, J,=1.6 Hz, J,=7.2 Hz, 1H); 3.70 (d, J=3.2 Hz, 3H), 3.76 (s,
3H), 3.98—4.03 (m, 1H), 6.75 (d, J=8.4 Hz, 2H), 6.98 (d, J]=8.4 Hz,
2H), 7.36—7.40 (m, 2H), 7.48—7.50 (m, 3H); IR (cm~1): 3063, 3003,
2955, 2841, 1741,1715,1610, 1513, 1445, 1360, 1297,1253, 1145, 1083,
1032, 844, 725, 690, 607, 563, 527; HRMS m/z (ESI) calcd for
C21H24Na0gS [M+Na]* 427.1191 found 427.1186.

2.5.21. Ethyl 2-acetyl-5-benzamido-5-(4-methoxyphenyl)pentanoate
(8a). Colorless liquid; 'H NMR (CDClz): 126 (dt, J,=2.0 Hz,
Jb=7.2 Hz, 3H), 1.72 (m, 1H), 1.90 (m, 3H), 2.20 (s, 3H), 3.51 (dt,
Ja=20.4 Hz, J,=6.4 Hz, 1H), 3.78 (s, 3H), 4.19 (q, J=7.2 Hz, 2H), 5.10
(m, 1H), 6.55 (t, J=6.8 Hz, 1H), 6.87 (d, J=8.4 Hz, 2H), 7.27 (d,
J=7.6 Hz, 2H), 746 (m, 3H), 7.77 (d, J=7.2 Hz, 2H); 13C NMR: 13.7,
14.0,19.1, 24.6, 24.7,29.0, 30.5, 33.4, 52.9, 53.2, 55.3, 58.9, 59.0, 61.5,
65.5,114.2,126.8,126.9,127.7,127.8,128.5,128.8, 130.9, 131.5, 132.3,
133.6, 133.7, 134.4, 159.0, 166.7, 166.8, 169.5, 169.6, 203.0, 203.1;
IR(cm™1): 3308, 3062, 2959, 2934, 2871, 2837,1732, 1714, 1637, 1611,
1532, 1514, 1488, 1461, 1359, 1280, 1248, 1179, 1149, 1032, 833, 696,
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556; HRMS m/z (ESI) calcd for Co3H27NNaOsS [M+Na]* 420.1787
found 420.1783.

2.5.22. Methyl 2-acetyl-5-(4-methoxyphenyl)-5-(5-methylfuran-2-
yl)pentanoate (10a). Colorless liquid; '"H NMR (CDCl3): 1.76—1.85
(m, 3H), 1.97—2.05 (m, 1H), 2.15 (d, J=7.2 Hz, 3H), 2.20 (s, 3H), 3.40
(t,J=7.2 Hz, 1H), 3.70 (d, J=2.4 Hz, 3H), 3.76 (s, 3H), 3.80 (t, J=7.2 Hz,
1H), 5.83 (s, 1H), 5.87 (q, J=2.8 Hz, 1H), 6.82 (d, J=8.8 Hz, 2H), 7.13
(dd, Jo=2.0 Hz, J,=8.4 Hz, 2H); 13C NMR: 13.5, 26.4, 28.7, 32.5, 32.6,
443, 52.3, 55.2, 59.4, 105.8, 106.0, 113.9, 128.7, 134.3, 134.4, 150.8,
155.6,155.7,158.3,170.0,170.1, 202.8, 202.9; IR (cmfl): 3102, 3000,
2953, 2927, 2868, 2838, 1743, 1715, 1611, 1562, 1512, 1439, 1358,
1299, 1248, 1216, 1178, 1148, 1032, 837, 786, 540; HRMS m/z (ESI)
calcd for CyoHp4NaOs [M+Na]* 367.1521 found 367.1512.

