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Abstract: (2S,3aR,7aS)-Perhydroindolic acid, the key
intermediate in the synthesis of trandolapril, and its
trans-isomers, were readily prepared. These proline-
like molecules are unique in that they contain a rigid
bicyclic structure, with two hydrogen atoms trans to
each other at the bridgehead carbon atoms. These
molecules were used successfully as chiral organoca-
talysts in asymmetric domino Michael addition/cycli-
zation reactions of aldehyde esters with b,g-unsatu-
rated a-keto esters. They proved to have excellent
catalytic behavior, allowing for the synthesis of
multi-substituted, enantiomerically enriched hemia-

cetal esters. Under optimal conditions (using
10 mol% catalyst loading), a series of b,g-unsaturat-
ed a-keto esters was examined with up to 99% de, ee
and yield, respectively. Additionally, the enantiomer-
ically enriched hemiacetal esters could be readily
transformed into their corresponding bioactive
pyranoACHTUNGTRENNUNG[2,3-b]pyrans (possessing a multi-substituted
bicyclic backbone).

Keywords: asymmetric Michael addition; chiral orga-
nocatalysts; key intermediates; trandolapril ; b,g-un-
saturated a-keto esters

Introduction

During the past decade there has been an explosive
growth in the area of organocatalysis and asymmetric
synthesis. Many organocatalysts are not only relative-
ly non-toxic and inexpensive, but also stable to both
air and moisture.[1]

l-Proline (1, Figure 1) and its de-
rivatives represent some of the most extensively stud-
ied organocatalysts that have been used successfully
in a number of asymmetric catalytic reactions.[2] How-
ever, proline possesses several shortcomings for its
use in some asymmetric catalyses such as a low reac-
tion activity, high catalytic loading requirements, and
poor yields.[3] These shortcomings were improved by
the preparation of proline-like molecules with highly

rigid structures and increased steric hindrance (such
as 2 and 3, Figure 1).[4] In addition to the aforemen-
tioned structural features, these types of molecules
are distinctive for possessing both acidic and basic
functional groups. The synthesis of such catalysts with
a rigid structure thus remains a worthwhile endeav-
our.

(2S,3aR,7aS)-Perhydroindolic acid 4a, a proline-like
molecule, is a key intermediate in the synthesis of the
cardiovascular drug trandolapril, a highly efficient an-
giotensin-converting enzyme inhibitor (Figure 2).
Trandolapril consists of three important structural
motifs, these being the ethyl 4-phenylbutyrate, l-ala-
nine, and (2S,3aR,7aS)-perhydroindolic acid moieties.
Ethyl 4-phenylbutyrate and l-alanine can be obtained
from large-scale industrial production and natural
sources, respectively. trans-Perhydroindolic acid 4a re-
mains the most troublesome intermediate to synthe-
sise, with current methodologies requiring long syn-
thetic sequences producing poor yields, and resulting
in the production of large quantities of the undesired
cis-perhydroindolic acid by-product.[5] These factors
make trandolapril expensive to prepare and thus un-Figure 1. Proline and some proline-like molecules.
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popular for use medicinally. We have therefore devel-
oped an efficient and convenient route for the synthe-
sis of intermediate 4a.

In addition, 4a and its isomers 4b, 4c and 4d, are
unique in that they contain a rigid bicyclic structure
with two H atoms trans to each other at the bridge-
head C atoms (4a/4b being a pair of enantiomers, and
4c/4d their corresponding diastereoisomers). There-
fore they should make excellent chiral organocatalysts
for use in asymmetric catalytic reactions.[6] Thus, the
efficient synthesis of 4a–d not only makes the synthe-

sis of trandolapril more accessible, it also allows for
the synthesis of a novel proline-like organocatalyst
(Figure 3).

Results and Discussion

We developed a convenient synthetic route for the
preparation of 4a–d as shown in Scheme 1. trans-2-
Allyl-N-p-toluenesulfonylcyclohexanamine (6) was
first prepared by treating aziridine (5) with allylmag-
nesium bromide in a yield of 95%.[7] Subsequent oxi-
dation of 6 with m-CPBA, followed by treatment with
solid K2CO3 gave the cyclic trans-N-tosyl-1H-indole-
2-methanol (7) in 91% yield. Intermediate 7 was fur-
ther oxidized with Jone�s reagent at 0 8C to give trans-
N-tosyl-1H-indole-2-carboxylic acid (8) in 68% yield.
trans-Perhydroindolic acid (4) was then prepared in
92% yield as a mixture by the deprotection of 8 with
Na/naphthalene at room temperature and purification
via an ion-exchange resin (Dowex 50� 2, 100–200
mesh). In order to isolate (2S,3aR,7aS)-perhydroin-

Figure 2. Trandolapril and its key intermediate 4a

Figure 3. trans-Perhydroindolic acids 4a–d.

Scheme 1. The synthetic route for the synthesis of trans-perhydroindolic acids 4a–d.
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dolic acid 4a, 4 was first converted to benzyl octahy-
dro-1H-indole-2-carboxylate (9) via an esterification
procedure in 94% yield. Ester 9 could be separated
into two pairs of enantiomers via recrystallization
from a suitable solvent. In this small scale synthesis, 9
was separated into four optically pure isomers 9a–d
by using preparative chiral HPLC with a chiral OD-H
column (9a/9b/9c/9d= 3:3:2:2). Finally, enantiomeri-
cally pure 4a was obtained via hydrogenation with
Pd/C in 96% yield. The procedure provided 4a in an
overall yield of 14.8%. Subsequently, 4b–d were ob-
tained using the same method. No cis-perhydroindolic
acid was found throughout any of the syntheses.

The chiral multi-substituted pyrano ACHTUNGTRENNUNG[2,3-b]pyran
moiety exhibits interesting biological activities and is
a prevalent structural subunit in numerous natural
products.[8] Much effort has been made to try and syn-
thesise this promising structural motif ;[9,10] the most
commonly used method utilizing a hetero-Diels–
Alder (HDA) reaction.[10] Unfortunately this method
requires harsh reaction conditions (very low or high
temperatures), the use of metal-containing reagents,
and often only allows for the synthesis of less substi-
tuted products. Thus far few asymmetric catalytic
methodologies have been reported,[11] therefore a con-
venient and enantioselective approach to pyrano ACHTUNGTRENNUNG[2,3-

b]pyrans is desirable. We found that the most feasible
approach was to first construct the hemiacetal ester.
This could be achieved from readily available starting
materials via an asymmetric domino Michael addi-
tion/cyclization reaction (Scheme 2). We report herein
the asymmetric domino reaction of aldehyde esters to
b,g-unsaturated a-keto esters with the organocatalysts
4a–d, which showed excellent asymmetric behaviour.
Chiral hemiacetal esters were prepared, which could
subsequently be converted into their corresponding
pyranoACHTUNGTRENNUNG[2,3-b]pyran compounds.

With the distinctive proline-like molecules 4a–d in
hand, we developed an organocatalyzed asymmetric
domino reaction to synthesise chiral hemiacetal
esters. Thus, the reaction of (E)-isopropyl 2-oxo-4-
phenylbut-3-enoate (10a) and methyl 5-oxopenta-
noate (11) was carried out in the presence of
10 mol% 4a–d at room temperature in i-PrOH
(Table 1). All the organocatalysts produced moderate
to good asymmetric catalytic results (entries 1–4). The
by-products of trandolapril, 4c and 4d, provided the
highest enantioselectivities for this reaction (entries 3
and 4). l-Proline and (S)-indoline-2-carboxylic acid
were also used for comparison; however these re-
agents showed poor results. We therefore decided to
use organocatalyst 4d in subsequent reactions.

Scheme 2. The retro-synthesis of pyrano ACHTUNGTRENNUNG[2,3-b]pyran compounds.

Table 1. Asymmetric domino reaction with different catalyst.

Entry[a] Catalyst Time [d] Yield [%][b] de [%][c] ee [%][d]

1 4a 7 58 99 �48
2 4b 7 57 99 49
3 4c 3 89 99 �89
4 4d 3 90 99 88
5 1 2 98 99 22
6 2 3 – – –

[a] Reactions were conducted with 0.1 mmol enone 10a and 0.3 mmol aldehyde 11 at room temperature in the presence of
10 mol% catalyst and C6H5CO2H with i-PrOH as a solvent.

[b] Isolated yield.
[c] Determined by HPLC.
[d] Determined by HPLC.
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To determine the absolute configuration of the
domino reaction product, X-ray crystallography stud-
ies were performed on chiral hemiacetal 12a. A
single, enantiomerically pure crystal of 12a could not
be obtained. Alternatively, a single crystal of the cor-
responding racemic hemiacetal 12a could be obtained
via recrystallization from dichloromethane and petro-
leum ether. X-Ray crystal analysis shows that the
hemiacetal hydroxy group and the adjacent ester
group lie on the opposite side of the phenyl ring
(Figure 4).[12]

A transition state model was proposed to account
for the stereochemical outcome when using 4d as
a catalyst (Figure 5). The aldehyde ester 11 reacts
with 4d to give a nucleophilic enamine intermediate
whilst the (E)-isopropyl 2-oxo-4-phenylbut-3-enoate
(10a) is directed toward the carboxylic acid group by
a hydrogen bond (with the molecule lying behind the
enamine) enhancing the electrophilic character of
10a. The resulting enamine attacks the double C�C
bond of 10a (from above the plane of the alkene) to
give the imine-enol intermediate with the adjacent
ester group lying on the opposite side of the phenyl
ring. Following cyclization, front-side attack by H2O
gives the desired product and catalyst 4d.

