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a b s t r a c t

A stereoselective synthesis of sulfonyl tetrahydropyrans (THPs) 6 was performed with moderate to good
yields bym-CPBA (m-chloroperoxybenzoic acid)-mediated ring-closure of b-hydroxy sulfones 5. Skeleton
5 is prepared by cinnamylation of b-ketosulfones 3 in the presence of K2CO3 followed by NaBH4-medi-
ated reduction of the resulting skeleton 4with a a-cinnamyl side arm in the co-solvent of THF and MeOH.
The key structures of skeleton 6 were confirmed by X-ray crystallographic analysis. The reaction
mechanism had been discussed.

� 2015 Elsevier Ltd. All rights reserved.
Scheme 2. Three-step route of synthesizing sulfonyl THPs 6.
1. Introduction

Tetrahydropyran (THP) is an important component in numerous
diversified molecules with biological activities,1 synthetic in-
termediates,2 and natural products.3 A number of effective routes
have been developed for functionalized THPs. Among the key
transformations of poly-substituted THPs, Lewis acid-promoted
Prins cyclization of an in situ generated oxocarbenium ion (from
condensation of 1 and 2) has been employed as a major route for
synthesizing diversified THPs (Scheme 1).4 Furthermore, a combi-
nation of the Prins reaction and FriedeleCrafts alkylation provided
a facile access to the THP structures.2c,d,3b
ns reaction.
In an attempt to prepare new bioactive compounds with THP,
we decided to prepare a series of new THPs having a sulfonyl
substituent via NaBH4-mediated stereoselective reduction, m-
CPBA-mediated stereoselective epoxidation and sequential intra-
molecular ring-closure. In continuation of our investigation on the
skeleton of b-ketosulfones 3,5 a three-step route of synthesizing
sulfonyl THPs 6 with three stereocenters was investigated,
; e-mail address: mychang@
including (i) a-cinnamylation of b-ketosulfones 3, (ii) stereo-
selective reduction of the resulting 4, and (iii) the epoxide ring-
opening of the corresponding 5 with the hydroxyl group, as
shown in Scheme 2.
2. Results and discussion

Initially, mono-C-cinnamylation of b-ketosulfones 3 (R¼Me, Ph,
4-MeC6H4, 4-FC6H4, 4-MeOC6H4, 4-t-BuC6H4, 4-n-BuC6H4; Ar¼Ph,
4-FC6H4, 4-MeOC6H4, 4-MeC6H4, 4-PhC6H4, 3-NO2C6H4, 4-CF3C6H4,
2-naphthalene) with K2CO3 in the presence of boiling acetone
provided 4aep with good to excellent yields (85e95% via recrys-
tallized from hexanes and EtOAc), as shown in Table 1.5b With the
startingmaterial 4 in hand, 4awas chosen as themodel substrate to
examine the next step stereoselective reduction reaction. First, 4a
was treated with 3.0 equiv of NaBH4 in the co-solvent of MeOH and
THF (v/v¼1:1) in the ice bath and resulted in major 5a (88%) along
with 7% yield of 5a0. The structural framework of 5a with a 3-
sulfonyl 2,6-diphenyltetrahydropyran skeleton was determined
by single-crystal X-ray crystallography (see Fig. 1).6 The 2,6-
diaryltetrahydropyran-4-one thiosemicarbazones had been syn-
thesized and characterized for evaluation of potential antibacterial
activity by Kabilan and co-workers.1a Based on the above results,
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Table 1
Cinnamylation of 3 and reduction of 4a,b

Entry 3, R/Ar 4, (%)c 5, (%)c

1 3a, 4-MeC6H4/Ph 4a, 88 5a, 88
2 3b, 4-MeC6H4/4-FC6H4 4b, 90 5b, 84
3 3c, 4-MeC6H4/4-MeOC6H4 4c, 92 5c, 76
4 3d, 4-MeC6H4/4-MeC6H4 4d, 88 5d, 80
5 3e, 4-MeC6H4/4-PhC6H4 4e, 90 5e, 78
6 3f, 4-MeC6H4/3-NO2C6H4 4f, 85 5f, 80
7 3g, 4-MeC6H4/4-CF3C6H4 4g, 86 5g, 76
8 3h, 4-MeC6H4/2-naphthalene 4h, 85 5h, 82
9 3i, Ph/Ph 4i, 89 5i, 87
10 3j, Me/Ph 4j, 94 5j, 90
11 3k, Me/4-MeC6H4 4k, 95 5k, 92
12 3l, Ph/4-PhC6H4 4l, 90 5l, 90
13 3m, 4-FC6H4/Ph 4m, 86 5m, 86
14 3n, 4-MeOC6H4/Ph 4n, 85 5n, 85
15 3o, 4-t-BuC6H4/Ph 4o, 85 5o, 84
16 3p, 4-n-BuC6H4/Ph 4p, 86 5p, 80

a The reaction was run on a 1.0 mmol scale with 3, K2CO3 (2.9 equiv), cinnamyl
chloride (1.05 equiv), acetone (10 mL), reflux, 8 h.

b The reaction was run on a 1.0 mmol scale with 4, NaBH4 (3.0 equiv), MeOH
(5 mL), THF (5 mL), ice bath, 3 h.

c The isolated yields.

Fig. 1. X-ray structure of 5a.

Table 2
Epoxidation conditions of 5aa

Entry Oxidant, solvent (mL), temp (�C), time (h) 6a, (%)b 7a, (%)b

1 m-CPBA, CH2Cl2/DMF (5:5), reflux, 3 75 12
2c m-CPBA, CH2Cl2/DMF (5:5), reflux, 8 56 10
3d m-CPBA, CH2Cl2/DMF (5:5), 25, 24 14 10
4d m-CPBA, (CH2Cl)2 (10), reflux, 3 32 21
5d m-CPBA, CH2Cl2 (10), reflux, 3 18 10
6e t-BuO2H, CH2Cl2 (10), rt, 3 d d

7f t-BuO2H, CH2Cl2 (10), reflux, 24 18 20
8g t-BuO2H, CH2Cl2 (10), reflux, 3 36 45

a The reaction was run on a 1.0 mmol scale with 5a, oxidant (2.0 equiv).
b The isolated yields.
c The unknown products were obtained in 20% yield.
d The mixture of epoxide (for entry 3, 20%; entry 4, 33%; entry 5, 48%) was

obtained.
e Compound 5a was recovered in 68% yield.
f The mixture of epoxide was obtained in 35% yield.
g TiCl4 (30 mol %) was added.
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a reasonable explanation was shown in Scheme 3. According to the
FelkineAnh model,7 the steric hindrance of sulfonyl substituent
should inhibit the carbonyl addition of hydride such that the hy-
dride should attack the carbonyl face with less-repulsion to gen-
erate the sole 5a via intermediate A. In the minor pathway, after
generating B and retro-aldol reaction of C, 5a0 was formed.
Scheme 3. The possible mechanisms.
With the reduction conditions in hand (Table 1, entry 1, 4a/5a),
we further explored the conversion of other substrates. For the Ar
and R groups of 4, the aryl ring, with electron-withdrawing or
electron-donating groups, waswell tolerated, providing the desired
5 in moderate to good yields (76e92%). Then, substrate 5a was
treated with m-CPBA in the next stereoselective epoxidation. As
shown in Table 2 and entry 1, 5a was epoxidated with m-CPBA to
provide 6a (75%) and 7a (12%) in the refluxing co-solvent of CH2Cl2
and DMF (v/v¼1:1) for 3 h. By elongating the reaction time, entry 2
showed that 6a and 7a were isolated in 56% and 10% yields, re-
spectively. However, a 20% yield of unknown products was ob-
served. Entries 3e5 provided lower total yields of 6a and 7a along
with a different ratio of epoxide mixture (20, 33, 48%). From the
results, we believed that (i) the elongated reaction time easily
caused the complex products, and (ii) a higher reaction tempera-
ture triggered the ring-opening of the corresponding epoxide
(derived from epoxidation of 5a) efficiently. For the one-pot
epoxidative cyclization process, other epoxidation reagents were
examined (see entries 6e8). To choose t-BuO2H as the oxidant, no
desired products were isolated and 5awas recovered in 68% yield at
rt for 3 h. Under refluxing CH2Cl2 condition, 5a was converted into
6a (18%), 7a (20%), and epoxide mixture (35%) along with trace
amounts of 5a for 24 h. Furthermore, we found that the use of t-
BuO2H (2 equiv) and TiCl4 (30 mol %) provides 6a and 7a in 36% and
45% yields in boiling CH2Cl2, respectively. By the addition of Lewis
acid, no epoxide mixture was provided. Therefore, the optimized
domino m-CPBA-mediated epoxidation/intramolecular SN2 re-
action process should be applied in the co-solvent CH2Cl2/DMF.
For a possible mechanism in the formation of major 6a, the chair
conformation of 5a was first proposed, as shown in Scheme 4.
Based on the reasonable prediction of the chelated intermediate A
(conjugation of 4awith m-CPBA), we believed that m-CPBA should
epoxidize from the least repulsion since the phenyl group exhibited
a stronger steric hindrance. With the direct hydrogen bonding of
the hydroxyl group induction, the epoxidation of olefinic motif
should be generated stereoselectively. When the orientation of the
epoxide is formed in a trans-configured conformation in the oppo-
site position of the hydroxyl group, the ring-opening of the epoxide
should prefer to afford 6a by an intramolecular SN2 back-side attack
under thermal conditions. Because olefinic motif was not epoxi-
dized easily bym-CPBA frommore repulsion face, 7awas isolated in
trace amounts.

With optimized conditions in hand (Table 2, entry 1), we further
explored the substrate scope of the reaction, and the results are
shown in Table 3. For the Ar and R groups of skeleton 5, the phenyl
ring, with both electron-withdrawing and electron-donating sub-
stituents, was well tolerated, providing the major products 6aep in



Table 3
Synthesis of 6 and 7a

Entry 5, R/Ar 6, (%)b 7, (%)b

1 5a, 4-MeC6H4/Ph 6a, 75 7a, 12
2 5b, 4-MeC6H4/4-FC6H4 6b, 78 7b, 12
3 5c, 4-MeC6H4/4-MeOC6H4 6c, 85 7c, <5
4 5d, 4-MeC6H4/4-MeC6H4 6d, 80 7d, 10
5 5e, 4-MeC6H4/4-PhC6H4 6e, 75 7e, 11
6 5f, 4-MeC6H4/3-NO2C6H4 6f, 7 7f, 15
7 5g, 4-MeC6H4/4-CF3C6H4 6g, 66 7g, 16
8 5h, 4-MeC6H4/2-naphthalene 6h, 78 7h, 10
9 5i, Ph/Ph 6i, 80 7i, 10
10 5j, Me/Ph 6j, 74 7j, 10
11 5k, Me/4-MeC6H4 6k, 74 7k, 14
12 5l, Ph/4-PhC6H4 6l, 78 7l, 13
13 5m, 4-FC6H4/Ph 6m, 75 7m, 11
14 5n, 4-MeOC6H4/Ph 6n, 78 7n, 12
15 5o, 4-t-BuC6H4/Ph 6o, 80 7o, 12
16 5p, 4-n-BuC6H4/Ph 6p, 81 7p, 8

a The reaction was run on a 1.0 mmol scale with 5, m-CPBA (2.0 equiv), CH2Cl2
(5 mL), DMF (5 mL), reflux, 3 h.

b The isolated yields.