2.5.23. Ethyl 2-acetyl-5-(2,4-dihydroxyphenyl)-5-(4-methoxy
phenyl)pentanoate (12a). Colorless liquid; 'H NMR (CDCl3): 1.20
(t, J=72 Hz, 3H), 1.85 (m, 4H), 2.13 (d, 3.6 Hz, 3H), 3.46 (dd,
Ja=16.4 Hz, J,=6.8 Hz, 1H), 412 (m, 3H), 4.12 (t, J=7.2 Hz, 3H), 6.26
(s, 1H), 6.34 (dd, J,=14.8 Hz, J,=8.4 Hz, 2H), 6.58 (s, 1H), 6.76 (d,
J=8.4 Hz, 2H), 7.12 (d, J=8.4 Hz, 2H); '3C NMR: 13.7, 14.0, 14.1, 19.1,
26.6,26.7,28.8,28.9,30.5,32.5,42.1,42.3,55.2,59.6, 59.7,60.7, 61.8,
65.9,103.3,107.6,107.7,107.8,113.8,123.1,123.3, 128.6, 128.8, 128.9,
130.3,131.1,136.2,136.4, 154.3,154.4,154.9,157.0, 157.7,170.2,170.3,
204.9; IR (cm™!): 3401, 3033, 2959, 2935, 2870, 2837, 1727, 1699,
1607, 1511, 1456, 1369, 1302, 1246, 1212, 1178, 1149, 1112, 1033, 974,
910, 839, 732, 632, 552; HRMS m/z (ESI) calcd for CpyH»sNaOg
[M-++Na]" 409.1627 found 409.1619.

2.5.24. Ethyl 2-acetyl-5-(4-methoxyphenyl)oct-7-enoate (14a).
Colorless liquid; "H NMR (CDCls): 1.24 (dt, J,=3.2 Hz, J,=7.2 Hz, 3H),
1.37—-1.58 (m, 1H), 1.58—1.80 (m, 3H), 2.13 (d, J=8.4 Hz, 3H), 2.31 (t,
J=6.8 Hz, 2H), 2.50—2.61 (m, 1H), 3.32 (quint, J=7.6 Hz, 1H), 3.78 (s,
3H), 4.11—4.20 (m, 2H), 4.90 (s, 0.5H), 4.92 (d, J=0.4 Hz, 1H), 4.97 (s,
0.5H), 5.57—5.69 (m, 1H), 6.83 (td, J,=3.2 Hz, J,=7.6 Hz, 2H), 7.06 (d,
J=8.4 Hz, 2H); 3C NMR: 14.1, 26.1, 26.3, 28.5, 28.8, 33.3, 33.6, 414,
41.5, 44.7, 44.9, 55.2, 59.8, 60.0, 61.3, 61.3, 113.8, 116.1, 128.5, 136.3,
136.3,136.8,158.0, 169.7, 169.8, 203.2; IR (cm*1 ): 3072, 2976, 2956,
2921, 2838,1738,1714, 1640, 1610, 1511, 1451, 1361, 1298, 1246, 1206,
1178, 1148, 1119, 1035, 914, 831, 550, 419; HRMS m/z (ESI) calcd for
C19H2604 [M]" 318.1831 found 318.1844.

Acknowledgements

Financial support from National Natural Science Foundation of
China (20903042), the Program for new Century Excellent Talents
in the University of China (NCET-10-0383) and Chutian Scholar
Program of the Hubei provincial government are acknowledged.
The authors are also grateful for Ms. Ping Liang and all the other

stuff members in the Analytical and Testing Center of HUST, for
their contributions to our works.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tet.2011.08.075.

References and notes

1. (a) Ismabery, N.; Lavila, R. Chem.—Eur. J. 2008, 14, 8444—8454; (b) Alcaide, B.;
Almendros, P.; Aragoncillo, C. Curr. Opin. Drug Discov. Devel 2010, 13, 685—697;
(c) Dondoni, A. Org. Biomol. Chem. 2010, 8, 3366—3385; (d) Rodriguez, F.; Fa-
nanas, F. ]. Targets Heterocycl. Syst. 2009, 13, 273—302; (e) Majumdar, K. C.; Roy,
B.; Debnath, P.; Taher, A. Curr. Org. Chem. 2010, 14, 846—887; (f) Aly, A. A,;
Brown, A. B. Tetrahedron 2009, 65, 8055—8089; (g) Becer, C. R.; Hoogenboom,
R.; Schubert, U. S. Angew. Chem., Int. Ed. 2009, 48, 4900—4908; (h) Minakata, S.
Acc. Chem. Res. 2009, 42, 1172—1182; (i) Bagley, M. C.; Lubinu, M. C. Top. Het-
erocycl. Chem. 2006, 1, 31-58.