The influence of solvent on the reaction outcome
was investigated using 10 mol% 4d at room tempera-
ture in a number of solvents (Table 2). No reaction
occurred in the least polar solvent toluene, even after
stirring the reaction mixture at room temperature for
14 days (entry 1). When solvent polarity was in-
creased (Et2O and CHCl3), the reaction proceeded
with good to excellent enantioselectivity, however low
yields were obtained (entries 2 and 3). Increased sol-
vent polarity appeared to benefit the reaction. This
was further confirmed by use of DMF as a solvent
(entry 4), which improved the reaction yield, and dia-
stereo- and enantioselectivities. We therefore envis-
aged that polar alcohol solvents would be most suita-
ble for this asymmetric domino reaction. The reaction
was performed in EtOH and an excellent asymmetric
catalytic result was obtained with higher reaction ac-
tivity (entry 5). Subsequently, other commonly used
alcohols, i-PrOH, n-PrOH and isopentanol, were ex-
amined, giving rise to excellent asymmetric catalytic
behaviour (entries 6–8). i-PrOH was found to be the
best solvent for this catalytic system and was used for
subsequent reactions.

It was mentioned in our previous work that basic
additives are favourable in the asymmetric Michael
addition with this proline-like organocatalyst.[6] As
shown in Table 3, many basic additives (entries 1–6)
dramatically shortened the the reaction time, provid-
ing excellent diastereoselectivity and yields (up to
92% yield within 24 h). However they did not appear
to affect the enantioselectivity. Brønsted acids could
promote the formation of enamine in the proline-cat-

Figure 4. Single crystal of racemic hemiacetal 12 a.

Figure 5. Proposed transition state for the stereochemical
outcome.
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Table 2. The influence of solvent on the asymmetric domino reaction.

Entry[a] Solvent Time [d] Yield [%][b] de [%][c] ee [%][d]

1 toluene 14 – – –
2 Et2O 14 32 99 88
3 CHCl3 14 33 99 69
4 DMF 12 87 99 87
5 EtOH 7 82 99 85
6 n-PrOH 7 80 99 90
7 i-PrOH 3 90 99 88
8 isopentanol 7 69 99 91

[a] Reactions were conducted with 0.1 mmol enone 10a and 0.3 mmol aldehyde 11 at room temperature in the presence of
10 mol% 4d and C6H5CO2H in a suitable solvent.

[b] Isolated yield.
[c] Determined by HPLC.
[d] Determined by HPLC.

Table 3. The influence of additives, catalyst loading and temperature on the asymmetric domino reaction.

Entry[a] Additive Time [d] Yield [%][b] de [%][c] ee [%][d]

1 – 3 75 99 86
2 NaOAc 1 86 99 76
3 quinine 1 84 99 80
4 DMAP 1 92 99 82
5 Et3N 1 91 99 86
6 DIPEA 1 88 99 82
7 (+)-10-camphorsulfonic acid 14 36 99 92
8 CH3CO2H 7 90 99 87
9 C6H5CO2H 3 90 99 88
10 4-CH3C6H4CO2H 7 81 99 87
11 4-FC6H4CO2H 7 88 99 87
12 2-ClC6H4CO2H 3 95 99 91
13[e] 2-ClC6H4CO2H 3 94 99 90
14[f] 2-ClC6H4CO2H 7 92 99 90
15[g] 2-ClC6H4CO2H 14 43 99 90
16[h] 2-ClC6H4CO2H 2 84 99 88

[a] Reactions were conducted with 0.1 mmol enone 10a and 0.3 mmol aldehyde 11 at room temperature in the presence of
10 mol% 4d and additive with i-PrOH as the solvent.

[b] Isolated yield.
[c] Determined by HPLC.
[d] Determined by HPLC.
[e] 20 mol% catalyst.
[f] 5 mol% catalyst.
[g] Temperature 0 8C.
[h] Temperature 50 8C.
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alyzed reaction, thereby improving chemical yields
and increasing stereoselectivity.[13] Therefore several
kinds of Brønsted acids were used as additives in this
reaction. It was shown that acidic additives prolonged
reaction times (entries 7–12) but some did increase
enantioselectivity such as 2-ClC6H4CO2H. In fact, 2-
ClC6H4CO2H was found to be the best acidic additive
and was used in the following reactions.

Investigations on catalyst loading were also per-
formed in order to reduce the quantity of chiral cata-
lyst needed for the reaction. No effect on diastereo-
and enantioselectivity was observed when using 5 and
20 mol% of catalyst 4d, however using 5 mol% of 4d

did reduce reaction activity (entries 13 and 14). Tem-
perature was also found to alter reactivity with reac-
tion activity being reduced at 0 8C. Increasing the re-
action temperature to 50 8C resulted in a decrease in
enantioselectivity and yield. The best reaction condi-
tions were therefore found to be using i-PrOH as
a solvent at room temperature in the presence of
10 mol% 4d and 2-ClC6H4CO2H.

With the optimal reaction conditions in hand, the
asymmetric domino reaction was extrapolated to
a series of aromatic b,g-unsaturated a-keto esters
(Table 4). At first the substituents on the aromatic
ring were modified. Excellent diastereo- and enantio-

Table 4. Asymmetric domino reactions for a series of aromatic b,g-unsaturated a-keto esters with 4d as a catalyst.

Entry[a] 12 n R R1 Time [d] Yield [%][b] de [%][c] ee [%][d]

1 12a 1 C6H5 i-Pr 3 95 99 91
2 12b 1 2-BrC6H5 i-Pr 3 82 99 93
3 12c 1 3-BrC6H4 i-Pr 3 94 99 91
4 12d 1 4-BrC6H4 i-Pr 3 94 99 90
5 12e 1 2-ClC6H4 i-Pr 3 92 99 93
6 12f 1 4-ClC6H4 i-Pr 3 99 99 93
7 12g 1 2-FC6H4 i-Pr 3 99 99 91
8 12h 1 4-FC6H4 i-Pr 3 93 99 91
9 12i 1 4-CF3C6H4 i-Pr 3 95 99 92
10 12j 1 2,6-Cl2C6H3 i-Pr 3 89 99 93
11 12k 1 4-MeC6H4 i-Pr 5 74 99 91
12 12l 1 2-CH3OC6H4 i-Pr 5 72 99 98
13 12m 1 3-CH3OC6H4 i-Pr 3 90 99 93
14 12n 1 4-CH3OC6H4 i-Pr 7 66 99 90
15 12o 1 2-naphthyl i-Pr 3 93 99 92
16 12p 1 2-furyl i-Pr 3 92 99 91
17 12q 0 C6H5 i-Pr 3 96 99 90
18 12r 2 C6H5 i-Pr 3 95 99 90
19 12s 1 C6H5 Et 3 90 99 91
20 12t 1 C6H5 Bn 3 98 99 95
21 12u 1 2-ClC6H4 Bn 3 92 99 97
22 12v 1 2-CH3OC6H4 Bn 4 87 99 99
23 12w 1 4-CH3OC6H4 Bn 6 76 99 96
24[e] 12x 2-CH3OC6H4 Bn 1 93 99 97
25[f] 12y 2-CH3OC6H4 Bn 1 92 99 97
26[g] 12z 2-CH3OC6H4 Bn 10 42 99 98
27 12aa 1 Et Et 5 87 99 95
28 12ab 1 n-pentyl Et 5 73 99 92

[a] Reactions were conducted with 0.1 mmol enone 10 and 0.3 mmol aldehyde 11 in the presence of 10 mol% 4d with 2-
ClC6H4CO2H as an additive in i-PrOH at room temperature

[b] Isolated yield.
[c] Determined by HPLC.
[d] Determined by HPLC.
[e] Propaldehyde was used.
[f] n-Butyraldehyde was used.
[g] Isopentyl aldehyde was used.
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selectivities and high yields were observed for elec-
tron-withdrawing aromatic b,g-unsaturated a-keto
esters (entries 1–10). Similarly, electron-donating
groups also provided excellent asymmetric catalytic
results, albeit with moderate yields for certain sub-
strates (entries 11–14). The enantioselectivity of the
reaction was affected by steric hindrance, with aro-
matic b,g-unsaturated a-keto esters with a 2-methoxy
group giving ees of 98% (entries 12–14). When the
phenyl ring was replaced with a naphthalene or furan
ring, excellent de/ee values and high yields were ob-
tained (entries 15 and 16). In addition, altering the
chain length of the aldehyde ester did not appear to
have an adverse effect on the reaction (entries 17 and
18).

Finally the influence of the ester group of 10 was
examined (entries 1, 19–23). No obvious difference in
ee was observed for the ethyl and isopropyl esters but
an increase in ee was observed when using a benzyl
ester (entry 20). Benzyl esters 10u–w were also exam-
ined in the reaction and all gave excellent de and ee
values (up to 99% de and ee, entries 21–23). We were
also curious as to whether the ester functional group
in the aldehydes was really necessary. Several simple
aldehydes lacking the ester functionality were exam-
ined (Table 4, entries 24–26). Almost all of them
showed high reaction activity and excellent catalytic
behavior while isopentyl aldehyde provided low reac-
tion activity because of its large steric hindrance.
Alkyl-substituted b,g-unsaturated a-keto esters 11x
and 11y were also examined and all gave excellent de
and ee values (Table 4, entries 27 and 28).

Following the synthesis of chiral hemiacetal esters
via asymmetric domino reactions, we converted some
of them to their corresponding pyranoACHTUNGTRENNUNG[2,3-b]pyrans.
Thus, 12a was dissolved in toluene in the presence of
a catalytic amount of PPTS and heated under reflux
conditions for 2 h. The corresponding bicyclic lactone
13a was obtained in 95% yield. Compounds 13q and
13r containing different sized lactone rings could be
obtained easily with the same method. Lactons 13a, q,
and r could then be converted to multi-substituted
pyranoACHTUNGTRENNUNG[2,3-b]pyran compounds by modifying their
carbonyl groups via reported procedures
(Scheme 3).[14] These results show that this method
allows for the efficient and mild synthesis of pyrano-ACHTUNGTRENNUNG[2,3-b]pyran compounds with multi-substituent
groups.