Scheme 4. Possible intermediate.

Fig. 3. X-ray structure of 6n.

Fig. 4. X-ray structure of 7o.
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66e85% yields and 5e16% yields of 7aep were isolated. The in-
volvement of different substituents did not affect the procedure,
and the distribution ratios (6/7) of the isolated yield were main-
tained in similar values. No obvious yield changes were exhibited
for the generation of 6aep and 7aep. The structures of 6c, 6n, and
7o were determined by single-crystal X-ray crystallography6 (Figs.
2e4).
Fig. 2. X-ray structure of 6c.

Scheme 5. Jones oxidation of 6a.
To explore the synthetic applications, the treatment of 6a with
Jones oxidation was further examined, as shown in Scheme 5. The
Cr6þ-mediated reaction of 6a should provide oxidation and mi-
gration routes for generating disubstituted tetrahydropyran-3-one
8 (46%) and furan 9 (25%). For a plausible mechanism, the
conversion from I to II should be the main step. Subsequently,
desulfonation of II afforded 8 under acidic conditions. In the minor
pathway, after ring-contraction of III, olefin migration of IV,
desulfonation of V, and sequential aromatization of VI, 9 was
generated. For the reaction of 6a with a Jones reagent, unexpected
desulfonation was observed for two possible pathways.
3. Conclusion

We have developed a stereoselective synthesis of 3-sulfonyl
tetrahydropyrans 6 performed with moderate to good yields by
the m-CPBA-mediated ring-closure of 5. Skeleton 5 is easily pre-
pared by the cinnamylation of 3 in the presence of K2CO3 followed
by NaBH4-mediated reduction of the resulting 4 with an a-cin-
namyl side arm in the co-solvent of THF and MeOH. The structures
of the key products were confirmed by X-ray crystallography.
Further investigation regarding synthetic applications of b-keto-
sulfones will be conducted and published in due course.
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4. Experimental section

4.1. General

THF was distilled prior to use. All other reagents and solvents
were obtained from commercial sources and used without further
purification. Reactions were routinely carried out under an atmo-
sphere of dry nitrogen with magnetic stirring. Products in organic
solvents were dried with anhydrous magnesium sulfate before
concentration in vacuo. Melting points were determined with an
SMP3melting apparatus. 1H and 13C NMR spectra were recorded on
a Varian INOVA-400 spectrometer operating at 400 and at
100 MHz, respectively. Chemical shifts (d) are reported in parts per
million (ppm) and the coupling constants (J) are given in hertz (Hz).
High-resolution mass spectra (HRMS) were measured with a mass
spectrometer Finnigan/Thermo Quest MAT 95XL. X-ray crystal
structures were obtained with an Enraf-Nonius FR-590 diffrac-
tometer (CAD4, Kappa CCD).

4.2. Representative procedure of skeleton 4

A representative procedure of skeleton 4 is as follows: K2CO3
(400mg, 2.9mmol)wasadded to a solutionof3 (1.0mmol) in acetone
(10 mL) at rt. The reaction mixture was stirred at rt for 10 min. Cin-
namyl chloride (1.05 mmol) was added to the reaction mixture at rt.
The reactionmixturewasstirredat reflux for8h. The reactionmixture
was cooled to rt, concentrated, and extractedwith CH2Cl2 (3�20mL).
The combined organic layers were washed with brine, dried, filtered,
and evaporated to afford crude product under reduced pressure. Pu-
rification on silica gel (hexanes/EtOAc¼6:1 to 1:1) afforded 4.

4.2.1. Compound (4a).5b Yield¼88% (343 mg); colorless solid;
mp¼112e113 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C24H23O3S 391.1368, found 391.1374; 1H NMR
(400 MHz, CDCl3): d 7.96e7.94 (m, 2H), 7.68 (d, J¼8.0 Hz, 2H),
7.59e7.56 (m, 1H), 7.46e7.42 (m, 2H), 7.31 (d, J¼8.4 Hz, 2H),
7.24e7.15 (m, 5H), 6.41 (d, J¼15.6 Hz, 1H), 5.93 (dt, J¼7.2, 15.6 Hz,
1H), 5.21 (dd, J¼4.0, 10.4 Hz, 1H), 3.06e2.92 (m, 2H), 2.43 (s, 3H);
13C NMR (100 MHz, CDCl3): d 192.00, 145.46, 137.01, 137.01, 136.45,
134.03, 133.90, 129.74 (2�), 129.54 (2�), 128.98 (2�), 128.66 (2�),
128.40 (2�), 127.55, 126.11 (2�), 123.07, 69.50, 31.69, 21.61.

4.2.2. Compound (4b). Yield¼90% (367 mg); colorless solid;
mp¼119e123 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C24H22FO3S 409.1274, found 409.1281; 1H
NMR (400 MHz, CDCl3): d 7.90 (d, J¼8.8 Hz, 2H), 7.66 (d, J¼8.4 Hz,
2H), 7.44e7.41 (m, 2H), 7.33 (d, J¼8.0 Hz, 2H), 7.25e7.16 (m, 5H),
6.39 (d, J¼16.0 Hz, 1H), 5.90 (dt, J¼7.2, 16.0 Hz, 1H), 5.13 (dd, J¼4.0,
10.8 Hz, 1H), 3.03e2.88 (m, 2H), 2.45 (s, 3H); 13C NMR (100 MHz,
CDCl3): d 191.88, 145.71, 140.72, 136.39, 135.35, 134.26, 133.04,
130.47 (2�), 129.78 (2�), 129.65 (2�), 129.06 (2�), 128.47 (2�),
127.68, 126.14 (2�), 122.85, 69.70, 31.65, 21.69.

4.2.3. Compound (4c). Yield¼92% (386 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C25H25O4S 421.1474, found 421.1481; 1H NMR
(400 MHz, CDCl3): d 7.96 (d, J¼9.2 Hz, 2H), 7.68 (d, J¼8.0 Hz, 2H),
7.31 (d, J¼8.0 Hz, 2H), 7.23e7.14 (m, 5H), 6.91 (d, J¼8.8 Hz, 2H), 6.42
(d, J¼16.0 Hz, 1H), 5.93 (dt, J¼7.2, 16.0 Hz, 1H), 5.15 (dd, J¼4.0,
10.4 Hz, 1H), 3.84 (s, 3H), 3.03e2.94 (m, 2H), 2.43 (s, 3H); 13C NMR
(100 MHz, CDCl3): d 189.86, 164.25, 145.31, 136.51, 133.79, 133.29,
131.53 (2�), 130.06, 129.71 (2�), 129.46 (2�), 128.35 (2�), 127.46,
126.08 (2�), 123.32, 113.89 (2�), 69.20, 55.48, 31.63, 21.59.

4.2.4. Compound (4d). Yield¼88% (356 mg); colorless solid;
mp¼94e96 �C (recrystallized fromhexanes and EtOAc); HRMS (ESI,
Mþþ1) calcd for C25H25O3S 405.1524, found 405.1530; 1H NMR
(400 MHz, CDCl3): d 7.87 (d, J¼8.4 Hz, 2H), 7.69 (d, J¼8.4 Hz, 2H),
7.31 (d, J¼8.0 Hz, 2H), 7.26e7.15 (m, 7H), 6.42 (d, J¼15.6 Hz, 1H),
5.93 (dt, J¼7.2, 15.6 Hz, 1H), 5.19 (dd, J¼4.0, 10.4 Hz, 1H), 3.06e2.92
(m, 2H), 2.43 (s, 3H), 2.39 (s, 3H); 13C NMR (100 MHz, CDCl3):
d 191.34, 145.34, 145.07, 136.48, 134.57, 133.88, 133.30, 129.71 (2�),
129.47 (2�), 129.35 (2�), 129.15 (2�), 128.34 (2�), 127.46, 126.08
(2�), 123.20, 69.34, 31.65, 21.59 (2�).

4.2.5. Compound (4e). Yield¼90% (419 mg); colorless solid;
mp¼125e127 �C (recrystallized fromhexanesandEtOAc);HRMS(ESI,
Mþþ1) calcd for C30H27O3S 467.1681, found 467.1688; 1H NMR
(400 MHz, CDCl3): d 8.00 (d, J¼8.4 Hz, 2H), 7.68e7.55 (m, 6H),
7.49e7.35 (m, 3H), 7.30 (d, J¼8.4 Hz, 2H), 7.24e7.11 (m, 5H), 6.39 (d,
J¼15.6Hz,1H), 5.91 (dt, J¼7.2,15.6Hz,1H),5.19 (dd, J¼4.0,10.4Hz,1H),
3.03e2.89 (m, 2H), 2.40 (s, 3H); 13C NMR (100 MHz, CDCl3): d 191.43,
146.73,145.54,139.53,136.52,135.72,134.11,133.24 (2�),129.85 (2�),
129.72 (2�),129.60 (2�),128.98 (2�),128.46 (2�),127.61,127.36 (2�),
127.29 (2�), 126.17 (2�), 123.17, 69.64, 31.75, 21.70.

4.2.6. Compound (4f). Yield¼85% (370 mg); colorless solid;
mp¼150e152 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI,Mþþ1) calcd for C24H22NO5S 436.1219, found436.1218; 1HNMR
(400MHz, CDCl3): d 8.73 (t, J¼2.0 Hz,1H), 8.42 (dd, J¼1.2, 8.4 Hz,1H),
8.32 (d, J¼7.6 Hz, 2H), 7.70e7.66 (m, 3H), 7.35 (d, J¼8.0 Hz, 2H),
7.21e7.15 (m, 4H), 6.42 (d, J¼15.6 Hz,1H), 5.91 (dt, J¼7.2,15.6 Hz,1H),
5.19 (dd, J¼4.0,10.4 Hz,1H), 3.06e2.92 (m, 2H), 2.45 (s, 3H); 13C NMR
(100 MHz, CDCl3): d 190.21, 148.36, 146.01, 138.11, 136.20, 134.68,
134.53, 132.85, 130.31, 129.82 (2�), 129.73 (2�), 128.94 (2�), 128.01,
127.80, 126.14 (2�), 123.82, 122.41, 69.99, 31.47, 21.69.

4.2.7. Compound (4g). Yield¼86% (394 mg); colorless solid;
mp¼79e81 �C (recrystallized fromhexanes and EtOAc); HRMS (ESI,
Mþþ1) calcd for C25H22F3O3S 459.1242, found 459.1243; 1H NMR
(400 MHz, CDCl3): d 8.05 (d, J¼8.0 Hz, 2H), 7.71 (d, J¼8.4 Hz, 2H),
7.66 (d, J¼8.4 Hz, 2H), 7.33 (d, J¼8.0 Hz, 2H), 7.25e7.16 (m, 5H), 6.40
(d, J¼15.6 Hz, 1H), 5.90 (dt, J¼7.2, 15.6 Hz, 1H), 5.17 (dd, J¼4.0,
10.4 Hz, 1H), 3.06e2.90 (m, 2H), 2.45 (s, 3H); 13C NMR (100 MHz,
CDCl3): d 191.43, 145.86, 139.62, 136.30, 134.50, 132.99, 130.32,
129.78 (2�), 129.72 (2�), 129.37 (2�), 128.91, 128.50 (2�), 127.77
(2�), 126.15 (2�), 125.78 (q, J¼3.8 Hz), 122.63, 70.07, 31.59, 21.66.