2. (a) Chemistry of natural dyes, Gupta, K. C.; Gupta, P.; Singh, P.; Singh, S. V.;
Agarwal, S. In Natural Dyes: Scope and Challenges; Daniel, M., Ed.; Scientific:
Jodhpur, India, 2006; pp 7—34; (b) Marco, J. A.; Carda, M.; Murga, J.; Falomir, E.
Tetrahedron 2007, 63, 2929—2958; (c) Rodriguez, R.; Moses, ]. E.; Adlington, R.
M.; Baldwin, ]. E. Org. Biomol. Chem. 2005, 3, 3488—3495; (d) Cheung, A. K.;
Murelli, R.; Snapper, M. L. J. Org. Chem. 2004, 69, 5712—5719.

3. (a) Apparao, S.; Maier, M. E.; Schmidt, R. R. Synthesis 1987, 900—904; (b)
Marmsaeter, F. P.; West, F. . J. Am. Chem. Soc. 2001, 123, 5144—5145; (¢) Xu, Y. C.
Recent Res. Dev. Org. Chem. 2000, 4, 423—441 (Part 2); (d) Cheung, A. K;
Snapper, M. L. J. Am. Chem. Soc. 2002, 124, 11584—11585; (e) Hatakeyama, S.;
Ochi, N.; Numata, H.; Takano, S. J. Chem. Soc., Chem. Commun. 1988, 1202—1204;
(f) Hojo, M.; Masuda, R.; Sakaguchi, S.; Takagawa, M. Synthesis 1986, 1016—1017.

4. (a) Gu, Y.; De Sousa, R.; Frapper, G.; Bachmann, C.; Barrault, J.; Jérome, F. Green
Chem. 2009, 11, 1968—1972; (b) Gu, Y.; Barrault, ].; Jérome, F. Adv. Synth. Catal.
2009, 351, 3269—3278; (c) Li, M.; Chen, C.; He, E,; Gu, Y. Adv. Synth. Catal. 2010,
352, 519—530; (d) Tan, J.-N.; Li, M.; Gu, Y. Green Chem. 2010, 12, 908—914; (e)
Tan, J.-N.; Li, H.; Gu, Y. Green Chem. 2010, 12, 1772—1782; (f) Gu, Y.; Jérome, F.
Green Chem. 2010, 12, 1127—1138.

5. For the reaction between benzyl ether and nucleophiles: (a) Jiang, R.; Xu, X.-P.;
Chen, T,; Li, H.-Y.; Chen, G.; Ji, S.-]. Synlett 2009, 2815—2820; (b) Ohshima, E.;
Kumazawa, T.; Obase, H. Chem. Pharm. Bull. 1993, 41, 36—38; (c) Noji, M.; Konno,
Y.; Ishii, K. J. Org. Chem. 2007, 72, 5161-5167; (d) Yasuda, M.; Somyo, T.; Baba, A.
Angew. Chem., Int. Ed. 2006, 45, 793—796; (e) Gu, Y.; Azzouzi, A.; Jerome, E;
Pouilloux, Y.; Barrault, J. Green Chem. 2008, 10, 164—167.

6. (a) Li, M.; Tang, C.; Yang, ].; Gu, Y. Chem. Commun. 2011, 4529—4531; (b) Li, M.;
Li, H.; Gu, Y. Org. Lett. 2011, 13, 1064—1067; (c) Li, M.; Yang, J.; Gu, Y. Adv. Synth.
Catal. 2011, 353, 1551—-1564.

. Guo, X.; Pan, S.; Liy, J.; Li, Z. J. Org. Chem. 2009, 74, 8848—8851.

8. For addition of thiophenol to styrene, see: (a) Kanagasabapathy, S.; Sudalai, A.;
Benicewicz, B. C. Tetrahedron Lett. 2001, 42, 3791-3794; (b) Screttas, C. G.;
Micha-Screttas, M. J. Org. Chem. 1979, 44, 713—719; (c) Brouwer, C.; Rahaman,
R.; He, C. Synlett 2007, 1785—1789.

9. (a) Guindon, Y.; Frenette, R.; Fortin, R.; Rokach, J. J. Org. Chem. 1983, 48,
1357—1359; (b) Han, X.; Wu, ]. Org. Lett. 2010, 12, 5780—5782; (c) Kawada, A.;
Yasuda, K.; Abe, H.; Harayama, T. Chem. Pharm. Bull. 2002, 50, 380—383; (d)
Shirakawa, S.; Kobayashi, S. Org. Lett. 2007, 9, 311-314.

10. (a) Hofmann, M.; Hampel, N.; Kanzian, T.; Mayr, H. Angew. Chem., Int. Ed. 2004,
43, 5402—5405; (b) Mayr, H.; Kempf, B.; Ofial, A. Acc. Chem. Res. 2003, 36,
66—77.

