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a b s t r a c t

Stereoselective total syntheses of aggregation pheromones (þ)-exo-brevicomin (9a), (�)-exo-brevicomin
(9b), (þ)-endo-brevicomin (9c), (�)-endo-brevicomin (9d) and styryllactones (þ)-cardiobutanolide (14a),
(�)-cardiobutanolide (14b), and (þ)-goniofufurone (19a) were achieved in good yields from enantio-
merically pure highly functionalized furanoid glycal building blocks (1aed) involving similar synthetic
strategies, thus making these furanoid glycals highly useful building blocks in diversity-oriented syn-
thesis (DOS).

� 2011 Elsevier Ltd. All rights reserved.
Fig. 1. Structures of furanoid glycals 1aed.
1. Introduction

The chiral building blocks (CBBs) derived from commercially
available carbohydrates are most important chiral synthons for total
synthesis of functionally and stereochemically simple and complex
natural products. This approach of synthesis utilizing the stereo-
chemistry of the starting material is customarily known as the ‘chi-
ron’ approach synthesis1a,b and it becomes very cost effective if
starting material is derived from inexpensive carbohydrate or amino
acid. The stereoselective synthesis of small molecule natural prod-
ucts with multiple chiral centers starting from easily accessible
startingmaterial of choice is a challenging task to an organic chemist.
However, their synthesis could be possible starting from inexpensive
stereochemically pure building blocks or CBBs that should be either
commercially available or synthesized in the laboratory. The prepa-
ration of attractive building blocks from carbohydrates and their use
for the synthesis of various biologically active simple or complex
natural products has received considerable attention from organic
chemists. Therefore, the stereocontrolled synthesis of CBBs is an
important objective in organic chemistry. Since last few years we are
working toward the synthesis of enantiomerically pure sugar derived
building blocks and their utilization to accomplish the total synthesis
of target natural products1d,f and natural product like molecule-
s.1c,e,g,h,j Recently, we disclosed an efficient protocol for the synthesis
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of stereochemically pure four different furanoid glycals 1aed (Fig. 1)
synthesized from our earlier reported easily accessible enantio-
merically pure 2,3,4-trisubstituted THF scaffolds.1i Now, to continue
our ongoing programme and also to show the synthetic applications
of these furanoid glycals or in other way their precursor THF scaf-
folds, we have identified few natural products with different bi-
ological activities, such as aggregation pheromones brevicomins
(9aed), styryllactones cardiobutanolides (14a,b) and (þ)-goniofu-
furone (19a) (Fig. 2) whose syntheses can be possible from furanoid
glycal building blocks (1aed).
2. Results and discussion

2.1. Synthesis of brevicomins (9aed)

The 6,8-dioxabicyclo[3.2.1]octane skeleton is a structural sub-
unit in complex natural products like palytoxin2a and pinnatoxin
A,2b and also in simpler insect pheromones, such as exo- and
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Fig. 2. Structures of brevicomins (9aed), (þ)-cardiobutanolide (14a), (�)-car-
diobutanolide (14b), and (þ)-goniofufurone (19a).

Scheme 2. Synthesis of (þ)-exo-brevicomin 9a.
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endo-brevicomins (9aed, Fig. 2). Alkylated 6,8-dioxabicyclo[3.2.1]
octanes are well-known aggregation pheromones isolated from
several species of the bark beetles and play an important role in the
system of chemical communication amongst them. These beetles
infect pine trees causing great ecological and economic damage.
Brevicomin and frontalin were some of the earliest alkylated 6,8-
dioxabicyclo[3.2.1]octanes to be identified important head space
volatiles obtained from different Dendroctonus species.2cee The exo-
and endo-isomers of brevicomin are component of the volatiles of
several economically important bark beetles in the genera Den-
droctonus and Dryocoetes.2cee,3,4 Amongst various alkyl derivatives,
(þ)-exo-brevicomin was identified as a key component of aggre-
gation pheromone from the frass of the females of western pine
beetle, Dendroctonus brevicomis, which is a principal pest in the
timber regions on the western coast of North America.2cee,3

(þ)-endo-Brevicomin is an aggregation pheromone of Dryocoetes
autographus, a damaging pest of Norway spruce.2d,4b (þ)-endo-
Brevicomin also acts as an aggregation pheromone of southern pine
beetles, Dendroctonus frontalis, to the female-produced pheromone
frontalin, while (�)-endo-brevicomin acts as an antiaggregation
pheromone for this insect.4d,f

Encouraged by biological activities of brevicomins, various
synthetic approaches have been devised for their synthesis.5,6

Herein, we report the synthesis of two pairs of enantiomer of
brevicomins viz. (þ)-exo-, (�)-exo-brevicomins and (þ)-endo-,
(�)-endo-brevicomins from similar type of furanoid glycals (1aed),
respectively.