4.2.8. Compound (4h). Yield¼85% (374 mg); colorless solid;
mp¼126e127 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C28H25O3S 441.1524, found 441.1530; 1H NMR
(400 MHz, CDCl3): d 8.44 (s, 1H), 7.99e7.94 (m, 2H), 7.87e7.85 (m,
2H), 7.69 (d, J¼8.4 Hz, 2H), 7.62 (dt, J¼1.2, 6.8 Hz,1H), 7.56 (dt, J¼1.2,
6.8 Hz, 1H), 7.28 (d, J¼8.4 Hz, 2H), 7.21e7.12 (m, 5H), 6.45 (d,
J¼15.6 Hz, 1H), 5.97 (dt, J¼7.2, 15.6 Hz, 1H), 5.34 (dd, J¼4.0, 10.4 Hz,
1H), 3.12e2.98 (m, 2H), 2.37 (s, 3H); 13C NMR (100 MHz, CDCl3):
d191.79,145.54,136.50,135.85,134.38,134.13,133.29,132.25,131.62,
129.95,129.83 (2�), 129.59 (2�), 129.16,128.68,128.43 (2�), 127.71,
127.58, 126.99, 126.16 (2�), 123.98, 123.23, 69.76, 31.72, 21.61.

4.2.9. Compound (4i). Yield¼89% (335 mg); colorless solid;
mp¼114e115 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C23H21O3S 377.1212, found 377.1212; 1H NMR
(400 MHz, CDCl3): d 7.94e7.92 (m, 2H), 7.82e7.80 (m, 2H),
7.68e7.64 (m, 1H), 7.60e7.51 (m, 3H), 7.48e7.43 (m, 2H), 7.24e7.15
(m, 5H), 6.41 (d, J¼16.0 Hz, 1H), 5.93 (dt, J¼6.8, 16.0 Hz, 1H), 5.21
(dd, J¼4.0, 10.0 Hz, 1H), 3.07e2.93 (m, 2H); 13C NMR (100 MHz,
CDCl3): d 191.90, 136.98, 136.45, 136.32, 134.33, 134.20, 134.04,
129.78 (2�), 128.99 (2�), 128.93 (2�), 128.75 (2�), 128.49 (2�),
127.63, 126.17 (2�), 122.98, 69.52, 31.68.

4.2.10. Compound (4j).5b Yield¼94% (295 mg); colorless solid;
mp¼114e116 �C (recrystallized from hexanes and EtOAc); HRMS
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(ESI, Mþþ1) calcd for C18H19O3S 315.1055, found 315.1057; 1H NMR
(400 MHz, CDCl3): d 8.03e8.01 (m, 2H), 7.64e7.60 (m, 1H),
7.52e7.47 (m, 2H), 7.27e7.18 (m, 5H), 6.51 (d, J¼16.0 Hz, 1H), 6.00
(dt, J¼6.8, 16.0 Hz, 1H), 5.03 (dd, J¼4.0, 10.0 Hz, 1H), 3.20e3.11 (m,
2H), 3.01 (s, 3H); 13C NMR (100 MHz, CDCl3): d 193.47, 136.57,
136.21, 134.44, 134.41, 129.11 (2�), 128.91 (2�), 128.48 (2�), 127.77,
126.19 (2�), 122.51, 68.50, 37.64, 32.41.

4.2.11. Compound (4k). Yield¼95% (312 mg); colorless solid;
mp¼162e164 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C19H21O3S 329.1212, found 329.1215; 1H NMR
(400 MHz, CDCl3): d 7.92 (d, J¼8.4 Hz, 2H), 7.30e7.15 (m, 7H), 6.50
(d, J¼15.6 Hz, 1H), 6.00 (dt, J¼6.8, 15.6 Hz, 1H), 4.99 (dd, J¼4.0,
10.0 Hz, 1H), 3.22e3.09 (m, 2H), 2.99 (s, 3H), 2.41 (s, 3H); 13C NMR
(100 MHz, CDCl3): d 192.82, 145.75, 136.29, 134.31, 134.14, 129.65
(2�), 129.31 (2�), 128.47 (2�), 127.73, 126.21 (2�), 122.69, 68.40,
37.65, 32.35, 21.70.

4.2.12. Compound (4l). Yield¼90% (407 mg); colorless solid;
mp¼133e135 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C29H25O3S 453.1524, found 453.1533; 1H NMR
(400 MHz, CDCl3): d 8.04e8.01 (m, 2H), 7.85e7.82 (m, 2H),
7.72e7.39 (m, 10H), 7.25e7.15 (m, 5H), 6.44 (d, J¼15.6 Hz, 1H), 5.95
(dt, J¼7.2, 15.6 Hz, 1H), 5.25 (dd, J¼4.4, 10.4 Hz, 1H), 3.09e2.95 (m,
2H); 13C NMR (100 MHz, CDCl3): d 191.31, 146.76, 139.48, 136.48,
136.32,135.64,134.33,134.21,129.82 (2�), 129.67 (2�),128.98 (2�),
128.95 (2�), 128.49, 128.46 (2�), 127.64, 127.38 (2�), 127.29 (2�),
126.18 (2�), 123.05, 69.59, 31.69.

4.2.13. Compound (4m). Yield¼86% (339 mg); colorless solid;
mp¼116e118 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C23H20FO3S 395.1117, found 395.1120; 1H NMR
(400 MHz, CDCl3): d 7.95e7.93 (m, 2H), 7.84e7.79 (m, 2H),
7.62e7.58 (m, 1H), 7.48e7.44 (m, 2H), 7.25e7.15 (m, 7H), 6.42 (d,
J¼15.6 Hz, 1H), 5.92 (dt, J¼7.2, 15.6 Hz, 1H), 5.22 (dd, J¼3.6, 10.8 Hz,
1H), 3.07e2.89 (m, 2H); 13C NMR (100 MHz, CDCl3): d 192.03,
166.25 (d, J¼256.2 Hz), 136.87, 136.36, 134.34, 134.19, 132.78 (d,
J¼9.9 Hz, 2�), 132.18, 129.00 (2�), 128.83 (2�), 128.47 (2�), 127.70,
126.17 (2�), 122.71, 116.29 (d, J¼22.7 Hz, 2�), 69.53, 31.84.

4.2.14. Compound (4n). Yield¼85% (345 mg); colorless solid;
mp¼128e130 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C24H23O4S 407.1317, found 407.1320; 1H NMR
(400 MHz, CDCl3): d 7.96 (d, J¼7.6 Hz, 2H), 7.73 (d, J¼8.8 Hz, 2H),
7.59e7.55 (m, 1H), 7.46e7.41 (m, 2H), 7.30e7.15 (m, 5H), 6.97 (d,
J¼8.8 Hz, 2H), 6.42 (d, J¼15.6 Hz, 1H), 5.94 (dt, J¼6.8, 15.6 Hz, 1H),
5.22 (dd, J¼4.0, 10.0 Hz, 1H), 3.85 (s, 3H), 3.06e2.92 (m, 2H); 13C
NMR (100 MHz, CDCl3): d 192.15, 164.18, 137.01, 136.43, 133.95,
133.87, 131.90 (2�), 128.93 (2�), 128.64 (2�), 128.37 (2�), 127.62,
127.50, 126.07 (2�), 123.11, 114.08 (2�), 69.50, 55.58, 31.72.

4.2.15. Compound (4o). Yield¼85% (367mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C27H29O3S 433.1837, found 433.1842; 1H NMR
(400 MHz, CDCl3): d 7.91e7.89 (m, 2H), 7.71 (d, J¼8.8 Hz, 2H),
7.57e7.53 (m, 1H), 7.50 (d, J¼8.8 Hz, 2H), 7.44e7.40 (m, 2H),
7.24e7.15 (m, 5H), 6.43 (d, J¼16.0 Hz, 1H), 5.94 (dt, J¼7.2, 16.0 Hz,
1H), 5.20 (dd, J¼4.8, 12.0 Hz, 1H), 3.06e3.00 (m, 2H), 1.32 (s, 9H);
13C NMR (100 MHz, CDCl3): d 191.99, 158.27, 137.05, 136.50, 134.05,
133.87, 133.48, 129.59 (2�), 128.92 (2�), 128.65 (2�), 128.43 (2�),
127.57, 126.14 (2�), 125.95 (2�), 123.20, 69.47, 35.25, 31.43, 30.96
(3�).

4.2.16. Compound (4p). Yield¼86% (372 mg); colorless solid;
mp¼83e85 �C (recrystallized fromhexanes and EtOAc); HRMS (ESI,
Mþþ1) calcd for C27H29O3S 433.1837, found 433.1841; 1H NMR
(400 MHz, CDCl3): d 7.94e7.92 (m, 2H), 7.71 (d, J¼8.8 Hz, 2H),
7.57e7.54 (m, 1H), 7.44e7.40 (m, 2H), 7.30 (d, J¼8.0 Hz, 2H),
7.24e7.15 (m, 5H), 6.43 (d, J¼15.6 Hz, 1H), 5.95 (dt, J¼7.2, 15.6 Hz,
1H), 5.23 (dd, J¼4.8, 12.0 Hz, 1H), 3.06e3.01 (m, 2H), 2.69e2.65 (m,
2H), 1.63e1.56 (m, 2H), 1.39e1.30 (m, 2H), 0.95 (t, J¼7.6 Hz, 3H); 13C
NMR (100 MHz, CDCl3): d 191.94, 150.21, 136.98, 136.44, 133.99,
133.83, 133.62, 129.68 (2�), 128.88 (4�), 128.61 (2�), 128.37 (2�),
127.51, 126.08 (2�), 123.13, 69.41, 35.52, 32.93, 31.50, 22.16, 13.78.

4.3. Representative procedure of skeleton 5

A representative procedure of skeleton 5 is as follows: NaBH4
(100 mg, 3.0 mmol) was added to a solution of 4 (1.0 mmol) in a co-
solvent of THF (5 mL) and MeOH (5 mL) at ice bath. The reaction
mixture was stirred for 3 h at ice bath and the solvent was con-
centrated. The residue was diluted with water (10 mL) and the
mixture was extracted with CH2Cl2 (3�20 mL). The combined or-
ganic layers were washed with brine, dried, filtered, and evapo-
rated to afford crude product. Purification on silica gel (hexanes/
EtOAc¼8:1 to 3:1) afforded 5.