11. (a) Kwie, F. H. A.; Baudoin-Dehoux, C.; Blonski, C.; Lherbet, C. Synth. Commun.
2010, 40, 1082—1087; (b) Gaspard-lloughmane, H.; Le Roux, C. Eur. J. Org. Chem.
2004, 2517—2532; (c) Dumeunier, R.; Marko, 1. E. Tetrahedron Lett. 2004, 45,
825-829.

~N


http://dx.doi.org/doi:10.1016/j.tet.2011.08.075

	 2-Aryl-3,4-dihydropyrans as building blocks for organic synthesis: ring-opening reactions with nucleophiles
	1 Introduction
	2 Experimental section
	2.1 General
	2.2 A typical procedure for ring-opening reaction of dihydropyran 1a with 2a
	2.3 A procedure for treating a dihydropyran 1b in the absence of nucleophile and the following reaction of 4a with 2a
	2.4 Procedure for ring-opening allylation reaction of dihydropyran 1b with allyltrimethylsilane 13a
	2.5 Spectroscopic data of newly synthesized products
	2.5.1 Ethyl 2-acetyl-5-(phenylthio)-5-(p-tolyl)pentanoate (3a)
	2.5.2 Ethyl 2-acetyl-5-[(4-methoxyphenyl)thio]-5-(p-tolyl)pentanoate (3b)
	2.5.3 Ethyl 2-acetyl-5-[(4-chlorophenyl)thio]-5-(p-tolyl)pentanoate (3c)
	2.5.4 Ethyl 2-acetyl-5-[(4-isopropylphenyl)thio]-5-(p-tolyl)pentanoate (3d)
	2.5.5 Ethyl 2-acetyl-5-(4-methoxyphenyl)-5-(phenylthio)pentanoate (3e)
	2.5.6 Ethyl 2-acetyl-5-(4-ethoxyphenyl)-5-(phenylthio)pentanoate (3f)
	2.5.7 Ethyl 2-acetyl-5-(4-(tert-butyl)phenyl)-5-(phenylthio)pentanoate (3g)
	2.5.8 Ethyl 2-acetyl-5-(p-tolyl)-5-(o-tolylthio)pentanoate (3h)
	2.5.9 Ethyl 2-acetyl-5-[(2,4-dimethylphenyl)thio]-5-(p-tolyl)pentanoate (3i)
	2.5.10 Ethyl 2-acetyl-5-[(3,5-dimethylphenyl)thio]-5-(p-tolyl)pentanoate (3j)
	2.5.11 Ethyl 2-acetyl-5-(4-fluorophenyl)-5-((4-methoxyphenyl)thio)hexanoate (3k)
	2.5.12 Methyl 2-acetyl-5-(benzylthio)-5-phenylpentanoate (3l)
	2.5.13 Ethyl 2-acetyl-5-(benzylthio)-5-(p-tolyl)pentanoate (3m)
	2.5.14 Ethyl 2-acetyl-5-(benzylthio)-5-phenylhexanoate (3n)
	2.5.15 Ethyl 2-acetyl-5-(benzylthio)-5-(4-chlorophenyl)hexanoate (3o)
	2.5.16 Ethyl 2-acetyl-5-(cyclohexylthio)-5-(p-tolyl)pentanoate (3p)
	2.5.17 Methyl 2-acetyl-5-(cyclohexylthio)-5-(4-methoxyphenyl)pentanoate (3q)
	2.5.18 (E)-Ethyl 2-acetyl-5-(4-methoxyphenyl)pent-4-enoate (4a)
	2.5.19 Ethyl 2-acetyl-5-(4-methoxyphenyl)-5-(phenylsulfonyl)pentanoate (6a)
	2.5.20 Methyl 2-acetyl-5-(4-methoxyphenyl)-5-(phenylsulfonyl)pentanoate (6b)
	2.5.21 Ethyl 2-acetyl-5-benzamido-5-(4-methoxyphenyl)pentanoate (8a)
	2.5.22 Methyl 2-acetyl-5-(4-methoxyphenyl)-5-(5-methylfuran-2-yl)pentanoate (10a)
	2.5.23 Ethyl 2-acetyl-5-(2,4-dihydroxyphenyl)-5-(4-methoxy	phenyl)pentanoate (12a)
	2.5.24 Ethyl 2-acetyl-5-(4-methoxyphenyl)oct-7-enoate (14a)


	 Acknowledgements
	 Supplementary data
	 References and notes