The general retrosynthetic prospective of brevicomins 9aed is
delineated in Scheme 1. Here, we realized that the selection of the
furanoid glycal building blocks could rely upon the two contiguous
stereocenters of immediate precursors 8 of the target brevicomins.
Thus, in the case of synthesis of (þ)-exo-brevicomin 9a, the C-6 and
C-7 stereocenters of threo-alcohol 8a could be derived from C-3 and
C-4 of threo-furanoid glycal 1a. Similarly, its optical antipode
(�)-exo-brevicomin 9b could be synthesized from threo-furanoid
glycal 1b via the intermediates threo-alcohol 8b and threo-lactone
6b. Further, based on the above argument the synthesis of
Scheme 1. General retrosynthetic strategy for brevicomins (9aed) from enantio-
merically pure similar furanoid glycals 1aed.
(þ)-endo-brevicomin 9c and its optical isomer 9d could similarly be
possible from enantiomerically pure erythro-furanoid glycals 1c
and 1d, respectively.

Our synthetic strategy to synthesize (þ)-exo-brevicomin from
furanoid glycal 1a (1,4-anhydro-2-deoxy-5,6-O-isopropylidene-3-
O-benzyl-D-arabino-hex-1-enitol) is shown in Scheme 2. The glycal
1a was converted into 2a by oxymercurationedemercuration7 se-
quence in 98% yield. The anomeric OHwas oxidizedwith PDC in dry
DCM at refluxing temperature for 2 h to obtain lactone 3a as
a white solid in 75% yield. Deprotection of the acetonide in 3a was
carried out smoothly with 60% aqueous AcOH at room temperature
for 18e20 h to give diol 4a as a white solid, which was without
further purification, mesylated with MsCl in pyridine at 0 �C for 3 h
to afford dimesyl derivative 5a. The diester 5a as such was imme-
diately subjected to undergo reductive elimination8 with NaI in
butan-2-one at reflux temperature for 12 h to give vinyl-
butyrolactone derivative 6a in 71% yield for three steps. Its re-
duction with DIBALH was carried out at �78 �C in dry toluene to
obtain lactol 7a in 86% yield. While Wittig olefination of lactol 7a
with Ph3PCHCOCH3 in dry acetonitrile to furnish an intermediate
7a0 by the literature method5h did not produce any result, per-
forming the same reaction in dry toluene followed by Raney-Ni
hydrogenation of the resulting product with two double bonds
afforded column purified ketone 8a in 52% yield in two steps.
Finally, the simultaneous hydrogenolysis of OBn in 8a in the pres-
ence of Pd/C in MeOH and intramolecular acetalizationwith a trace
of 3 N HCl (Scheme 2) delivered the target (þ)-exo-brevicomin 9a
in 44% yield.5h,6i,k The physical and spectroscopic data of our syn-
thetic sample 9a are identical to those of the reported natural and
synthetic product.2c
After having completed the total synthesis of (þ)-exo-brevico-
min 9a from furanoid glycal 1a, the similar reaction sequence was
successfully followed for the synthesis of (�)-exo-brevicomin 9b
from 1b (1,4-anhydro-2-deoxy-5,6-O-isopropylidene-3-O-benzyl-
L-arabino-hex-1-enitol) (Scheme 3), (þ)-endo-brevicomin 9c from
1c (1,4-anhydro-2-deoxy-5,6-O-isopropylidene-3-O-benzyl-L-ribo-
hex-1-enitol) (Scheme 4) and (�)-endo-brevicomin 9d from 1d
(1,4-anhydro-2-deoxy-5,6-O-isopropylidene-3-O-benzyl-D-ribo-
hex-1-enitol) (Scheme 5).