4.3.1. Compound (5a). Yield¼88% (345 mg); colorless solid;
mp¼140e141 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C24H25O3S 393.1524, found 393.1533; 1H NMR
(400 MHz, CDCl3): d 7.81 (d, J¼8.4 Hz, 2H), 7.36e7.17 (m, 10H), 7.01
(d, J¼8.0 Hz, 2H), 5.84 (d, J¼16.0 Hz, 1H), 5.42 (dt, J¼7.6, 16.0 Hz,
1H), 5.15 (d, J¼8.8 Hz, 1H), 3.55e3.49 (m, 1H), 2.57e2.43 (m, 1H),
2.41 (s, 3H), 2.26e2.19 (m, 1H), 2.02 (br s, 1H); 13C NMR (100 MHz,
CDCl3): d 145.08, 139.38, 136.58, 135.30, 132.45, 129.79 (2�), 128.76
(2�), 128.58, 128.52 (2�), 128.25 (2�), 127.34 (2�), 127.23, 125.91
(2�), 124.53, 73.07, 70.67, 30.46, 21.51. Single-crystal X-ray dia-
gram: crystal of compound 5a was grown by slow diffusion of
EtOAc into a solution of compound 5a in CH2Cl2 to yield colorless
prisms. The compound crystallizes in the orthorhombic crystal
system, space group P212121, a¼6.9943(4) �A, b¼12.0306(9) �A,
c¼23.6891(18)�A, V¼1993.3(2)�A3, Z¼4, dcalcd¼1.308 g/cm3, F(000)¼
832, 2q range 1.719e26.388�, R indices (all data) R1¼0.2676,
wR2¼0.4649.

4.3.2. Compound (5b). Yield¼84% (344 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C24H24FO3S 411.1430, found 411.1431; 1H NMR
(400 MHz, CDCl3): d 7.79 (d, J¼8.4 Hz, 2H), 7.34e7.29 (m, 4H),
7.25e7.15 (m, 3H), 7.03e6.97 (m, 4H), 5.83 (d, J¼15.6 Hz, 1H), 5.45
(dt, J¼7.6, 15.6 Hz, 1H), 5.14 (d, J¼8.4 Hz, 1H), 4.51 (br s, 1H),
3.49e3.44 (m, 1H), 2.48e2.43 (m, 1H), 2.42 (s, 3H), 2.26e2.16 (m,
1H); 13C NMR (100 MHz, CDCl3): d 162.73 (d, J¼245.6 Hz), 145.31,
136.50, 135.31 (d, J¼3.8 Hz), 135.18, 132.71, 129.93 (2�), 129.11 (d,
J¼8.3 Hz, 2�), 128.82 (2�), 128.40 (2�), 127.43, 125.95 (2�), 124.25,
115.48 (d, J¼21.2 Hz, 2�), 72.42, 70.66, 30.51, 21.60.

4.3.3. Compound (5c). Yield¼76% (321 mg); colorless solid;
mp¼104e106 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C25H27O4S 423.1630, found 423.1632; 1H NMR
(400 MHz, CDCl3): d 7.81 (d, J¼8.4 Hz, 2H), 7.32 (d, J¼8.4 Hz, 2H),
7.26e7.14 (m, 5H), 7.01 (d, J¼8.0 Hz, 2H), 6.82 (d, J¼8.8 Hz, 2H), 5.30
(d, J¼15.6 Hz,1H), 5.42 (dt, J¼7.6,15.6 Hz,1H), 5.09 (d, J¼8.8 Hz,1H),
3.71 (s, 3H), 3.50e3.45 (m, 1H), 3.02 (br s, 1H), 2.48e2.41 (m, 1H),
2.41 (s, 3H), 2.22e2.15 (m,1H); 13C NMR (100MHz, CDCl3): d 159.67,
145.04, 136.62, 135.23, 132.10, 131.50, 129.78 (2�), 128.76 (2�),
128.52 (2�), 128.22 (2�), 127.15, 125.86 (2�), 124.57, 113.86 (2�),
72.66, 70.82, 55.08, 30.53, 21.50.

4.3.4. Compound (5d). Yield¼80% (325 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C25H27O3S 407.1681, found 407.1686; 1H NMR
(400 MHz, CDCl3): d 7.81 (d, J¼8.4 Hz, 2H), 7.32 (d, J¼8.4 Hz, 2H),
7.26e7.15 (m, 5H), 7.11 (d, J¼8.0 Hz, 2H), 7.01 (d, J¼8.4 Hz, 2H), 5.83
(d, J¼16.0 Hz,1H), 5.40 (dt, J¼7.6, 15.6 Hz,1H), 5.10 (d, J¼8.8 Hz,1H),
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4.46 (s, 1H), 3.52e3.47 (m, 1H), 2.50e2.43 (m, 1H), 2.41 (s, 3H), 2.28
(s, 3H), 2.28e2.17 (m, 1H); 13C NMR (100 MHz, CDCl3): d 145.02,
138.40, 136.64, 136.39, 135.27, 132.14, 129.76 (2�), 129.18 (2�),
128.76 (2�), 128.22 (2�), 127.20 (2�), 127.14, 125.86 (2�), 124.58,
72.91, 70.73, 30.48, 21.51, 20.99.

4.3.5. Compound (5e). Yield¼78% (365 mg); colorless solid;
mp¼166e168 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C30H29O3S 469.1837, found 469.1838; 1H NMR
(400 MHz, CDCl3): d 7.81 (d, J¼8.4 Hz, 2H), 7.54e7.48 (m, 4H),
7.45e7.32 (m, 7H), 7.21e7.12 (m, 3H), 7.02e6.97 (m, 2H), 5.87 (d,
J¼16.0 Hz, 1H), 5.43 (dt, J¼7.2, 16.0 Hz, 1H), 5.18 (d, J¼8.4 Hz, 1H),
4.50 (br s, 1H), 3.56e3.51 (m, 1H), 2.58e2.51 (m, 1H), 2.41 (s, 3H),
2.31e2.24 (m, 1H); 13C NMR (100 MHz, CDCl3): d 145.16, 141.60,
140.46, 138.41, 136.61, 135.26, 132.52, 129.89 (2�), 128.84 (2�),
128.71 (2�), 128.35 (2�), 127.77 (2�), 127.43, 127.29 (3�), 127.06
(2�), 125.95 (2�), 124.54, 72.88, 70.75, 30.47, 21.60.

4.3.6. Compound (5f). Yield¼80% (350 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C24H24NO5S 438.1375, found 438.1380; 1H
NMR (400 MHz, CDCl3): d 8.13 (t, J¼2.0 Hz, 1H), 8.05e8.02 (m, 1H),
7.74e7.69 (m, 3H), 7.46 (t, J¼8.0 Hz, 1H), 7.29 (d, J¼8.4 Hz, 2H),
7.25e7.16 (m, 3H), 7.04e7.01 (m, 2H), 5.94 (d, J¼16.0 Hz, 1H), 5.58
(dt, J¼7.2, 16.0 Hz, 1H), 5.27 (d, J¼7.6 Hz, 1H), 4.62 (br s, 1H),
3.59e3.54 (m, 1H), 2.64e2.57 (m, 1H), 2.40 (s, 3H), 2.38e2.30 (m,
1H); 13C NMR (100 MHz, CDCl3): d 148.17, 145.54, 141.75, 136.17,
134.95,133.39,133.24,130.02 (2�),129.44,128.66 (2�),128.46 (2�),
127.66,125.92 (2�), 123.65,123.32,122.18, 71.87, 69.60, 30.21, 21.58.

4.3.7. Compound (5g). Yield¼76% (350 mg); colorless solid;
mp¼126e128 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C25H24F3O3S 461.1398, found 461.1401; 1H
NMR (400 MHz, CDCl3): d 7.71 (d, J¼8.4 Hz, 2H), 7.52 (d, J¼8.4 Hz,
2H), 7.43 (d, J¼8.4 Hz, 2H), 7.28 (d, J¼8.4 Hz, 2H), 7.25e7.16 (m, 3H),
7.04e7.01 (m, 2H), 5.95 (d, J¼15.6 Hz, 1H), 5.49 (dt, J¼7.6, 15.6 Hz,
1H), 5.21 (dd, J¼3.6, 7.2 Hz, 1H), 4.56 (br d, J¼3.6 Hz, 1H), 3.54e3.49
(m, 1H), 2.64e2.57 (m, 1H), 2.41 (s, 3H), 2.36e2.29 (m, 1H); 13C
NMR (100 MHz, CDCl3): d 145.35, 143.52, 136.33, 135.16, 133.25,
129.93 (2�), 128.66 (2�), 128.45 (2�), 127.58 (2�), 127.55 (2�),
125.97 (2�), 125.47, 125.44, 125.38 (q, J¼3.0 Hz), 123.95, 72.22,
70.09, 30.11, 21.56.

4.3.8. Compound (5h). Yield¼82% (362 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C28H27O3S 443.1681, found 443.1688; 1H NMR
(400 MHz, CDCl3): d 7.82e7.75 (m, 6H), 7.51e7.42 (m, 3H), 7.24 (d,
J¼8.4 Hz, 2H), 7.19e7.12 (m, 3H), 6.89e6.86 (m, 2H), 5.80 (d,
J¼16.0 Hz, 1H), 5.49 (dt, J¼7.2, 16.0 Hz, 1H), 5.22 (d, J¼8.4 Hz, 1H),
4.50 (br s, 1H), 3.70e3.61 (m, 1H), 2.56e2.49 (m, 1H), 2.36 (s, 3H),
2.34e2.28 (m, 1H); 13C NMR (100 MHz, CDCl3): d 145.05, 136.67,
136.48, 135.40, 133.35, 132.99, 132.72, 129.75 (2�), 128.71 (2�),
128.51, 128.22 (2�), 127.96, 127.59, 127.20, 126.77, 126.32, 126.30,
125.86 (2�), 124.39, 124.36, 73.13, 70.41, 30.43, 21.50.

4.3.9. Compound (5i). Yield¼87% (329 mg); colorless solid;
mp¼141e142 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C23H23O3S 379.1368, found 379.1369; 1H NMR
(400MHz, CDCl3): d 7.94e7.92 (m, 2H), 7.65e7.61 (m,1H), 7.55e7.51
(m, 2H), 7.36e7.17 (m, 8H), 7.05e7.03 (m, 2H), 5.88 (d, J¼15.6 Hz,
1H), 5.48 (dt, J¼7.6, 15.6 Hz, 1H), 5.17 (d, J¼8.4 Hz, 1H), 4.39 (br s,
1H), 3.59e3.54 (m, 1H), 2.53e2.45 (m, 1H), 2.32e2.25 (m, 1H); 13C
NMR (100 MHz, CDCl3): d 139.30, 138.51, 136.51, 133.82, 132.69,
129.11 (2�), 128.65 (2�), 128.60, 128.52 (2�), 128.27 (2�), 127.27
(3�), 125.93 (2�), 124.39, 72.98, 70.61, 30.37.

4.3.10. Compound (5j). Yield¼90% (284 mg); colorless solid;
mp¼152e153 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C18H21O3S 317.1212, found 317.1215; 1H NMR
(400 MHz, CDCl3): d 7.43e7.34 (m, 5H), 7.30e7.19 (m, 5H), 6.13 (d,
J¼15.6 Hz, 1H), 5.96 (dt, J¼7.6, 15.6 Hz, 1H), 5.08 (d, J¼8.4 Hz, 1H),
3.45 (br s, 1H), 3.38e3.34 (m, 1H), 3.01 (s, 3H), 2.59e2.55 (m, 2H);
13C NMR (100 MHz, CDCl3): d 140.02, 136.65, 133.45, 128.87, 128.85
(2�), 128.43 (2�), 127.43, 127.12 (2�), 126.13 (2�), 124.53, 73.16,
69.27, 43.93, 28.91.