Conclusions

In summary, we have developed an efficient synthetic
route towards trans-perhydroindolic acids, providing
a convenient and efficient route towards the synthesis
of trandolapril. The acids were used as organocata-
lysts in asymmetric domino reactions of aldehyde
esters to b,g-unsaturated a-keto esters. These proline-
like trans-perhydroindolic acids are unique in that
they contain a bicyclic structure with the two H atoms
trans to each other at the bridgehead C atoms. They
were used as efficient chiral organocatalysts in asym-
metric domino reactions of aldehyde esters to b,g-un-
saturated a-keto esters to give multi-substituted enan-
tiomerically enriched hemiacetal esters. Under opti-
mal conditions, excellent diastereo- and enantioselec-
tivities (up to 99% de and ee) were obtained with
high yields (up to 99% yield) for a series of b,g-unsa-
turated a-keto esters using 10 mol% 4d. The resulting
enantiomerically enriched hemiacetal esters could be
transformed into their corresponding multi-substitut-
ed pyrano ACHTUNGTRENNUNG[2,3-b]pyrans. The method provides an effi-
cient and environmentally green route for the prepa-
ration of multi-substituted enantiomerically enriched
hemiacetal esters and pyrano ACHTUNGTRENNUNG[2,3-b]pyran moieties.

Experimental Section

General Remarks
1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were
recorded on a Varian MERCURY plus-400 spectrometer
with TMS as an internal standard. HR-MS was performed
at the Analysis Center of Shanghai Jiao Tong University.
Enantioselectivity was measured by high-performance liquid
chromatography (HPLC) using Daicel Chiralcel OD-H, OJ-
H and OA3100-H columns with hexane/i-PrOH as a eluent.
Column chromatography was performed using 100–200
mesh silica gel. Melting points were measured with the
SGW X-4 micro melting point apparatus. Optical rotations
were measured on a Rudolph Research Analytical Autopol
VI automatic polarimeter using a 50 mm path-length cell at
589 nm.

Synthesis of trans-2-Allyl-N-p-toluenesulfonyl-
cyclohexanamine (6)

A solution of 3-bromopropene (43 g, 0.30 mol) in ether
(200 mL) was added dropwise to a mixture of Mg (2.4 g,

Scheme 3. The synthesis of pyrano ACHTUNGTRENNUNG[2,3-b]pyran compounds.
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0.10 mol) and I2 (0.10 g) in ether (20 mL) at 0 8C under an
N2 atmosphere. After the addition was completed, the reac-
tion mixture was heated at reflux for another 2 h to ensure
completion of the reaction. A solution of CuBr·DMS
(2.05 g, 0.010 mol) was added to the above Grignard solu-
tion (200 mL) at �78 8C and stirred for 1 h. A solution of
compound 5 (25.1 g, 0.10 mol) in ether (100 mL) was added.
The mixture was allowed to warm to room temperature and
stirred overnight. The reaction was quenched with water
and the organic layer was separated. The aqueous layer was
extracted with ethyl acetate (200 mL � 3), and the combined
organic layers were washed with brine, dried over MgSO4

and concentrated under reduced pressure. The residue was
purified by column chromatography (using a continuous gra-
dient from petroleum ether and ending with 5:1 petroleum
ether/ethyl acetate) to give 6 as a white solid 6 ; yield: 27.8 g
(95%).[15] 1H NMR (400 MHz, CDCl3): d=7.76 (d, J=
8.2 Hz, 2 H), 7.27 (d, J=8.2 Hz, 2 H), 5.74–5.51 (m, 1 H),
5.02–4.91 (m, 2 H), 4.79 (d, J= 8.8 Hz, 1 H), 2.89–2.81 (m,
1 H), 2.39 (s, 3 H), 1.86–1.56 (m, 5 H), 1.27–0.79 (m, 5 H);
13C NMR (100 MHz, CDCl3): d=143.3, 138.9, 136.8, 129.8,
127.1, 116.4, 57.3, 42.9, 37.1, 34.5, 30.9, 25.4, 25.2, 21.7.

Synthesis of trans-N-Tosyl-1H-indole-2-methanol (7)

A solution of m-CPBA (17.2 g, 0.10 mol) in CH2Cl2

(200 mL) was added to a solution of compound 6 (29.3 g,
0.10 mol) in CH2Cl2 (100 mL) at 0 8C. After the addition was
completed, the reaction mixture was allowed to warm to
room temperature and stirred overnight. The resulting white
solid was filtered and K2CO3 (6.9 g, 0.050 mol) was added to
the filtrate. The resulting mixture was stirred for another 2 h
and filtered. The filtrate was concentrated under reduced
pressure. The residue was purified by column chromatogra-
phy (using a continuous gradient from petroleum ether and
ending with 4:1 petroleum ether/ethyl acetate) to give 7 as
a pale yellow oil as a mixture of four isomers; yield: 28.1 g
(91%).[15] 1H NMR (400 MHz, CDCl3): d=7.65 (d, J=
8.4 Hz, 2 H), 7.29 (d, J=8.4 Hz, 2 H), 3.96–3.78 (m, 1 H),
3.69–3.51 (m, 1 H), 3.61–3.58 (m, 2 H), 2.49–2.45 (m, 1 H),
2.39 (s, 3 H), 2.30–3.24 (m, 1 H), 1.81–1.62 (m, 5 H), 1.38-1.33
(m, 1 H), 1.10–1.02 (m, 2 H), 0.86 (m, 1 H); 13C NMR
(100 MHz, CDCl3): d=144.0, 133.1, 129.9, 128.1, 67.4, 66.6,
62.3, 43.7, 32.9, 32.7, 29.9, 25.4, 24.8, 21.8.

Synthesis of trans-N-Tosyl-1H-indole-2-carboxylic
Acid (8)

To a solution of 7 (15.5 g, 0.05 mol) in acetone (100 mL) was
added Jone�s reagent (80 mL) at 0 8C. After the addition
was completed, the solution was left stirring overnight at
0 8C. The reaction mixture was filtered via celite and the fil-
trate was concentrated under reduced pressure. The residue
was purified by column chromatography (using a continuous
gradient from petroleum ether and ending with 1:1 petrole-
um ether/ethyl acetate) to give 8 as a white solid as a mixture
of four isomers; yield: 21.9 g (68%).[15] 1H NMR (400 MHz,
CDCl3): d=7.81–7.71 (m, 2 H), 7.33–7.24 (m, 2 H), 4.52 (t,
J=8.0 Hz, 1 H), 3.08–2.95 (m, 1 H), 2.65–2.42 (m, 1 H), 2.41
(s, 3 H), 2.29–2.24 (m, 1 H), 1.87–1.41 (m, 5 H), 1.27–0.99 (m,
4 H); 13C NMR (100 MHz, CDCl3): d=196.0, 143.4, 139.5,
129.9, 129.7, 127.4, 127.1, 65.6, 58.0, 46.1, 40.4, 35.3, 32.6,
29.9, 25.3, 24.7, 21.8.

Synthesis of Perhydroindolic Acids (4)

Na particles (11.5 g, 0.50 mol) were added to a solution of
naphthalene (64.0 g, 0.50 mol) in dry DME (100 mL) and
the reaction mixture was stirred at room temperature for 4 h
under an N2 atmosphere to give a green solution. To the
green solution was slowly added a solution of 8 (16.2 g,
0.050 mol) in dry DME (50 mL) at �78 8C. After being
stirred for 30 min at �78 8C, the mixture was allowed to
warm to room temperature and stirred overnight. Isopropyl
alcohol was added to this reaction mixture carefully until
the green colour of solution turned colourless. After neutral-
ization with dilute HCl (5%) to pH 7, the separated aqueous
solution was loaded on to an acidic ion-exchange resin
(Dowex 50 � 2, 100–200 mesh), and the column was eluted
with water followed by 5% NH4OH solution. The resulting
ammonia solution was concentrated to give a white solid 4
as a mixture of four isomers; yield: 7.8 g (92%).[15]

Synthesis of Benzyl Octahydro-1H-indole-2-
carboxylates (9)

A solution of compound 4 (8.45 g, 0.050 mol), BnOH
(10.2 mL, 0.10 mol) and PTSA (9.5 g, 0.050 mol) in toluene
(200 mL) was heated under Dean–Stark conditions. After
2 h, another portion of toluene (100 mL) was added and the
reaction mixture heated under reflux for 6 h. The solution
was cooled to room temperature and ether (300 mL) was
added. The resulting mixture was placed in refrigerator at
0 8C overnight. The resulting solid was filtered and dissolved
in CH2Cl2 (200 mL) at 0 8C. The aqueous solution of
NaHCO3 saturated (300 mL) was added to this solution and
the mixture was stirred for 1 h at 0 8C. After extraction with
CH2Cl2 (100 mL � 3), the combined organic phase was
washed with brine, dried over MgSO4 and concentrated
under reduced pressure. The residue was purified by column
chromatography (using a continuous gradient from petrole-
um ether and ending with 1:1 petroleum ether/ethyl acetate)
to give 9 as a yellow oil as a mixture of four isomers; yield:
12.4 g (94%). 1H NMR (400 MHz, CDCl3): d= 7.41–7.27 (m,
5 H), 5.15 (m, 2 H), 4.0–3.89 (m, 1 H), 2.49–2.38 (m, 1 H),
2.37–2.31 (m, 1 H), 2.00–1.97 (m, 1 H), 1.87–1.85 (m, 1 H),
1.79–1.62 (m, 2 H), 1.47–0.91 (m, 6 H); 13C NMR (100 MHz,
CDCl3): d= 176.4, 136.0, 128.8, 128.5, 128.3, 66.8, 63.7, 57.6,
45.7, 36.2, 32.3, 29.8, 26.0, 24.4; HR-MS (ESI): m/z=
260.1658, calcd. for C16H22NO2 [M+ H]+: 260.1645.