4.3.11. Compound (5k). Yield¼92% (304 mg); colorless solid;
mp¼107e109 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C19H23O3S 331.1368, found 331.1370; 1H NMR
(400 MHz, CDCl3): d 7.29e7.19 (m, 9H), 6.12 (d, J¼15.6 Hz, 1H), 5.93
(dt, J¼7.6, 15.6 Hz, 1H), 5.06 (d, J¼8.8 Hz, 1H), 3.37e3.32 (m, 1H),
3.25 (br s,1H), 3.02 (s, 3H), 2.59e2.56 (m, 2H), 2.34 (s, 3H); 13C NMR
(100 MHz, CDCl3): d 138.86, 137.03, 136.73, 133.31, 129.56 (2�),
128.44 (2�), 127.40, 127.02 (2�), 126.12 (2�), 124.63, 73.10, 69.40,
43.94, 28.97, 21.12.

4.3.12. Compound (5l). Yield¼90% (409 mg); colorless solid;
mp¼153e155 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C29H27O3S 455.1681, found 455.1688; 1H NMR
(400 MHz, CDCl3): d 7.95 (d, J¼8.4 Hz, 2H), 7.66e7.62 (m, 1H),
7.57e7.35 (m, 11H), 7.22e7.15 (m, 3H), 7.04e7.02 (m, 2H), 5.92 (d,
J¼16.0 Hz, 1H), 5.51 (dt, J¼7.2, 16.0 Hz, 1H), 5.23 (d, J¼7.2 Hz, 1H),
4.46 (br s, 1H), 3.64e3.58 (m,1H), 2.64e2.57 (m,1H), 2.39e2.32 (m,
1H); 13C NMR (100 MHz, CDCl3): d 141.48, 140.34, 138.45, 138.33,
136.50,135.26,133.82,132.68,129.15 (2�), 128.68 (3�), 128.31 (2�),
127.67 (2�), 127.40, 127.27, 127.22 (2�), 126.99 (2�), 125.92 (2�),
124.39, 72.73, 70.66, 30.32.

4.3.13. Compound (5m). Yield¼86% (341 mg); colorless gum;
HRMS (ESI, Mþþ1) calcd for C23H22FO3S 397.1274, found 397.1278;
1H NMR (400 MHz, CDCl3): d 7.93e7.88 (m, 2H), 7.33e7.14 (m, 10H),
7.08e7.06 (m, 2H), 5.94 (d, J¼15.6 Hz, 1H), 5.54 (dt, J¼7.2, 16.0 Hz,
1H), 5.15 (d, J¼8.4 Hz, 1H), 4.16 (br s, 1H), 3.57e3.52 (m, 1H),
2.54e2.47 (m, 1H), 2.38e2.30 (m, 1H); 13C NMR (100 MHz, CDCl3):
d 165.76 (d, J¼255.4 Hz),139.35,136.48,134.94 (d, J¼3.0 Hz),133.00,
131.62 (d, J¼9.9 Hz, 2�), 128.69, 128.64 (2�), 128.39 (2�), 127.45,
127.19 (2�), 125.98 (2�), 124.28, 116.40 (d, J¼22.8 Hz, 2�), 73.00,
70.85, 30.40.

4.3.14. Compound (5n). Yield¼85% (347 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C24H25O4S 409.1474, found 409.1477; 1H NMR
(400 MHz, CDCl3): d 7.84 (d, J¼8.8 Hz, 2H), 7.36e7.15 (m, 8H),
7.03e7.00 (m, 2H), 6.96 (d, J¼8.8 Hz, 2H), 5.85 (d, J¼16.0 Hz, 1H),
5.42 (dt, J¼7.2, 16.0 Hz, 1H), 5.12 (d, J¼8.4 Hz, 1H), 4.00 (br s, 1H),
3.82 (s, 3H), 3.55e3.46 (m, 1H), 2.48e2.41 (m, 1H), 2.25e2.18 (m,
1H); 13C NMR (100 MHz, CDCl3): d 163.88, 139.43, 136.62, 132.40,
131.04 (2�), 129.49, 128.60, 128.55 (2�), 128.27 (2�), 127.35 (2�),
127.24, 125.92 (2�), 124.63, 114.39 (2�), 73.14, 70.81, 55.61, 30.59.

4.3.15. Compound (5o). Yield¼84% (365 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C27H31O3S 435.1994, found 435.1995; 1H NMR
(400 MHz, CDCl3): d 7.82 (d, J¼8.4 Hz, 2H), 7.51 (d, J¼8.8 Hz, 2H),
7.38e7.14 (m, 8H), 7.00 (d, J¼8.4 Hz, 2H), 5.88 (d, J¼16.0 Hz, 1H),
5.41 (dt, J¼7.6, 16.0 Hz, 1H), 5.17 (d, J¼8.4 Hz, 1H), 4.55 (br s, 1H),
3.56e3.51 (m, 1H), 2.53e2.46 (m, 1H), 2.32e2.20 (m, 1H), 1.32 (s,
9H); 13C NMR (100 MHz, CDCl3): d 157.91, 139.43, 136.63, 135.37,
132.69, 128.65 (2�), 128.62, 128.58 (2�), 128.34 (2�), 127.33 (2�),
127.31, 126.22 (2�), 125.95 (2�), 124.57, 73.01, 70.63, 35.22, 30.94,
30.59 (3�).

4.3.16. Compound (5p). Yield¼80% (347 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C27H31O3S 435.1994, found 435.1996; 1H NMR
(400 MHz, CDCl3): d 7.82 (d, J¼8.8 Hz, 2H), 7.37e7.15 (m, 10H), 7.01
(d, J¼8.4 Hz, 2H), 5.84 (d, J¼15.6 Hz,1H), 5.41 (dt, J¼7.2,15.6 Hz,1H),
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5.16 (d, J¼8.8 Hz, 1H), 4.53 (br s, 1H), 3.54e3.49 (m, 1H), 2.67 (t,
J¼7.6 Hz, 2H), 2.50e2.43 (m, 1H), 2.27e2.20 (m, 1H), 1.63e1.56 (m,
2H), 1.41e1.31 (m, 2H), 0.95 (t, J¼7.2 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d 149.94, 139.38, 136.59, 135.45, 132.57, 129.18 (2�), 128.81
(2�), 128.62, 128.55 (2�), 128.29 (2�), 127.35 (2�), 127.27, 125.93
(2�), 124.54, 73.06, 70.69, 35.54, 33.00, 30.54, 22.23, 13.82.

4.4. Representative procedure of skeletons 6 and 7

A representative procedure of skeletons 6 and 7 is as follows:m-
CPBA (freshly purified m-chloroperoxybenzoic acid, 345 mg,
2.0 mmol) was added to a solution of 5 (1.0 mmol) in a co-solvent of
CH2Cl2 (5 mL) and DMF (5 mL) at rt. The reaction mixture was
refluxed for 3 h, cooled to rt, and the solvent was concentrated. The
residue was diluted with water (10 mL) and the mixture was
extracted with CH2Cl2 (3�20 mL). The combined organic layers
were washed with brine, dried, filtered, and evaporated to afford
crude product. Purification on silica gel (hexanes/EtOAc¼8:1 to 3:1)
afforded 6 and 7.

4.4.1. Compound (6a). Yield¼75% (306 mg); colorless solid;
mp¼169e170 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C24H25O4S 409.1474, found 409.1477; 1H NMR
(400MHz, CDCl3): d 7.63e7.61 (m, 2H), 7.46e7.36 (m, 3H), 7.23e7.20
(m, 4H), 7.10e7.04 (m, 3H), 6.99 (d, J¼8.0 Hz, 2H), 5.10 (d, J¼2.8 Hz,
1H), 4.34 (dd, J¼4.4, 8.8 Hz, 1H), 4.32e4.28 (m, 1H), 3.90 (dt, J¼2.4,
5.2 Hz, 1H), 3.22e3.16 (m, 1H), 2.33 (s, 3H), 2.21e2.14 (m, 1H), 2.01
(br s,1H); 13CNMR(100MHz, CDCl3): d143.36,139.07,137.77,136.95,
129.24 (2�), 128.62 (2�), 128.59, 127.80 (2�), 127.72 (2�), 127.68
(2�), 127.25, 125.96 (2�), 85.98, 77.93, 67.40, 64.74, 32.52, 21.44.

4.4.2. Compound (6b). Yield¼78% (332 mg); colorless solid;
mp¼82e84 �C (recrystallized fromhexanes and EtOAc); HRMS (ESI,
Mþþ1) calcd for C24H24FO4S 427.1379, found 427.1382; 1H NMR
(400 MHz, CDCl3): d 7.61e7.58 (m, 2H), 7.44e7.36 (m, 3H), 7.22 (d,
J¼8.4 Hz, 2H), 7.18e7.14 (m, 2H), 7.04 (d, J¼8.0 Hz, 2H), 6.75e6.70
(m, 2H), 5.05 (d, J¼2.0 Hz,1H), 4.29 (dd, J¼4.4, 8.8 Hz,1H), 4.27 (br s,
1H), 3.87e3.84 (m, 1H), 3.17e3.12 (m, 1H), 2.37 (br s, 1H), 2.35 (s,
3H), 2.19e2.10 (m, 1H); 13C NMR (100 MHz, CDCl3): d 162.02 (d,
J¼244.8 Hz), 143.66, 139.04, 137.61, 132.72 (d, J¼3.0 Hz), 129.21
(2�), 128.65 (2�), 127.68 (2�), 127.63, 127.58 (d, J¼8.4 Hz, 2�),
127.52 (2�), 114.52 (d, J¼21.2 Hz, 2�), 85.86, 77.19, 67.13, 64.66,
32.34, 21.37.

4.4.3. Compound (6c). Yield¼85% (372 mg); colorless solid;
mp¼119e122 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C25H27O5S 439.1579, found 439.1586; 1H NMR
(400 MHz, CDCl3): d 7.62e7.60 (m, 2H), 7.45e7.35 (m, 3H), 7.23 (d,
J¼8.0 Hz, 2H), 7.11 (d, J¼8.4 Hz, 2H), 7.01 (d, J¼8.4 Hz, 2H), 6.56 (d,
J¼8.8 Hz, 2H), 5.05 (d, J¼2.8 Hz, 1H), 4.31 (dd, J¼4.4, 8.8 Hz, 1H),
4.27 (d, J¼1.6 Hz, 1H), 3.87e3.81 (m,1H), 3.73 (s, 3H), 3.20e3.15 (m,
1H), 2.34 (s, 3H), 2.19e2.11 (m, 1H), 1.93 (br s, 1H); 13C NMR
(100 MHz, CDCl3): d 158.84, 143.14, 139.17, 137.86, 129.09 (2�),
129.02, 128.55 (2�), 128.49, 127.71 (2�), 127.61 (2�), 127.00 (2�),
113.14 (2�), 85.88, 77.49, 67.35, 64.97, 55.11, 32.30, 21.41. Single-
crystal X-ray diagram: crystal of compound 6c was grown by
slow diffusion of EtOAc into a solution of compound 6c in CH2Cl2 to
yield colorless prisms. The compound crystallizes in the ortho-
rhombic crystal system, space group P212121, a¼5.86780(10) �A,
b¼15.0626(5) �A, c¼25.1038(7) �A, V¼2218.78(10) �A3, Z¼4,
dcalcd¼1.313 g/cm3, F(000)¼928, 2q range 1.577e26.387�, R indices
(all data) R1¼0.0632, wR2¼0.1434.

4.4.4. Compound (6d). Yield¼80% (338 mg); colorless solid;
mp¼174e177 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C25H27O4S 423.1630, found 423.1633; 1H NMR
(400 MHz, CDCl3): d 7.62e7.60 (m, 2H), 7.45e7.35 (m, 3H), 7.21 (d,
J¼8.0 Hz, 2H), 7.07 (d, J¼8.0 Hz, 2H), 6.99 (d, J¼8.0 Hz, 2H), 6.83 (d,
J¼8.4 Hz, 2H), 5.05 (d, J¼2.0 Hz, 1H), 4.32 (dd, J¼4.4, 8.8 Hz, 1H),
4.28 (d, J¼1.6 Hz, 1H), 3.88e3.86 (m, 1H), 3.21e3.16 (m, 1H), 2.35 (s,
3H), 2.25 (s, 3H), 2.19e2.12 (m, 1H), 2.16 (br s, 1H); 13C NMR
(100 MHz, CDCl3): d 143.19, 139.17, 137.77, 136.89, 133.86, 129.02
(2�), 128.56 (2�), 128.51, 128.36 (2�), 127.72 (2�), 127.66 (2�),
125.72 (2�), 85.87, 77.74, 67.38, 64.90, 32.33, 21.46, 21.05.

4.4.5. Compound (6e). Yield¼75% (363 mg); colorless solid;
mp¼190e193 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C30H29O4S 485.1787, found 485.1786; 1H NMR
(400MHz, CDCl3): d 7.64e7.62 (m, 2H), 7.47e7.29 (m, 8H), 7.22e7.18
(m, 6H), 6.91 (d, J¼8.0 Hz, 2H), 5.11 (d, J¼2.8 Hz, 1H), 4.84 (br s, 1H),
4.33e4.29 (m, 2H), 3.95e3.91 (m,1H), 3.28e3.23 (m,1H), 2.35e2.23
(m, 1H), 2.20 (s, 3H); 13C NMR (100 MHz, CDCl3): d 143.14, 140.58,
140.02,139.52,137.80,135.94,129.08 (2�), 128.68 (2�), 128.41 (2�),
128.33, 127.75 (2�), 127.48 (2�), 127.24, 126.78 (2�), 126.30 (2�),
126.24 (2�), 85.87, 77.43, 67.07, 64.79, 32.47, 21.29.

4.4.6. Compound (6f). Yield¼70% (317 mg); colorless solid;
mp¼172e174 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C24H24NO6S 454.1324, found 454.1326; 1H
NMR (400 MHz, CDCl3): d 7.96 (dd, J¼2.0, 8.0 Hz, 1H), 7.87 (d,
J¼7.6 Hz, 1H), 7.73 (br s, 1H), 7.63e7.60 (m, 2H), 7.49e7.37 (m, 4H),
7.24 (d, J¼8.4 Hz, 2H), 7.02 (d, J¼8.0 Hz, 2H), 5.17 (d, J¼2.8 Hz, 1H),
4.39e4.31 (m, 2H), 4.01e3.99 (m, 1H), 3.23e3.18 (m, 1H), 2.30 (s,
3H), 2.24e2.17 (m, 1H), 1.80 (br s, 1H); 13C NMR (100 MHz, CDCl3):
d 144.19, 139.08, 138.52, 137.39, 132.50, 129.58 (2�), 129.03, 128.85,
128.77 (2�), 127.70 (3�), 127.44 (2�), 122.33, 120.92, 86.13, 76.92,
67.03, 63.84, 32.16, 21.28.

4.4.7. Compound (6g). Yield¼66% (314 mg); colorless solid;
mp¼189e190 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C25H24F3O4S 477.1347, found 477.1352; 1H
NMR (400 MHz, CDCl3): d 7.64e7.62 (m, 2H), 7.47e7.37 (m, 3H),
7.30e7.24 (m, 4H), 7.17 (d, J¼8.4 Hz, 2H), 6.97 (d, J¼8.4 Hz, 2H), 5.12
(d, J¼1.6 Hz, 1H), 4.39e4.29 (m, 2H), 3.95e3.92 (m, 1H), 3.32e3.27
(m, 1H), 2.32 (s, 3H), 2.24e2.16 (m, 1H), 1.78 (br s, 1H); 13C NMR
(100 MHz, CDCl3): d 143.83, 140.85, 138.80, 137.39, 129.34 (2�),
128.72, 128.68 (2�), 127.73 (2�), 127.43 (2�), 126.31 (2�), 124.65,
124.61, 124.58, 124.54, 85.01, 77.17, 67.18, 64.15, 32.17, 21.25.

4.4.8. Compound (6h). Yield¼78% (357 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C28H27O4S 459.1630, found 458.1633; 1H NMR
(400 MHz, CDCl3): d 7.69e7.62 (m, 5H), 7.49e7.38 (m, 6H), 7.15 (d,
J¼8.4 Hz, 1H), 7.04 (d, J¼8.4 Hz, 2H), 6.52 (d, J¼8.0 Hz, 2H), 5.24 (d,
J¼2.0 Hz, 1H), 4.43e4.33 (m, 2H), 4.00e3.98 (m, 1H), 3.37e3.32 (m,
1H), 2.27e2.20 (m, 1H), 2.08 (s, 3H), 1.99 (br s, 1H); 13C NMR
(100 MHz, CDCl3): d 143.17, 139.18, 137.36, 134.05, 132.75, 128.64
(2�), 128.62 (2�), 128.57 (2�), 127.94, 127.83 (2�), 127.37, 127.32
(2�), 127.21, 125.84, 125.81, 125.04, 123.50, 86.01, 77.75, 67.37,
64.55, 32.18, 21.09.

4.4.9. Compound (6i). Yield¼80% (315 mg); colorless solid;
mp¼150e152 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C23H23O4S 395.1317, found 395.1322; 1H NMR
(400MHz, CDCl3): d 7.64e7.61 (m, 2H), 7.46e7.30 (m, 6H), 7.22e7.17
(m, 4H), 7.07e7.02 (m, 3H), 5.09 (d, J¼2.8 Hz, 1H), 4.34e4.24 (m,
2H), 3.95e3.92 (m, 1H), 3.25e3.20 (m, 1H), 2.23e2.14 (m, 2H); 13C
NMR (100 MHz, CDCl3): d 140.75, 139.08, 136.75, 132.41, 128.58
(4�), 128.53, 127.81 (2�), 127.71 (2�), 127.52 (2�), 127.43, 125.94
(2�), 85.88, 77.72, 67.40, 64.69, 32.36.

4.4.10. Compound (6j). Yield¼74% (246 mg); colorless solid;
mp¼164e165 �C (recrystallized from hexanes and EtOAc); HRMS
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(ESI, Mþþ1) calcd for C18H21O4S 333.1161, found 333.1163; 1H NMR
(400 MHz, CDCl3): d 7.59e7.55 (m, 4H), 7.44e7.30 (m, 6H), 5.19 (d,
J¼2.4 Hz, 1H), 4.31 (d, J¼9.2 Hz, 1H), 4.22e4.15 (m, 1H), 3.56e3.54
(m, 1H), 3.22 (ddd, J¼2.4, 4.8, 14.4 Hz, 1H), 2.19e2.09 (m, 1H), 2.01
(s, 3H), 1.92 (br s, 1H); 13C NMR (100 MHz, CDCl3): d 138.88, 137.54,
128.73, 128.61 (4�), 128.41, 127.68 (2�), 126.27 (2�), 85.91, 77.79,
67.04, 64.78, 43.07, 31.36.

4.4.11. Compound (6k). Yield¼74% (256 mg); colorless solid;
mp¼191e193 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C19H23O4S 347.1317, found 347.1315; 1H NMR
(400 MHz, CDCl3): d 7.59e7.56 (m, 2H), 7.44e7.33 (m, 5H), 7.20 (d,
J¼8.0 Hz, 2H), 5.15 (d, J¼2.4 Hz, 1H), 4.29 (d, J¼9.2 Hz, 1H),
4.20e4.13 (m, 1H), 3.53e3.51 (m, 1H), 3.19 (ddd, J¼2.4, 4.8, 14.4 Hz,
1H), 2.34 (s, 3H), 2.18e2.09 (m, 1H), 2.04 (s, 3H), 2.00 (br s, 1H); 13C
NMR (100MHz, CDCl3): d 138.98,138.15,134.48,129.34 (2�), 128.56
(2�), 128.54, 127.68 (2�), 126.11 (2�), 85.86, 77.72, 67.05, 64.83,
43.14, 31.33, 21.16.

4.4.12. Compound (6l). Yield¼78% (367 mg); colorless solid;
mp¼235e237 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C29H27O4S 471.1630, found 471.1635; 1H NMR
(400 MHz, CDCl3): d 7.67e7.65 (m, 2H), 7.49e7.32 (m, 10H),
7.24e7.21 (m, 5H), 7.16e7.12 (m, 2H), 5.14 (d, J¼2.4 Hz, 1H),
4.39e4.32 (m, 2H), 4.01e3.98 (m,1H), 3.37e3.32 (m,1H), 2.27e2.17
(m, 1H), 1.84 (br s, 1H); 13C NMR (100 MHz, CDCl3): d 140.81, 140.74,
140.17, 139.02, 135.82, 132.20, 129.09, 128.81 (2�), 128.65 (2�),
128.55 (2�), 127.75 (2�), 127.51 (2�), 127.33, 126.90 (2�), 126.48
(2�), 126.39 (2�), 85.96, 77.48, 67.46, 64.93, 32.16.

4.4.13. Compound (6m). Yield¼75% (309 mg); colorless gum;
HRMS (ESI, Mþþ1) calcd for C23H22FO4S 413.1223, found 413.1226;
1H NMR (400 MHz, CDCl3): d 7.61e7.59 (m, 2H), 7.44e7.34 (m, 3H),
7.29e7.24 (m, 2H), 7.18e7.17 (m, 2H), 7.10e7.03 (m, 3H), 6.85e6.79
(m, 2H), 5.08 (d, J¼2.8 Hz, 1H), 4.28 (d, J¼7.6 Hz, 1H), 4.27 (d,
J¼8.0 Hz, 1H), 3.90e3.88 (m, 1H), 3.28e3.23 (m, 1H), 2.21e2.14 (m,
1H), 2.02 (br s, 1H); 13C NMR (100 MHz, CDCl3): d 164.80 (d,
J¼253.2 Hz), 139.00, 136.80, 136.75, 130.36 (d, J¼9.1 Hz, 2�), 128.58
(2�), 128.56,127.88 (2�), 127.68 (2�), 127.48,125.92 (2�), 115.74 (d,
J¼22.7 Hz, 2�), 85.88, 77.55, 67.35, 64.95, 32.30.