Synthesis of Compounds 4a–4d

First, the optically pure compound 9a–d was obtained (9a/
9b/9c/9d =3:3:2:2) by using preparative chiral HPLC with
a chiral OD-H column (20 mmF� 250 mm, particle size:
5 mm. hexane/i-PrOH =97.5:2.5, UV= 230 nm, flow rate=
9 mL min�1). Then, the optically pure 9a–d (0.50 g,
1.9 mmol) and Pd/C (10%, w/w) were placed in an autoclave
equipped with a magnetic stirrer bar. MeOH (4.0 mL) was
added to the mixture. The autoclave was then closed,
purged three times with hydrogen (less than the pressure
needed), and finally pressurized to 20 bar. The reaction mix-
ture was stirred at room temperature for 48 h. Hydrogen gas
was slowly released and the solvent was evaporated. The
crude product was purified by chromatography using
a CH2Cl2/MeOH mixture (10:1) as eluent.
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Compound 4a: white solid; yield: 0.314 g (96%); mp 211–
212 8C; [a]25

D : �92 (c 0.50, MeOH).
Compound 4b: white solid; yield: 0.316 g (97%); mp 210–

211 8C; [a]25
D : +91 (c 0.30, MeOH); 1H NMR (400 MHz,

CD3OD): d=3.98 (t, J=8.8 Hz, 1 H), 3.30 (dt, J= 3.2,
1.6 Hz, 1 H), 2.81–2.75 (m, 1 H), 2.54–2.49 (m, 1 H), 2.29–
2.16 (m, 1 H), 2.07–1.97 (m, 1 H), 1.91–1.89 (m, 1 H), 1.809–
1.77 (m, 1 H), 1.66–1.52 (m, 2 H), 1.52–1.06 (m, 3 H);
13C NMR (100 MHz, CD3OD): d= 173.3, 64.2, 59.7, 42.1,
34.5, 29.0, 28.7, 24.7, 24.3.

Compound 4c: white solid; yield: 0.316 g (97%); mp 200–
201 8C; [a]25

D : �35 (c 0.30, MeOH).
Compound 4d: white solid; yield: 0.314 g (96%); mp 201–

202 8C; [a]25
D : +35 (c 0.20, MeOH); 1H NMR (400 MHz,

CD3OD): d= 4.02 (dd, J=10.4, 2.0 Hz, 1 H), 3.31 (dt, J= 3.2,
1.6 Hz, 1 H), 2.83–2.76 (m, 1 H), 2.30–2.25 (m, 1 H), 2.23–
2.14 (m, 1 H), 2.08–1.85 (m, 3 H), 1.83–1.68 (m, 1 H), 1.65–
1.45 (m, 2 H), 1.40–1.04 (m, 2 H); 13C NMR (100 MHz,
CD3OD): d=173.2, 64.2, 59.7, 42.1, 34.5, 29.0, 28.7, 24.7,
24.3.

General Procedure for Asymmetric Catalysis

The catalyst 4d (1.69 mg, 0.01 mmol), o-chlorobenzoic
(1.58 mg, 0.01 mmol), enone 10 (0.1 mmol) and aldehyde 11
(0.3 mmol) were added to a screw-capped vial containing i-
PrOH (1 mL) at room temperature. The reaction mixture
was stirred at room temperature until the complete con-
sumption of enone 12 (monitored by TLC). The solvent was
then evaporated and the residue was purified by flash
column silica-gel chromatography (PE/EA= 8/1) to provide
the corresponding domino reaction products. Diastereose-
lectivity (de) and the enantiomeric excess (ee) of optically
pure products were determined by HPLC analysis.

Isopropyl 2-hydroxy-3-(3-methoxy-3-oxopropyl)-4-phenyl-
3,4-dihydro-2H-pyran-6-carboxylate (12a): pale yellow oil;
yield: 86%. 1H NMR (400 MHz, CDCl3): d= 7.38–7.16 (m,
5 H), 6.09 (d, J=2.4 Hz, 1 H), 5.61–5.58 (m, 1 H), 5.14–5.11
(m, 1 H), 3.58 (s, 3 H), 3.46 (dd, J= 4.0, 2.4 Hz, 1 H), 2.27–
2.17 (m, 2 H), 1.96–1.90 (m, 1 H), 1.15–1.10 (m, 2 H), 1.27
(dd, J= 6.2, 4.4 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d=
173.7, 163.0, 142.1, 140.0, 129.0, 128.7, 127.4, 115.6, 93.2,
69.3, 51.8, 42.0, 40.4, 31.5, 24.3, 21.9; HR-MS (ESI): m/z =
371.1461, calcd for C19H24O6Na [M+ Na]+: 371.1465; the
enantiomeric excess and diastereoselective excess were de-
termined by HPLC (Chiralcel OD-H, hexane/i-PrOH =95:5,
UV= 254 nm, flow rate= 0.7 mL min�1): tR1 =14.16 min
(major) and tR2 =27.69 min (minor); ee=93%; de >99%;
[a]25

D : +75 (c 0.40, MeOH).
Isopropyl 4-(2-bromophenyl)-2-hydroxy-3-(3-methoxy-3-

oxopropyl)-3,4-dihydro-2H-pyran-6-carboxylate (12b): pale
yellow oil; yield: 82%. 1H NMR (400 MHz, CDCl3): d= 7.59
(d, J=8.0 Hz, 1 H), 7.34–7.27 (m, 2 H), 7.20–7.18 (m, 1 H),
7.16–7.09 (m, 1 H), 5.99 (d, J=2.8 Hz, 1 H), 5.58 (d, J=
1.8 Hz, 1 H), 5.13–5.10 (m, 1 H), 4.19–4.11 (m, 1 H), 3.59 (s,
3 H), 2.35–3.20 (m, 3 H), 1.90–1.84 (m, 1 H), 1.69–1.65 (m,
1 H), 1.26 (d, J=6.4 Hz, 6 H); 13C NMR (100 MHz, CDCl3):
d= 173.8, 163.0, 141.3, 140.6, 133.4, 130.0, 128.8, 128.1, 125.4,
114.3, 93.4, 69.5, 51.8, 41.9, 39.6, 31.6, 23.9, 21.9; HR-MS
(ESI): m/z =449.0585, calcd. for C19H23BrO6Na [M+Na]+:
449.0570, found; the enantiomeric excess and diastereoselec-
tive excess were determined by HPLC (Chiralcel OJ-H,

hexane/i-PrOH =88:12, UV =254 nm, flow rate=
0.4 mL min�1): tR1 = 24.68 min (major) and tR2 = 19.16 min
(minor); ee=93%; de >99%; [a]25

D : +100 (c 0.40, MeOH).
Isopropyl 4-(3-bromophenyl)-2-hydroxy-3-(3-methoxy-3-

oxopropyl)-3,4-dihydro-2H-pyran-6-carboxylate (12c): white
solid; yield: 94%; mp 95–96 8C. 1H NMR (400 MHz, CDCl3):
d= 7.44–7.28 (m, 2 H), 7.23–7.07 (m, 2 H), 6.01 (d, J= 2.4 Hz,
1 H), 5.63 (s, 1 H), 5.17–5.10 (m, 1 H), 3.61–3.53 (m, 2 H),
3.45 (dd, J= 4.0, 2.4 Hz, 1 H), 2.312-2.27 (m, 3 H), 1.91–1.87
(m, 1 H), 1.81–1.76 (m, 1 H), 1.64–1.62 (m, 1 H), 1.25 (dd, J=
9.0, 6.4 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d= 173.7,
163.3, 144.7, 140.2, 131.6, 130.5, 127.6, 123.1, 114.8, 93.1,
69.6, 51.8, 41.9, 40.3, 31.4, 24.4, 21.9; HR-MS (ESI): m/z =
449.0576, calcd. for C19H23BrO6Na [M +Na]+: 449.0570; the
enantiomeric excess and diastereoselective excess were de-
termined by HPLC (Chiralcel OD-H, hexane/i-PrOH=
91.5:8.5, UV=254 nm, flow rate=0.6 mL min�1): tR1 =
23.82 min (major) and tR2 =16.23 min (minor); ee =91%; de
>99%; [a]25

D: + 111 (c 0.50, MeOH).
Isopropyl 4-(4-bromophenyl)-2-hydroxy-3-(3-methoxy-3-

oxopropyl)-3,4-dihydro-2H-pyran-6-carboxylate (12d): pale
yellow oil; yield: 94%. 1H NMR (400 MHz, CDCl3): d= 7.46
(d, J=8.4 Hz, 2 H), 7.09 (d, J= 8.4 Hz, 2 H), 6.01 (d, J=
2.4 Hz, 1 H), 5.63 (s, 1 H), 5.14–5.01 (m, 1 H), 3.59 (s, 3 H),
3.45 (d, J=2.4 Hz, 1 H), 2.44–2.11 (m, 3 H), 1.78–1.73 (m,
2 H), 1.26 (d, J=6.4 Hz, 6 H); 13C NMR (100 MHz, CDCl3):
d= 173.6, 163.2, 141.2, 140.2, 132.1, 130.5, 130.2, 121.2, 115.0,
93.2, 69.6, 51.8, 41.9, 39.9, 31.4, 24.3, 21.9; HR-MS (ESI): m/
z=449.0572, calcd. for C19H23BrO6Na [M+Na]+: 449.0570;
the enantiomeric excess and diastereoselective excess were
determined by HPLC (Chiralcel OD-H, hexane/i-PrOH=
92:8, UV =254 nm, flow rate=0.55 mL min�1): tR1 =
14.70 min (major) and tR2 =27.24 min (minor); ee =90%; de
>99%; [a]25

D: + 84 (c 0.20, MeOH).
Isopropyl 4-(2-chlorophenyl)-2-hydroxy-3-(3-methoxy-3-

oxopropyl)-3,4-dihydro-2H-pyran-6-carboxylate (12e): white
solid; yield: 92%; mp 72–73 8C. 1H NMR (400 MHz, CDCl3):
d= 7.40–7.38 (m, 1 H), 7.26–7.19 (m, 3 H), 6.00 (d, J= 2.8 Hz,
1 H), 5.59 (s, 1 H), 5.17–5.09 (m, 1 H), 4.15–4.10 (m, 1 H),
3.59 (s, 3 H), 2.33–2.30 (m, 2 H), 2.05–2.01 (m, 1 H), 1.86 (m,
1 H), 1.64 (m, 1 H), 1.25 (dd, J=6.2, 4.0 Hz, 6 H); 13C NMR
(100 MHz, CDCl3): d= 173.8, 163.2, 140.7, 139.7, 130.0,
128.5, 127.5, 114.5, 93.4, 69.5, 51.8, 41.7, 36.9, 31.5, 23.9,
21.9; HR-MS (ESI): m/z =405.1084, calcd. for
C19H23ClO6Na [M+Na]+: 405.1075; the enantiomeric excess
and diastereoselective excess were determined by HPLC
(Chiralcel OD-H, hexane/i-PrOH =92:8, UV =254 nm, flow
rate=0.55 mL min�1): tR1 =13.62 min (major) and tR2 =
43.77 min (minor); ee= 93%; de >99%; [a]25

D : + 129 (c 0.50,
MeOH).