4.4.14. Compound (6n). Yield¼78% (331 mg); colorless solid;
mp¼121e123 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C24H25O5S 425.1423, found 425.1426; 1H NMR
(400 MHz, CDCl3): d 7.62e7.60 (m, 2H), 7.45e7.35 (m, 3H),
7.27e7.21 (m, 4H), 7.10e7.08 (m, 3H), 6.67e6.63 (m, 2H), 5.09 (d,
J¼2.8 Hz, 1H), 4.32 (dd, J¼4.4, 8.8 Hz, 1H), 4.28 (d, J¼2.0 Hz, 1H),
3.89e3.86 (m, 1H), 3.79 (s, 3H), 3.21e3.16 (m, 1H), 2.20e2.13 (m,
1H), 2.09 (br s, 1H); 13C NMR (100 MHz, CDCl3): d 162.72, 139.15,
137.04, 132.36, 129.79 (2�), 128.55 (2�), 128.50, 127.83 (2�), 127.71
(2�), 127.30, 125.91 (2�), 113.86 (2�), 85.91, 77.86, 67.37, 64.80,
55.55, 32.63. Single-crystal X-ray diagram: crystal of compound 6n
was grown by slow diffusion of EtOAc into a solution of compound
6n in CH2Cl2 to yield colorless prisms. The compound crystallizes in
the monoclinic crystal system, space group Pc, a¼10.3109(3) �A,
b¼12.0886(3) �A, c¼8.5131(2) �A, V¼1060.59(5) �A3, Z¼2,
dcalcd¼1.329 g/cm3, F(000)¼448, 2q range 1.685e26.395�, R indices
(all data) R1¼0.0474, wR2¼0.1379.

4.4.15. Compound (6o). Yield¼80% (360 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C27H31O4S 451.1943, found 451.1946; 1H NMR
(400 MHz, CDCl3): d 7.64e7.61 (m, 2H), 7.45e7.35 (m, 3H),
7.25e7.22 (m, 3H), 7.19e7.16 (m, 3H), 7.03e6.98 (m, 3H), 5.09 (d,
J¼2.8 Hz, 1H), 4.33 (dd, J¼4.4, 8.8 Hz, 1H), 4.31 (br s, 1H), 3.93e3.91
(m, 1H), 3.28 (ddd, J¼2.4, 4.0, 13.6 Hz, 1H), 2.22 (br s, 1H), 2.19e2.14
(m, 1H), 1.29 (s, 9H); 13C NMR (100 MHz, CDCl3): d 156.00, 139.15,
137.54, 136.79, 128.55 (2�), 128.50, 127.73 (4�), 127.39 (2�), 127.29,
125.88 (2�), 125.59 (2�), 85.92, 77.72, 67.37, 64.46, 34.95, 32.31,
30.94 (3�).

4.4.16. Compound (6p). Yield¼81% (365 mg); colorless solid;
mp¼184e187 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C27H31O4S 451.1943, found 451.1948; 1H NMR
(400 MHz, CDCl3): d 7.63e7.61 (m, 2H), 7.47e7.35 (m, 3H),
7.24e7.20 (m, 4H), 7.08e7.01 (m, 3H), 6.98 (d, J¼8.4 Hz, 2H), 5.09 (d,
J¼2.8 Hz, 1H), 4.35e4.27 (m, 2H), 3.92e3.90 (m, 1H), 3.24e3.20 (m,
1H), 2.57 (t, J¼7.6 Hz, 2H), 2.31 (s, 1H), 2.21e2.14 (m, 1H), 1.62e1.52
(m, 2H), 1.39e1.24 (m, 2H), 0.95 (t, J¼7.2 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d 148.13, 139.12, 137.88, 136.88, 128.61 (2�),
128.56 (2�), 128.52, 127.76 (2�), 127.72 (2�), 127.59 (2�), 127.30,
125.93 (2�), 85.91, 77.80, 67.38, 64.63, 35.41, 33.15, 32.44, 22.18,
13.82.

4.4.17. Compound (7a). Yield¼12% (49 mg); colorless solid;
mp¼157e159 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C24H25O4S 409.1474, found 409.1476; 1H NMR
(400 MHz, CDCl3): d 7.54e7.50 (m, 4H), 7.36e7.25 (m, 8H), 7.20 (d,
J¼8.4 Hz, 2H), 5.28 (d, J¼4.8 Hz, 1H), 4.51 (d, J¼7.6 Hz, 1H), 3.93 (dt,
J¼4.8, 10.8 Hz, 1H), 3.88 (dd, J¼4.8, 7.6 Hz, 1H), 2.67 (dt, J¼8.8,
10.8 Hz, 1H), 2.55 (dt, J¼4.8, 8.8 Hz, 1H), 2.45 (s, 3H), 2.25 (br s, 1H);
13C NMR (100 MHz, CDCl3): d 144.58, 137.79, 135.73, 135.66, 129.65
(2�), 129.34 (2�), 128.74 (2�), 128.46 (2�), 128.28 (2�), 128.15
(2�), 127.15 (2�), 77.26, 73.46, 69.57, 63.69, 28.46, 21.58.

4.4.18. Compound (7b). Yield¼12% (51 mg); colorless solid;
mp¼164e166 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C24H24FO4S 427.1379, found 427.1388; 1H
NMR (400 MHz, CDCl3): d 7.55e7.51 (m, 3H), 7.33e7.22 (m, 8H),
6.98e6.94 (m, 2H), 5.25 (d, J¼4.8 Hz, 1H), 4.44 (d, J¼7.6 Hz, 1H),
3.93e3.81 (m, 2H), 2.65e2.44 (m, 2H), 2.45 (br s, 1H), 2.43 (s, 3H);
13C NMR (100 MHz, CDCl3): d 162.52 (d, J¼246.3 Hz), 144.79, 137.65,
135.53, 131.65 (d, J¼3.8 Hz), 131.11 (d, J¼8.4 Hz, 2�), 129.67 (2�),
128.66 (2�), 128.40, 128.33 (2�), 127.11 (2�), 114.98 (d, J¼21.2 Hz,
2�), 77.32, 72.63, 69.28, 63.45, 28.33, 21.51.

4.4.19. Compound (7d). Yield¼15% (63 mg); colorless solid;
mp¼159e161 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C25H27O4S 423.1630, found 423.1633; 1H NMR
(400 MHz, CDCl3): d 7.51 (d, J¼8.0 Hz, 2H), 7.40 (d, J¼8.0 Hz, 2H),
7.34e7.28 (m, 5H), 7.20 (d, J¼8.0 Hz, 2H), 7.07 (d, J¼8.0 Hz, 2H), 5.24
(d, J¼4.8 Hz, 1H), 4.52 (d, J¼7.6 Hz, 1H), 3.94e3.86 (m, 2H),
2.71e2.63 (m, 1H), 2.57e2.51 (m, 1H), 2.42 (s, 3H), 2.34 (s, 3H), 1.80
(br s, 1H); 13C NMR (100 MHz, CDCl3): d 144.50, 138.14, 137.86,
135.70, 132.70, 129.56 (2�), 129.32 (2�), 128.81 (2�), 128.74 (2�),
128.49 (2�), 128.43, 127.17 (2�), 77.11, 73.32, 69.66, 63.77, 28.42,
21.59, 21.13.

4.4.20. Compound (7e). Yield¼11% (53 mg); colorless solid;
mp¼123e125 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C30H29O4S 485.1787, found 485.1789; 1H NMR
(400 MHz, CDCl3): d 7.61e7.29 (m, 16H), 7.16 (d, J¼8.0 Hz, 2H), 5.31
(d, J¼4.8 Hz, 1H), 4.65 (d, J¼7.2 Hz, 1H), 4.41 (br s, 1H), 4.00e3.93
(m, 2H), 2.77 (dt, J¼8.8,10.8 Hz,1H), 2.58 (dt, J¼4.8, 8.8 Hz,1H), 2.36
(s, 3H); 13C NMR (100 MHz, CDCl3): d 144.45, 140.91, 140.36, 137.67,
134.74, 133.59, 129.57 (2�), 129.45 (2�), 128.76 (2�), 128.71 (2�),
128.34, 128.31 (2�), 127.45, 127.09 (2�), 126.94 (2�), 126.66 (2�),
77.53, 72.86, 68.93, 63.55, 29.31, 21.49.

4.4.21. Compound (7f). Yield¼15% (68 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C24H24NO6S 454.1324, found 454.1328; 1H
NMR (400 MHz, CDCl3): d 8.12 (s, 1H), 8.11 (d, J¼8.0 Hz, 1H), 8.05 (d,
J¼8.0 Hz, 1H), 7.54e7.50 (m, 1H), 7.49 (d, J¼8.8 Hz, 2H), 7.39e7.26
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(m, 5H), 7.19 (d, J¼8.0 Hz, 2H), 5.30 (d, J¼4.8 Hz, 1H), 4.72 (d,
J¼5.6 Hz, 1H), 4.14e4.07 (m, 1H), 3.91e3.87 (m, 1H), 2.77 (dt, J¼8.8,
10.8 Hz, 1H), 2.51 (dt, J¼4.8, 8.8 Hz, 1H), 2.38 (s, 3H), 1.75 (br s, 1H);
13C NMR (100 MHz, CDCl3): d 144.99, 138.30, 136.80, 135.68, 134.52,
129.86 (2�), 129.25,128.96 (2�), 128.83,128.56,128.12 (2�), 126.81
(2�), 123.35, 123.04, 78.84, 71.51, 67.37, 62.43, 28.07, 21.47.

4.4.22. Compound (7g). Yield¼16% (76 mg); colorless solid;
mp¼150e153 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C25H24F3O4S 477.1347, found 477.1354; 1H
NMR (400 MHz, CDCl3): d 7.56 (d, J¼8.0 Hz, 2H), 7.46e7.41 (m, 4H),
7.37e7.27 (m, 5H), 7.15 (d, J¼8.4 Hz, 2H), 5.25 (d, J¼4.4 Hz, 1H), 4.71
(d, J¼5.6 Hz, 1H), 4.11e4.07 (m, 1H), 3.88e3.84 (m, 1H), 2.80 (dt,
J¼8.0, 14.0 Hz, 1H), 2.52 (dt, J¼4.4, 14.0 Hz, 1H), 2.39 (s, 3H), 1.95 (br
s, 1H); 13C NMR (100 MHz, CDCl3): d 144.72, 140.09, 137.08, 135.73,
129.71 (2�), 128.92 (2�), 128.77 (2�), 128.65 (2�), 128.46, 128.09
(2�), 126.85 (2�), 124.50, 124.97 (q, J¼3.0 Hz), 78.66, 71.88, 67.55,
62.76, 28.02, 21.44.

4.4.23. Compound (7h). Yield¼10% (46 mg); colorless solid;
mp¼204e205 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C28H27O4S 459.1630, found 459.1633; 1H NMR
(400 MHz, CDCl3): d 8.07 (s, 1H), 7.80e7.78 (m, 2H), 7.64 (d,
J¼8.8 Hz, 1H), 7.51e7.48 (m, 2H), 7.40 (d, J¼8.4 Hz, 2H), 7.39e7.36
(m, 1H), 7.32e7.26 (m, 5H), 6.94 (d, J¼8.0 Hz, 2H), 5.39 (d, J¼4.8 Hz,
1H), 4.67 (d, J¼6.8 Hz, 1H), 4.07e4.02 (m, 1H), 4.00e3.96 (m, 1H),
2.87 (dt, J¼8.8, 10.8 Hz, 1H), 2.62 (dt, J¼4.8, 8.8 Hz, 1H), 2.26 (s, 3H),
1.96 (br s, 1H); 13C NMR (100 MHz, CDCl3): d 144.44, 137.58, 135.63,
133.09, 132.97, 132.73, 129.37 (2�), 128.81 (2�), 128.47, 128.38,
128.27 (2�), 128.11, 127.86, 127.32, 127.04 (2�), 126.43, 126.31,
126.11, 78.00, 72.95, 68.65, 63.53, 28.31, 21.41.