Isopropyl 4-(4-chlorophenyl)-2-hydroxy-3-(3-methoxy-3-
oxopropyl)-3,4-dihydro-2H-pyran-6-carboxylate (12f): pale
yellow oil; yield: 99%. 1H NMR (400 MHz, CDCl3): d= 7.28
(d, J=8.4 Hz, 2 H), 7.12 (d, J= 8.4 Hz, 2 H), 5.99 (d, J=
2.4 Hz, 1 H), 5.61 (s, 1 H), 5.13–5.10 (m, 1 H), 3.55 (s, 3 H),
3.45 (dd, J=4.0, 2.4 Hz, 1 H), 2.35–2.28 (m, 1 H), 2.19–2.14
(m, 1 H), 1.88–1.85 (m, 1 H), 1.77–1.72 (m, 1 H), 1.18–1.57
(m, 1 H), 1.23 (d, J= 6.4, 6 H); 13C NMR (100 MHz, CDCl3):
d= 173.8, 163.5, 140.9, 140.3, 130.3, 129.2, 115.3, 93.3, 69.7,
51.9, 42.2, 40.1, 31.5, 24.5, 22.1; HR-MS (ESI): m/z=
405.1082, calcd. for C19H23ClO6Na [M+Na]+: 405.1075; the
enantiomeric excess and and diastereoselective excess were
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determined by HPLC (Chiralcel OD-H, hexane/i-PrOH=
94:6, UV= 254 nm, flow rate=0.8 mL min�1): tR1 =12.18 min
(major) and tR2 =25.19 min (minor); ee=93%; de >99%;
[a]25

D : +118 (c 0.50, MeOH).
Isopropyl 4-(2-fluorophenyl)-2-hydroxy-3-(3-methoxy-3-

oxopropyl)-3,4-dihydro-2H-pyran-6-carboxylate (12g): white
solid; yield: 99%; mp 91–92 8C. 1H NMR (400 MHz, CDCl3):
d= 7.30–6.97 (m, 4 H), 6.03 (d, J=4.2, 2.6 Hz, 1 H), 5.61 (d,
J=2.4 Hz, 1 H), 5.13–5.10 (m, 1 H), 3.90 (dd, J= 2.4 Hz,
1 H), 3.59 (s, 3 H), 2.34–2.30 (m, 2 H), 2.04–2.01 (m, 1 H),
1.84–1.81 (m, 1 H), 1.67–1.62 (m, 1 H), 1.26 (dd, J= 6.2,
4.8 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d=173.8, 163.2,
140.6, 130.1, 128.9 128.8, 124.7, 116.0, 115.8, 114.5, 93.3, 69.5,
51.8, 41.2, 33.5, 31.4, 24.2, 21.9; HR-MS (ESI): m/z=
389.1378, calcd. for C19H23FO6Na [M+Na]+: 389.1371; The
enantiomeric excess and diastereoselective excess were de-
termined by HPLC (Chiralcel OD-H, hexane/i-PrOH =92:8,
UV= 254 nm, flow rate=0.85 mL min�1): tR1 =17.46 min
(major) and tR2 =10.70 min (minor); ee=91%; de >99%;
[a]25

D : +84 (c 0.50, MeOH).
Isopropyl 4-(4-fluorophenyl)-2-hydroxy-3-(3-methoxy-3-

oxopropyl)-3,4-dihydro-2H-pyran-6-carboxylate (12h): white
solid; yield: 93%; mp 111–112 8C. 1H NMR (400 MHz,
CDCl3): d= 7.19–7.15 (m, 2 H), 7.05–7.01 (m, 2 H), 6.03 (d,
J=2.4 Hz, 1 H), 5.61 (s, 1 H), 5.14–5.10 (m, 1 H), 3.59 (s,
3 H), 3.46 (d, J=2.8 Hz, 1 H), 2.29–2.25 (m, 2 H), 1.89–1.82
(m, 1 H), 1.78–1.73 (m, 1 H), 1.66–1.62 (m, 1 H), 1.26 (t, J=
6.0 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d=173.7, 163.3,
160.9, 140.1, 137.9, 130.2, 130.1, 115.9, 115.7, 115.5, 115.4,
93.2, 69.5, 51.8, 42.2, 39.2, 31.4, 24.3, 21.9; HR-MS (ESI): m/
z=389.1378, calcd. for C19H23FO6Na [M+Na]+: 389.1371;
the enantiomeric excess and diastereoselective excess were
determined by HPLC (Chiralcel OD-H, hexane/i-PrOH=
94:6, UV= 254 nm, flow rate=0.6 mL min�1): tR1 =15.54 min
(major) and tR2 =34.48 min (minor); ee=91%; de >99%;
[a]25

D : +118 (c 0.40, MeOH).
Isopropyl 2-hydroxy-3-(3-methoxy-3-oxopropyl)-4-[4-(tri-

fluoromethyl)phenyl]-3,4-dihydro-2H-pyran-6-carboxylate
(12i): white solid; yield: 95%; mp 98–99 8C. 1H NMR
(400 MHz, CDCl3): d=7.6 (d, J= 8.2 Hz, 2 H), 7.34 (d, J=
8.0 Hz, 2 H), 6.02 (d, J= 2.4 Hz, 1 H), 5.65 (s, 1 H), 5.13–5.10
(m, 1 H), 3.58 (s, 3 H), 3.57–3.54 (m, 1 H), 2.34–2.30 (m, 1 H),
2.23–2.19 (m, 1 H), 1.95–1.91 (m, 1 H), 1.79–1.77 (m, 1 H),
1.65–1.61 (m, 1 H), 1.25 (d, J=8.0 Hz, 6 H); 13C NMR
(100 MHz, CDCl3): d= 173.6, 163.2, 146.4, 140.3, 129.2,
125.9, 114.5, 93.1, 69.6, 51.8, 41.9, 40.4, 31.2, 24.3, 21.9; HR-
MS (ESI): m/z =439.1342, calcd. for C20H23F3O6Na [M+
Na]+: 439.1339; the enantiomeric excess and diastereoselec-
tive excess were determined by HPLC (Chiralcel OD-H,
hexane/i-PrOH =95:5, UV= 254 nm, flow rate =
0.8 mL min�1): tR1 = 12.98 min (major) and tR2 = 27.76 min
(minor); ee=92%; de >99%; [a]25

D : +124 (c 0.40, MeOH).
Isopropyl 4-(2,6-dichlorophenyl)-2-hydroxy-3-(3-methoxy-

3-oxopropyl)-3,4-dihydro-2H-pyran-6-carboxylate (12j): pale
yellow oil; yield: 89%. 1H NMR (400 MHz, CDCl3): d=
7.75–7.73 (m, 1 H), 7.67–7.60 (m, 1 H), 7.55–7.51 (m, 1 H),
6.46 (d, J= 2.4 Hz, 1 H), 6.06 (s, 1 H), 5.53–5.49 (m, 1 H),
5.22 (br, 1 H), 5.04 (dd, J=4.8, 2.2 Hz, 1 H), 3.96 (s, 3 H),
3.07–3.03 (m, 1 H), 2.75–2.49 (m, 2 H), 2.27–2.24 (m, 1 H),
1.98–1.95 (m, 1 H), 1.60 (d, J=6.0 Hz, 6 H); 13C NMR
(100 MHz, CDCl3): d= 173.6, 163.1, 140.0, 137.3, 136.1,
136.0, 130.4, 129.0, 128.7, 114.7, 93.3, 69.2, 51.8, 37.2, 36.5,

31.5, 24.6, 21.9; HR-MS (ESI): m/z=439.0686, calcd. for
C19H22Cl2O6Na [M+Na]+: 439.0686; the enantiomeric
excess and diastereoselective excess were determined by
HPLC (Chiralcel OD-H, hexane/i-PrOH= 90:10, UV =
254 nm, flow rate= 0.7 mL min�1): tR1 = 9.18 min (major) and
tR2 = 12.20 min (minor); ee =93%; de >99%; [a]25

D : +69 (c
0.20, MeOH).

Isopropyl 2-hydroxy-3-(3-methoxy-3-oxopropyl)-4-p-tolyl-
3,4-dihydro-2H-pyran-6-carboxylate (12k): pale yellow oil;
yield: 74%. 1H NMR (400 MHz, CDCl3): d= 7.20–7.04 (m,
4 H), 6.07 (d, J=2.5 Hz, 1 H), 5.63 (s, 1 H), 5.12–5.09 (m,
1 H), 5.07–5.04 (m, 1 H), 3.58 (s, 3 H), 3.44 (dd, J= 4.0,
2.4 Hz, 1 H), 2.34 (s, 3 H), 2.26 (m, 1 H), 1.90 (m, 1 H), 1.83–
1.57 (m, 2 H), 1.26 (dd, J=8.0, 6.4 Hz, 6 H); 13C NMR
(100 MHz, CDCl3): d= 173.9, 163.4, 139.8, 139.2, 137.1,
129.8, 128.7, 128.4, 116.2, 93.4, 69.5, 51.8, 42.2, 40.1, 31.6,
24.6, 22.0, 21.4; HR-MS (ESI): m/z=385.1624, calcd. for
C20H26O6Na [M+Na]+: 385.1622; the enantiomeric excess
and diastereoselective excess were determined by HPLC
(Chiralcel OJ-H, hexane/i-PrOH =90:10, UV=254 nm, flow
rate=0.8 mL min�1): tR1 =14.99 min (major) and tR2 =
8.56 min (minor); ee= 91%; de >99%; [a]25

D : + 92 (c 0.40,
MeOH).

Isopropyl 2-hydroxy-3-(3-methoxy-3-oxopropyl)-4-(2-me-
thoxyphenyl)-3,4-dihydro-2H-pyran-6-carboxylate (12l): pale
yellow oil; yield: 72%. 1H NMR (400 MHz, CDCl3): d=
7.24–7.22 (m, 1 H), 7.13–7.11 (m, 1 H), 6.98–6.96 (m, 2 H),
6.04 (d, J=3.2, 1.6 Hz, 1 H), 5.50 (dd, J= 4.0, 2.2 Hz, 1 H),
5.14–5.11 (m, 1 H), 4.00 (dd, J=3.2 Hz, 1 H), 3.82 (s, 3 H),
3.60 (s, 3 H), 2.36–2.31 (m, 2 H), 2.02–1.98 (m, 1 H), 1.88–
1.81 (m, 1 H), 1.62–1.58 (m, 1 H), 1.27 (dd, J=6.4, 3.0 Hz,
6 H); 13C NMR (100 MHz, CDCl3): d=174.1, 162.8, 157.5,
140.8, 130.5, 129.3, 129.0, 128.3, 120.9, 115.2, 110.8, 93.7,
69.2, 55.5, 51.8, 41.3, 33.7, 33.6, 31.6, 23.6, 22.0; HR-MS
(ESI): m/z =401.1574, calcd. for C20H26O7Na [M+ Na]+:
401.1571; the enantiomeric excess and diastereoselective
excess were determined by HPLC (Chiralcel OD-H,
hexane/i-PrOH =90:10, UV =254 nm, flow rate=
0.5 mL min�1): tR1 = 14.24 min (major) and tR2 = 34.38 min
(minor); ee=98%; de >99%; [a]25

D : +79 (c 0.20, MeOH).
Isopropyl 2-hydroxy-3-(3-methoxy-3-oxopropyl)-4-(3-me-

thoxyphenyl)-3,4-dihydro-2H-pyran-6-carboxylate (12m):
pale yellow oil; yield: 90%. 1H NMR (400 MHz, CDCl3):
d= 7.26–7.22 (m, 1 H), 6.81–6.78 (m, 2 H), 6.76–6.73 (m,
1 H), 6.06 (d, J=2.4 Hz, 1 H), 5.63 (s, 1 H), 5.10–5.07 (m,
1 H), 3.78 (s, 3 H), 3.56 (s, 3 H), 3.46 (dd, J=4.0, 2.0 Hz,
1 H), 2.29–2.23 (m, 1 H), 2.18–2.15 (m, 1 H), 1.92 (s, 1 H),
1.78–1.74 (m, 1 H), 1.67–1.64 (m, 1 H), 1.25–1.22 (m, 6 H);
13C NMR (100 MHz, CDCl3): d=173.8, 163.4, 160.1, 143.8,
139.8, 129.9, 121.1, 115.7, 114.5, 112.4, 93.3, 69.4, 55.4, 51.7,
41.9, 40.5, 31.5, 24.5, 21.9; HR-MS (ESI): m/z= 401.1570,
calcd. for C20H26O7Na [M+Na]+: 401.1571; the enantiomeric
excess and diastereoselective excess were determined by
HPLC (Chiralcel OD-H, hexane/i-PrOH= 90:10, UV =
254 nm, flow rate=0.5 mL min�1): tR1 =14.53 min (major)
and tR2 =29.26 min (minor); ee=93%; de >99%; [a]25

D: + 70
(c 0.50, MeOH).

Isopropyl 2-hydroxy-3-(3-methoxy-3-oxopropyl)-4-(4-me-
thoxyphenyl)-3,4-dihydro-2H-pyran-6-carboxylate (12n):
pale yellow oil; yield: 66%. 1H NMR (400 MHz, CDCl3):
d= 7.12 (d, J=8.6 Hz, 2 H), 6.87 (d, J=8.6 Hz, 2 H), 6.06 (d,
J=2.4 Hz, 1 H), 5.60 (d, J=2.0 Hz, 1 H), 5.12–5.09 (m, 1 H),
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3.80 (s, 3 H), 3.59 (s, 3 H), 3.43–3.39 (m, 1 H), 2.33–2.10 (m,
2 H), 1.90–1.80 (m, 1 H), 1.72–1.57 (m, 2 H), 1.27–1.23 (m,
6 H); 13C NMR (100 MHz, CDCl3): d=173.8, 163.4, 158.8,
139.8, 134.1, 129.6, 116.2, 114.3, 93.4, 69.3, 55.4, 51.7, 42.2,
39.6, 31.5, 29.9, 24.5, 21.9; HR-MS (ESI): m/z= 401.1578,
calcd. for C20H26O7Na [M+Na]+: 401.1571; the enantiomeric
excess and diastereoselective excess were determined by
HPLC (Chiralcel OD-H, hexane/i-PrOH= 92:8, UV =
254 nm, flow rate=0.55 mL min�1): tR1 =16.04 min (major)
and tR2 =27.33 min (minor); ee= 90%; de >99%; [a]25

D :
+104 (c 0.40, MeOH).

Isopropyl 2-hydroxy-3-(3-methoxy-3-oxopropyl)-4-(naph-
thalen-2-yl)-3,4-dihydro-2H-pyran-6-carboxylate (12o):
white solid; yield: 93%; mp 107–108 8C. 1H NMR (400 MHz,
CDCl3): d=7.85–7.81 (m, 3 H), 7.68 (s, 1 H), 7.50–7.47 (m,
2 H), 7.34 (d, J=8.4 Hz, 1 H), 6.15 (d, J= 2.4 Hz, 1 H), 5.69
(s, 1 H), 5.13 (m, 1 H), 3.66 (d, J=2.4 Hz, 1 H), 3.54 (s, 3 H),
2.37–2.26 (m, 1 H), 2.25–2.14 (m, 1 H), 2.09–2.06 (m, 1 H),
1.82–1.65 (m, 2 H), 1.26 (dd, J=7.0, 4.0 Hz, 6 H); 13C NMR
(100 MHz, CDCl3): d= 173.7, 163.3, 140.1, 139.5, 133.7,
132.8, 128.8, 127.9, 127.6, 126.4, 126.0, 115.6, 93.3, 69.4, 51.7,
41.9, 40.7, 31.5, 24.5, 21.9; HR-MS (ESI): m/z= 421.1632,
calcd. for C23H26O6Na [M+Na]+: 421.1622; the enantiomeric
and diastereoselective excess were was determined by
HPLC (Chiralcel OD-H, hexane/i-PrOH= 94:6, UV =
254 nm, flow rate=0.7 mL min�1): tR1 =17.88 min (major)
and tR2 =33.65 min (minor); ee=92%; de >99%; [a]25

D: + 64
(c 0.40, MeOH).

Isopropyl 4-(furan-2-yl)-2-hydroxy-3-(3-methoxy-3-oxo-
propyl)-3,4-dihydro-2H-pyran-6-carboxylate (12p): pale
yellow oil; yield: 92%. 1H NMR (400 MHz, CDCl3): d=
7.36–7.35 (m, 1 H), 6.33–6.31 (m, 1 H), 6.16 (d, J= 3.2 Hz,
1 H), 6.06 (d, J=2.6 Hz , H), 5.60–5.59 (m, 1 H), 5.11–5.08
(m, 1 H), 3.63 (s, 3 H), 2.33–2.19 (m, 2 H), 2.07–2.03 (m, 1 H),
1.82–1.17 (m, 3 H), 1.26 (d, J=6.0 Hz, 6 H); 13C NMR
(100 MHz, CDCl3): d= 173.8, 163.1, 154.7, 142.1, 141.9,
140.4, 112.7, 112.6, 110.5, 107.1, 93.4, 69.5, 51.8, 39.6, 34.3,
31.4, 24.6, 21.9; HR-MS (ESI): m/z=361.1259, calcd. for
C17H22O7Na [M+Na]+: 361.1258; the enantiomeric excess
and diastereoselective excess were determined by HPLC
(Chiralcel OD-H, hexane/i-PrOH =88:12, UV =254 nm,
flow rate=0.5 mL min�1): tR1 = 11.44 min (major) and tR2 =
28.28 min (minor); ee= 91%; de >99%; [a]25

D : + 66 (c 0.50,
MeOH).

Isopropyl 2-hydroxy-3-(2-methoxy-2-oxoethyl)-4-phenyl-
3,4-dihydro-2H-pyran-6-carboxylate (12q): white solid;
yield: 96%; mp 122–123 8C. 1H NMR (400 MHz, CDCl3):
d= 7.33–7.21 (m, 5 H), 6.10 (d, J= 1.4 Hz, 1 H), 5.72 (s, 1 H),
5.13–5.10 (m, 1 H), 3.68 (d, J=4.4 Hz, 1 H), 3.52 (s, 3 H),
2.56–2.52 (m, 1 H), 2.44-2.42 (m, 1 H), 2.31–2.27 (m, 1 H),
1.25 (t, J= 6.8 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d=
172.7, 163.4, 141.6, 140.3, 129.0, 128.9, 127.5, 115.1, 93.3,
69.5, 51.8, 39.8, 33.6 21.9; HR-MS (ESI): m/z= 357.1307,
calcd. for C18H22O6Na [M+Na]+: 357.1309; the enantiomeric
excess and diastereoselective excess were determined by
HPLC (Chiralcel OA3100-H, hexane/i-PrOH= 92:8, UV =
254 nm, flow rate=0.6 mL min�1): tR1 =16.25 min (major)
and tR2 =19.15 min (minor); ee= 91%; de >99%; [a]25

D :
+132 (c 0.50, MeOH).