4.4.24. Compound (7i). Yield¼10% (39 mg); colorless solid;
mp¼99e101 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C23H23O4S 395.1317, found 395.1318; 1H NMR
(400 MHz, CDCl3): d 7.63e7.50 (m, 5H), 7.42e7.39 (m, 2H),
7.34e7.24 (m, 8H), 5.27 (d, J¼5.2 Hz, 1H), 4.54 (d, J¼7.2 Hz, 1H),
3.98e3.89 (m, 2H), 2.70 (dt, J¼4.8, 14.8 Hz, 1H), 2.55 (dt, J¼5.6,
14.8 Hz, 1H), 2.40 (br s, 1H); 13C NMR (100 MHz, CDCl3): d 138.64,
137.68,135.64,133.48,129.23 (2�), 129.01 (2�), 128.74 (2�), 128.43,
128.39 (3�), 128.18 (2�), 127.11 (2�), 77.33, 73.30, 69.32, 63.57,
28.38.

4.4.25. Compound (7j). Yield¼10% (32 mg); colorless solid;
mp¼205e207 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C18H21O4S 333.1161, found 333.1168; 1H NMR
(400 MHz, CDCl3): d 7.59 (d, J¼7.2 Hz, 2H), 7.45e7.29 (m, 8H), 5.18
(d, J¼3.6 Hz, 1H), 5.09 (d, J¼3.6 Hz, 1H), 4.33 (dd, J¼4.0, 8.4 Hz, 1H),
3.48 (dd, J¼4.8, 9.2 Hz, 1H), 2.91 (dt, J¼4.8, 14.8 Hz, 1H), 2.68 (br s,
1H), 2.48 (dt, J¼5.6, 14.8 Hz, 1H), 2.24 (s, 3H); 13C NMR (100 MHz,
CDCl3): d 137.01, 136.98, 128.99 (2�), 128.77 (2�), 128.66, 128.15,
127.56 (2�), 126.63 (2�), 79.60, 71.30, 65.35, 62.57, 41.61, 27.28.

4.4.26. Compound (7k). Yield¼14% (48 mg); colorless solid;
mp¼187e189 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C19H23O4S 347.1317, found 347.1319; 1H NMR
(400 MHz, CDCl3): d 7.44e7.30 (m, 7H), 7.22 (d, J¼8.0 Hz, 2H), 4.74
(d, J¼9.6 Hz, 1H), 4.28 (d, J¼9.2 Hz, 1H), 3.80 (ddd, J¼4.8, 9.2,
14.0 Hz, 1H), 3.43 (ddd, J¼4.0, 10.0, 14.0 Hz, 1H), 2.86 (dt, J¼4.0,
14.0 Hz, 1H), 2.35 (s, 3H), 2.14 (dt, J¼10.8, 14.0 Hz, 1H), 2.04 (s, 3H),
1.80 (br s, 1H); 13C NMR (100 MHz, CDCl3): d 139.53, 137.94, 135.01,
129.73 (2�), 128.70 (2�), 128.69, 128.09 (2�), 127.25 (2�), 84.79,
80.24, 71.10, 64.94, 41.41, 30.10, 21.25.

4.4.27. Compound (7l). Yield¼13% (61 mg); colorless solid;
mp¼160e161 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C29H27O4S 471.1630, found 471.1635; 1H NMR
(400 MHz, CDCl3): d 7.62e7.27 (m, 19H), 5.31 (d, J¼4.8 Hz, 1H), 4.66
(d, J¼6.8 Hz, 1H), 4.02e3.95 (m, 2H), 2.82e2.74 (m, 1H), 2.62e2.57
(m,1H), 1.80 (br s, 1H); 13C NMR (100 MHz, CDCl3): d 141.00, 140.44,
138.70,137.60,134.71,133.34,129.46 (2�), 128.98 (2�), 128.83 (2�),
128.81 (2�), 128.44, 128.35 (2�), 127.50, 127.08 (2�), 127.01 (2�),
126.79 (2�), 77.63, 72.85, 68.93, 63.58, 28.30.

4.4.28. Compound (7m). Yield¼11% (45 mg); colorless solid;
mp¼157e159 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C23H22FO4S 413.1223, found 413.1228; 1H
NMR (400 MHz, CDCl3): d 7.57e7.53 (m, 2H), 7.46e7.44 (m, 2H),
7.35e7.22 (m, 8H), 7.06e7.00 (m, 2H), 5.24 (d, J¼4.8 Hz,1H), 4.61 (d,
J¼6.8 Hz, 1H), 3.99e3.90 (m, 2H), 2.75e2.67 (m, 1H), 2.59e2.53 (m,
1H), 1.86 (br s, 1H); 13C NMR (100 MHz, CDCl3): d 165.56 (d,
J¼254.7 Hz), 137.55, 135.64, 134.54, 131.24 (d, J¼9.1 Hz, 2�), 129.06,
128.77 (2�), 128.62,128.42 (2�),128.21 (2�), 127.05 (2�),116.22 (d,
J¼22.8 Hz, 2�), 77.53, 73.05, 68.86, 63.67, 28.34.

4.4.29. Compound (7n). Yield¼12% (51 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C24H25O5S 425.1423, found 425.1424; 1H NMR
(400 MHz, CDCl3): d 7.54e7.51 (m, 4H), 7.33e7.25 (m, 8H), 6.85 (d,
J¼8.4 Hz, 2H), 5.26 (d, J¼4.8 Hz, 1H), 4.51 (d, J¼7.6 Hz, 1H),
3.95e3.80 (m, 2H), 3.85 (s, 3H), 2.69e2.52 (m, 2H), 2.26 (br s, 1H);
13C NMR (100 MHz, CDCl3): d 163.59, 137.82, 135.74, 130.62 (2�),
129.37 (2�), 128.71 (2�), 128.57, 128.41, 128.30, 128.15 (2�), 127.15
(2�), 114.21 (2�), 77.11, 73.49, 69.55, 63.81, 55.65, 28.52.

4.4.30. Compound (7o). Yield¼12% (54 mg); colorless solid;
mp¼130e132 �C (recrystallized from hexanes and EtOAc); HRMS
(ESI, Mþþ1) calcd for C27H31O4S 451.1943, found 450.1948; 1H NMR
(400 MHz, CDCl3): d 7.53e7.47 (m, 4H), 7.38 (d, J¼8.8 Hz, 2H),
7.34e7.20 (m, 8H), 5.28 (d, J¼4.8 Hz, 1H), 4.57 (d, J¼7.2 Hz, 1H),
3.96e3.91 (m, 2H), 2.71 (dt, J¼8.8, 10.8 Hz, 1H), 2.56 (dt, J¼4.8,
8.8 Hz, 1H), 2.02 (br s, 1H), 1.33 (s, 9H); 13C NMR (100 MHz, CDCl3):
d 157.32, 137.77, 135.77, 135.49, 129.15 (2�), 128.74 (2�), 128.40,
128.25, 128.22 (2�), 128.13 (2�), 127.11 (2�), 126.01 (2�), 77.44,
73.26, 69.22, 63.50, 35.16, 31.00 (3�), 28.43. Single-crystal X-ray
diagram: crystal of compound 7o was grown by slow diffusion of
EtOAc into a solution of compound 7o in CH2Cl2 to yield colorless
prisms. The compound crystallizes in the orthorhombic crystal
system, space group P-1, a¼11.8674(6) �A, b¼13.6155(7) �A,
c¼16.9842(7) �A, V¼2535.9(2) �A3, Z¼2, dcalcd¼1.291 g/cm3, F(000)¼
1044, 2q range 1.565e26.412�, R indices (all data) R1¼0.1141,
wR2¼0.2228.

4.4.31. Compound (7p). Yield¼8% (36 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C27H31O4S 451.1943, found 451.1950; 1H NMR
(400 MHz, CDCl3): d 7.52e7.50 (m, 4H), 7.32e7.23 (m, 8H), 7.19 (d,
J¼8.4 Hz, 2H), 5.27 (d, J¼5.2 Hz, 1H), 4.54 (d, J¼7.6 Hz, 1H),
3.97e3.89 (m, 2H), 2.73e2.53 (m, 5H), 1.64e1.56 (m, 2H), 1.42e1.32
(m, 2H), 0.95 (t, J¼7.6 Hz, 3H); 13C NMR (100 MHz, CDCl3): d 149.40,
137.76, 135.74, 129.28 (2�), 129.15, 129.02 (2�), 128.74 (2�), 128.60,
128.44 (2�), 128.30, 128.15 (2�), 127.13 (2�), 77.32, 73.39, 69.43,
63.61, 35.54, 33.16, 28.43, 22.22, 13.83.

4.5. Synthetic procedure of 8 and 9

A synthetic procedure of 8 and 9 is as follows: excess Jones re-
agent was added to a solution of 6a (1.0 mmol) in acetone (20 mL)
at 0 �C. The reactionmixturewas stirred at rt for 2 h and the solvent
was concentrated. The residue was diluted with water (10 mL) and
the mixture was extracted with CH2Cl2 (3�20 mL). The combined
organic layers were washed with brine, dried, filtered and evapo-
rated to afford crude product. Purification on silica gel (hexanes/
EtOAc¼8:1 to 3:1) afforded 8 and 9.
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4.5.1. Compound (8). Yield¼46% (115 mg); colorless gum; HRMS
(ESI, Mþþ1) calcd for C17H15O2 251.1072, found 251.1077; 1H NMR
(400MHz, CDCl3): d 7.49e7.34 (m,10H), 7.12 (dd, J¼2.0,10.0 Hz,1H),
6.33 (dd, J¼2.4, 10.0 Hz, 1H), 5.59 (dd, J¼2.4, 4.0 Hz, 1H), 5.21 (d,
J¼2.0 Hz, 1H); 13C NMR (100 MHz, CDCl3): d 194.11, 150.78, 138.78,
135.71, 128.85 (2�), 128.68, 128.42, 128.26 (2�), 127.88 (2�), 127.07
(2�), 126.96, 83.22, 77.13.

4.5.2. Compound (9).8 Yield¼25% (59mg); colorless oil; HRMS (ESI,
Mþþ1) calcd for C17H15O 235.1123, found 235.1132; 1H NMR
(400 MHz, CDCl3): d 7.64e7.61 (m, 2H), 7.37e7.20 (m, 8H), 6.56 (d,
J¼3.6 Hz, 1H), 6.06 (dt, J¼0.8, 3.2 Hz, 1H), 4.04 (s, 2H); 13C NMR
(100 MHz, CDCl3): d 154.34, 152.90, 138.06, 131.06, 128.74 (2�),
128.58 (2�),128.51,126.91 (2�),126.50,123.45 (2�), 108.44,105.76,
34.66.
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