Isopropyl 2-hydroxy-3-(4-methoxy-4-oxobutyl)-4-phenyl-
3,4-dihydro-2H-pyran-6-carboxylate (12r): white solid; yield:
95%; mp 101–102 8C. 1H NMR (400 MHz, CDCl3): d= 7.34–

7.18 (m, 5 H), 6.08 (d, J=2.4 Hz, 1 H), 5.68 (s, 1 H), 5.12–
5.08 (m, 1 H), 3.55 (s, 3 H), 3.47–3.43 (m, 1 H), 2.17–2.15 (m,
2 H), 1.91–1.83 (m, 1 H), 1.81–1.61 (m, 2 H), 1.59–1.34 (m,
2 H), 1.23 (d, J=6.4 Hz, 6 H); 13C NMR (100 MHz, CDCl3):
d= 174.1, 163.5, 142.6, 139.9, 128.9, 128.8, 127.2, 115.9, 93.4,
69.4, 51.7, 42.2, 40.5, 34.2, 28.6, 22.4, 21.9; HR-MS (ESI): m/
z=385.1639, calcd. for C20H26O6Na [M+Na]+: 385.1627; the
enantiomeric excess and diastereoselective excess were de-
termined by HPLC (Chiralcel OA3100-H, hexane/i-PrOH=
92:8 UV= 254 nm, flow rate=0.6 mL min�1): tR1 =17.77 min
(major) and tR2 =21.16 min (minor); ee=90%; de >99%;
[a]25

D : +109 (c 0.50, MeOH).
Ethyl 2-hydroxy-3-(3-methoxy-3-oxopropyl)-4-phenyl-3,4-

dihydro-2H-pyran-6-carboxylate (12s): white solid; yield:
90%; mp 86–87 8C. 1H NMR (400 MHz, CDCl3): d= 7.38–
7.34–7.32 (m, 2 H), 7.27–7.26 (m, 1 H), 7.23–7.16 (m, 2 H),
6.12 (d, J= 2.4 Hz, 1 H), 5.61 (s, 1 H), 4.27–4.23 (m, 2 H),
3.58 (s, 3 H), 3.47 (dd, J=4.0, 2.4 Hz, 1 H), 2.26 (m, 2 H),
1.85–1.58 (m, 3 H), 1.29–1.26 (m, 3 H); 13C NMR (100 MHz,
CDCl3): d=173.9, 163.8, 142.3, 139.9, 129.1, 128.8, 127.5,
116.2, 93.4, 61.8, 42.3, 40.6, 31.6, 24.5, 14.4; HR-MS (ESI):
m/z= 357.1308, calcd. for C18H22O6Na [M+Na]+: 357.1309;
the enantiomeric excess and diastereoselective excess were
determined by HPLC (Chiralcel OD-H, hexane/i-PrOH=
94:6, UV= 254 nm, flow rate=0.6 mL min�1): tR1 =19.41 min
(major) and tR2 =28.85 min (minor); ee=94%; de >99%;
[a]25

D : +52 (c 0.50, MeOH).
Benzyl 2-hydroxy-3-(3-methoxy-3-oxopropyl)-4-phenyl-

3,4-dihydro-2H-pyran-6-carboxylate (12t): white solid; yield:
98%; mp 114–115 8C. 1H NMR (400 MHz, CDCl3): d= 7.40–
7.13 (m, 10 H), 6.16 (d, J=2.4 Hz, 1 H), 5.61 (d, J= 7.6 Hz,
1 H), 5.29–5.16 (m, 2 H), 3.57 (s, 3 H), 3.48 (dd, J= 2.4 Hz,
1 H), 2.28–2.20 (m, 2 H), 1.82–1.59 (m, 3 H); 13C NMR
(101 MHz, CDCl3): d= 173.9, 163.5, 142.1, 139.8, 135.6,
129.1, 128.8, 128.7, 127.5, 116.6, 93.4, 67.4, 51.9, 42.2, 40.6,
31.6, 24.5; HR-MS (ESI): m/z=419.1462, calcd. for
C23H24O6Na [M+Na]+: 419.1465; the enantiomeric excess
and diastereoselective excess were determined by HPLC
(Chiralcel OJ-H, hexane/i-PrOH =85:15, UV=254 nm, flow
rate=0.8 mL min�1): tR1 =33.29 min (major) and tR2 =
22.15 min (minor); ee= 95%; de >99%; [a]25

D : + 65 (c 0.50,
MeOH).

Benzyl 4-(2-chlorophenyl)-2-hydroxy-3-(3-methoxy-3-oxo-
propyl)-3,4-dihydro-2H-pyran-6-carboxylate (12u): white
solid; yield: 92%; mp 122–123 8C. 1H NMR (400 MHz,
CDCl3): d= 7.49–7.05 (m, 9 H), 6.07 (d, J=2.8 Hz, 1 H),
5.59–5.56 (m, 1 H), 5.28–5.16 (m, 2 H), 4.55–4.51 (m, 1 H),
3.59 (s, 3 H), 2.39–2.20 (m, 2 H), 1.95–1.77 (m, 2 H), 1.68–
1.55 (m, 1 H); 13C NMR (100 MHz, CDCl3): d=173.8, 163.1,
140.5, 139.4, 135.5, 134.6, 130.1, 130.0, 128.7, 128.6, 127.5,
115.1, 93.4, 67.3, 51.8, 41.7, 37.1, 31.5, 23.8; HR-MS (ESI):
m/z= 453.1071, calcd. for C23H23ClNaO6 [M+ Na]+:
453.1075; the enantiomeric excess and and diastereoselec-
tive excess were determined by HPLC (Chiralcel OJ-H,
hexane/i-PrOH =80:20, UV =254 nm, flow rate=
0.6 mL min�1): tR1 =21.99 min (minor) and tR2 = 24.98 min
(major); ee =97%; de >99%; [a]25

D: + 134 (c 0.30, MeOH).
Benzyl 2-hydroxy-3-(3-methoxy-3-oxopropyl)-4-(2-me-

thoxyphenyl)-3,4-dihydro-2H-pyran-6-carboxylate (12v):
pale yellow oil; yield: 87%. 1H NMR (400 MHz, CDCl3):
d= 7.43–7.27 (m, 4 H), 7.27–7.17 (m, 2 H), 7.09 (dd, J= 4.0,
1.6 Hz, 1 H), 6.96–6.93 (m, 2 H), 6.11 (d, J= 3.2 Hz, 1 H),
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5.50–5.49 (m, 1 H), 5.34–5.08 (m, 2 H), 4.01 (dd, J= 3.2,
1.6 Hz, 1 H), 3.81 (s, 3 H), 3.60 (s, 3 H), 2.39–2.25 (m, 2 H),
2.05–1.98 (m, 1 H) 1.88–1.83 (m, 1 H), 1.68–1.53 (m, 1 H);
13C NMR (100 MHz, CDCl3): d=174.1, 163.2, 157.5, 140.5,
130.3, 129.4, 128.7, 128.5, 128.3, 120.9, 116.1, 110.9, 93.7,
67.1, 55.5, 51.7, 41.3, 33.9, 31.6, 23.6; HR-MS (ESI): m/z =
449.1573, calcd. for C24H26NaO7 [M+ Na]+: 449.1571; the
enantiomeric excess and and diastereoselective excess were
determined by HPLC (Chiralcel OD-H, hexane/i-PrOH=
80:20, UV=254 nm, flow rate=0.7 mL min�1): tR1 =
13.26 min (major) and tR2 =32.49 min (minor); ee =99%; de
>99%; [a]25

D: + 124 (c 0.30, MeOH).
Benzyl 2-hydroxy-3-(3-methoxy-3-oxopropyl)-4-(4-me-

thoxyphenyl)-3,4-dihydro-2H-pyran-6-carboxylate (12w):
pale yellow oil; yield: 76%. 1H NMR (400 MHz, CDCl3):
d= 7.45–7.28 (m, 5 H), 7.11–7.08 (m, 2 H), 6.87–6.84 (m,
2 H), 6.13 (d, J=2.6 Hz, 1 H), 5.59 (s, 1 H), 5.22 (dd, J= 12.0,
9.6 Hz, 2 H), 3.79 (s, 3 H), 3.59 (s, 3 H), 3.43–3.39 (m, 1 H),
2.39–2.04 (m, 3 H), 1.76–1.71 (m, 2 H); 13C NMR (100 MHz,
CDCl3): d=173.7, 163.3, 158.9, 139.5, 135.8, 129.8, 129.6,
129.3, 128.7, 128.6, 116.8, 114.4, 93.4, 67.2, 55.4, 51.7, 42.2,
39.6, 31.5, 24.4; HR-MS (ESI): m/z=449.1564, calcd. for
C24H26NaO7 [M+Na]+: 449.1571; the enantiomeric excess
and and diastereoselective excess were determined by
HPLC (Chiralcel OJ-H, hexane/i-PrOH =80:20, UV =
254 nm, flow rate=0.8 mL min�1): tR1 = 25.88 min (minor)
and tR2 = 38.07 min (major); ee= 96%; de >99%; [a]25

D: +78
(c 0.20, MeOH).

Benzyl 2-hydroxy-4-(2-methoxyphenyl)-3-methyl-3,4-dihy-
dro-2H-pyran-6-carboxylate (12x): pale yellow oil; yield:
93%. 1H NMR (400 MHz, CDCl3): d=7.44–7.28 (m, 5 H),
7.23 (d, J= 1.6 Hz, 1 H), 7.11 (dd, J=2.0, 1.6 Hz, 1 H), 6.93-
6.88 (m, 2 H), 6.16 (d, J=2.8 Hz, 1 H), 5.48 (d, J= 2.4 Hz,
1 H), 5.23 (d, J= 9.6 Hz, 2 H), 3.97 (dd, J=4.8, 2.8 Hz, 1 H),
3.81 (s, 3 H), 2.15–2.11 (m, 1 H), 0.94 (d, J=6.8 Hz, 3 H);
13C NMR (100 MHz, CDCl3): d=163.7, 157.8, 140.0, 135.7,
130.7, 129.2, 128.5, 128.5, 120.9, 117.1, 110.9, 95.7, 67.1, 55.6,
37.4, 34.4, 14.3; HR-MS (ESI): m/z=377.1349, calcd. for
C21H22NaO5 [M+Na]+: 377.1359; the enantiomeric excess
and diastereoselective excess were determined by HPLC
(Chiralcel OZ-H, hexane/i-PrOH =90:10, UV =254 nm,
flow rate=0.5 mL min�1): tR1 = 14.67 min (major) and tR2 =
36.55 min (minor); ee= 97%; de >99%; [a]25

D : + 101 (c 0.40,
MeOH).

Benzyl 3-ethyl-2-hydroxy-4-(2-methoxyphenyl)-3,4-dihy-
dro-2H-pyran-6-carboxylate (12y): pale yellow oil; yield:
92%. 1H NMR (400 MHz, CDCl3): d=7.42–7.28 (m, 5 H),
7.25–7.20 (m, 1 H), 7.11 (dd, J= 4.0, 1.6 Hz, 1 H), 6.99- 6.81
(m, 2 H), 6.12 (d, J=2.8 Hz, 1 H), 5.61 (d, J= 2.0 Hz, 1 H),
5.22 (dd, J=12.4, 9.6 Hz, 2 H), 4.02 (dd, J= 4.0, 2.4 Hz, 1 H),
3.80 (s, 3 H), 1.93–1.82 (m, 1 H), 1.59–1.45 (m, 1 H), 1.36–
1.21 (m, 1 H), 0.86 (t, J=7.6 Hz, 3 H); 13C NMR (100 MHz,
CDCl3): d 163.5, 157.7, 140.0, 135.7, 130.8, 130.2, 129.3,
129.0, 128.7, 128.6, 128.5, 128.1, 120.9, 117.0, 110.8, 93.7,
67.1, 55.5, 43.6, 33.4, 21.4, 11.6; HR-MS (ESI): m/z=
391.1508, calcd. for C22H24NaO5 [M+Na]+: 391.1516; the
enantiomeric excess and diastereoselective excess were de-
termined by HPLC (Chiralcel OZ-H, hexane/i-PrOH=
90:10, UV=254 nm, flow rate=0.5 mL min�1): tR1 =
12.72 min (major) and tR2 =43.81 min (minor); ee =97%; de
>99%; [a]25

D: + 87 (c 0.20, MeOH).

Benzyl 2-hydroxy-3-isopropyl-4-(2-methoxyphenyl)-3,4-di-
hydro-2H-pyran-6-carboxylate (12z): pale yellow oil; yield:
42%. 1H NMR (400 MHz, CDCl3): d=7.43–7.29 (m, 5 H),
7.25–7.18 (m, 1 H), 7.13 (dd, J= 1.6, 1.2 Hz, 1 H), 6.97–6.85
(m, 2 H), 6.10 (d, J=2.8 Hz, 1 H), 5.68 (d, J= 2.0 Hz, 1 H),
5.26 (d, J= 12.4 Hz, 2 H), 4.24 (dd, J=2.8, 2.4 Hz, 1 H), 3.81
(s, 3 H), 2.09–2.01 (m, 1 H), 1.73–1.58 (m, 1 H), 0.95 (d, J=
7.0 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d=163.5, 157.6,
139.3, 135.8, 130.7, 129.4, 129.3, 128.7, 128.5, 128.4,128.1,
128.0, 120.9, 118.3, 111.0, 93.8, 67.0, 55.5, 46.7, 33.5, 27.3,
21.3, 19.2; HR-MS (ESI): m/z=405.1669, calcd. for
C23H26NaO5 [M+Na]+: 405.1672; the enantiomeric excess
and diastereoselective excess were determined by HPLC
(Chiralcel OZ-H, hexane/i-PrOH =90:10, UV =254 nm,
flow rate=0.5 mL min�1): tR1 = 11.28 min (major) and tR2 =
23.29 min (minor); ee= 98%; de >99%; [a]25

D : + 78 (c 0.40,
MeOH).

Ethyl 4-ethyl-2-hydroxy-3-(3-methoxy-3-oxopropyl)-3,4-di-
hydro-2H-pyran-6-carboxylate (12aa): pale oil; yield: 87%.
1H NMR (400 MHz, CDCl3): d=6.07 (d, J= 3.2 Hz, 1 H),
5.43 (d, J= 2.0 Hz, 1 H), 4.23–4.20 (m, 2 H), 3.64 (s, 3 H),
2.44–2.39 (m, 2 H), 2.23–2.19 (m, 1 H), 1.84–1.50 (m, 5 H),
1.28 (t, J=7.2 Hz, 3 H), 0.92 (t, J=7.2 Hz, 3 H); 13C NMR
(100 MHz, CDCl3): d=174.1, 163.5, 140.1, 115.8, 93.1, 61.5,
51.8, 38.9, 34.7, 31.5, 25.1, 23.6, 14.4, 10.6; HR-MS (ESI): m/
z=309.1299, calcd. for C14H22NaO6 [M+Na]+: 309.1309; the
enantiomeric excess and diastereoselective excess were de-
termined by HPLC (Chiralcel OZ-H, hexane/i-PrOH =91:9,
UV= 254 nm, flow rate= 0.7 mL min�1): tR1 =15.46 min
(major) and tR2 =39.90 min (minor); ee=95%; de >99%;
[a]25

D : +117 (c 0.40, MeOH).
Ethyl 2-hydroxy-3-(3-methoxy-3-oxopropyl)-4-pentyl-3,4-

dihydro-2H-pyran-6-carboxylate (12ab): pale yellow oil;
yield: 73%. 1H NMR (400 MHz, CDCl3): d=6.07 (d, J=
3.2 Hz, 1 H), 5.42 (d, J=2.0 Hz, 1 H), 4.23–4.20 (m, 2 H),
3.64 (s, 3 H), 2.47–2.34 (m, 2 H), 2.20–2.18 (m, 1 H), 1.80–
1.76 (m, 1 H), 1.62–1.47 (m, 2 H), 1.28–1.26 (m, 11 H), 0.86
(t, J=6.8 Hz, 3 H); 13C NMR (100 MHz, CDCl3): d= 174.1,
163.5, 139.9, 116.1, 93.1, 61.5, 51.8, 39.6, 33.5, 32.5, 32.1,31.5,
25.9, 23.7, 22.8, 14.4, 14.3; HR-MS (ESI): m/z= 351.1769,
calcd. for C17H28NaO6 [M+Na]+: 351.1778; the enantiomeric
excess and diastereoselective excess were determined by
HPLC (Chiralcel OZ-H, hexane/i-PrOH =92:8, UV=
254 nm, flow rate=0.6 mL min�1): tR1 =17.35 min (major)
and tR2 =48.10 min (minor); ee= 93%; de >99%; [a]25

D :
+113 (c 0.40, MeOH).

General Procedure for Cyclization

The hemiacetal ester (5 mmol) was dissolved in toluene
(20 mL) and was treated with pyridinium para-toluenesulfo-
nate (PPTS, 0.1 equiv.). The solution was refluxed for 4 h.
The solvent was then evaporated and the residue was puri-
fied by flash column silica-gel chromatography (PE/EA= 8/
1) to provide the corresponding adducts of cyclization.

Isopropyl 7-oxo-4-phenyl-4,4a,5,6,7,8a-hexahydropyrano-ACHTUNGTRENNUNG[2,3-b]pyran-2-carboxylate (13a): pale yellow oil; yield:
1.45 g (95%). 1H NMR (400 MHz, CDCl3): d= 7.53–6.98 (m,
5 H), 6.19 (d, J=3.6 Hz, 1 H), 5.74 (d, J= 2.2 Hz, 1 H), 5.17–
5.13 (m, 1 H), 3.40 (dd, J=6.4, 3.8 Hz, 1 H), 2.83–2.46 (m,
2 H), 2.32–2.29 (m, 1 H), 1.91–1.88 (m, 2 H), 1.31 (d, J=
6.4 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d=168.9, 161.3,
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141.7, 141.3, 129.3, 128.2, 127.9, 112.4, 96.7, 69.7, 40.2, 36.7,
27.5, 22.0, 19.9; HR-MS (ESI): m/z=339.1206, calcd. for
C18H20O6Na [M+Na]+: 339.1203.

Isopropyl 2-oxo-4-phenyl-3,3a,4,7a-tetrahydro-2H-furo-ACHTUNGTRENNUNG[2,3-b]pyran-6-carboxylate (13q): pale yellow oil; yield:
1.41 g (93%). 1H NMR (400 MHz, CDCl3): d= 7.38–7.35 (m,
2 H), 7.32–7.30 (m, 1 H), 7.22–7.14 (m, 2 H), 6.23 (d, J=
4.6 Hz, 1 H), 5.93 (d, J=4.4 Hz, 1 H), 5.16–5.13 (m, 1 H),
3.47 (m, 1 H), 2.82–2.64 (m, 2 H), 2.55–2.40 (m, 1 H), 1.31
(dd, J= 6.4, 2.4 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d=
173.7, 161.1, 142.3, 141.1, 129.5, 128.0, 127.8, 110.3, 97.6,
69.8, 40.7, 39.1, 33.1, 22.0; HR-MS (ESI): m/z= 325.1036,
calcd. for C17H18O5Na [M+ Na]+: 325.1046.

Isopropyl 8-oxo-4-phenyl-4a,5,6,7,8,9a-hexahydro-4H-
pyrano [2,3-b]oxepine-2-carboxylate (13r): pale yellow oil;
yield: 1.50 g (88%). 1H NMR (400 MHz, CDCl3): d= 7.38–
7.11 (m, 5 H), 6.44 (s, 1 H), 5.99 (d, J= 4.4 Hz, 1 H), 5.17–
5.00 (m, 1 H), 4.07 (d, J=4.4 Hz, 1 H), 3.60 (s, 1 H), 2.24–
2.17 (m, 2 H), 1.72–1.68 (m, 3 H), 1.61–1.57 (m, 1 H), 1.24
(dd, J= 8.4, 3.8 Hz, 6 H); 13C NMR (100 MHz, CDCl3): d=
173.9, 161.5, 143.3, 140.3, 136.5, 128.9, 128.7, 114.0, 113.0,
69.3, 51.7, 40.3, 33.3, 29.4, 21.9 21.5; HR-MS (ESI-TOF): m/
z=353.1371, calcd. for C19H22O5Na [M+Na]+: 353.1359.
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