2.2. Synthesis of cardiobutanolides (14a,b)

For a long time Asian trees of the genus Goniothalamus of the
plant family Annonaceae have been the subject of extensive in-
vestigation most particularly due to its proven use in folk medicine
as well as the diverse and potent polyketide constituents it offers.9



Fig. 3. Naturally occurring representative styryllactones.

Scheme 3. Synthesis of (�)-exo-brevicomin 9b.

Scheme 4. Synthesis of (þ)-endo-brevicomin 9c.

Scheme 5. Synthesis of (�)-endo-brevicomin 9d.

Scheme 6. General retrosynthetic strategy for cardiobutanolides (14a,b) from enan-
tiomerically pure furanoid glycals 1a,b.

Scheme 7. Synthesis of (þ)-cardiobutanolide 14a.
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The leaves and extracts of Goniothalamus are traditionally used for
the treatments of edema and rheumatism,9a and also as a pain
killer, mosquito repellent,9b and an abortifacient.9c The research
group of McLaughlin have reported the isolation and character-
ization of a series of styryllactones from several species of the genus
Goniothalamus (Annonaceae). These molecules were shown to
possess various important biological activities like pesticidal,
ratogenic, embryotoxic. The significant to marginal cytotoxic ac-
tivity against human tumor cell lines were also found in these
styryllactones (Fig. 3).10e12 Hisham et al. have reported the isolation
of (þ)-cardiobutanolide 14a, a pharmacologically active natural
product from the stem bark of Goniothalamus cardiopetalus, along
with other known styryllactones in 2003.13 Its structural com-
plexity owing to five contiguous chiral centers and potential
pharmacological activity attracted the attention of synthetic or-
ganic chemists in recent years. After its first synthesis employing
anti selective boronate aldol reaction of L-erythrulose derivative in
9% overall yield reported by Murga et al.14 six more total synthesis
and one formal synthesis of this molecule have been reported.15

Encouraged by the pharmacological activity and complex struc-
ture of (þ)-cardiobutanolide 14a endowed with five contiguous
chiral centers each bearing oxygen functionality, we became also
interested to take up the ‘chiron’ approach to synthesis of both the
enantiomers of this molecule.

Based on the retrosynthetic plan as described in Scheme 6, we
realized that while the stereocenters C-3 and C-4 of (þ)-car-
diobutanolide 14a could be translated from furanoid glycal 1a, the
remaining three stereocenters have to be created. Thus, the syn-
thesis of (þ)-cardiobutanolide 14a could be initiated from furanoid
glycal 1a. The key intermediate 6awas prepared from the furanoid
glycal 1a as described in Scheme 2. The olefin cross metathesis
reaction15e between 6a and (S)-1-phenyl-2-propene-1-ol with
Grubbs’ second generation catalyst (2.8 mol %) in refluxing DCM
furnished allylic alcohol 10a in 74% yield. It was silylated with TBSCl
in the presence of imidazole in dry DCM at 0 �C to afford silyl ether
11a in 93% yield. Its asymmetric dihydroxylation with AD-mix-b in
1:1 tBuOH/H2O afforded a separable mixture of diastereomers in 5%
and 67% yield. Our desired compound identified as 12a was
obtained in 67% yield, which was utilized to complete the synthesis
of the title compound. The silyl ether deprotection of 12a with
amberlyst 15 resin in dry acetonitrile produced 13a in 94% yield.
Finally, its O-benzyl deprotection by Pd(OH)2 catalyzed hydro-
genolysis in dry MeOH furnished the desired natural product
(þ)-cardiobutanolide 14a in 67% yield (Scheme 7). The physical and
spectroscopic data of our synthetic sample 14a are identical to
those of the reported natural and synthetic product.14,15
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Similarly, the (�)-cardiobutanolide 14b was synthesized from
1b, an optical antipode of 1a by adopting the reaction sequence
similar to that employed for the synthesis of its enantiomer 14a.
The olefin cross metathesis reaction between compound 6b de-
rived from 1b (Scheme 3) and (R)-1-phenyl-2-propene-1-ol with
Grubbs’ second generation catalyst (2.8 mol %) furnished allylic
alcohol 10b in 74% yield. Its silylated derivative 11b on asymmetric
dihydroxylation with AD-mix-a in 1:1 tBuOH/H2O afforded a sepa-
rable mixture of diastereomers. The desired isomer 12b (enantio-
mer of 12a) was obtained in 58% yield along with its other
diastereomer in 8% yield. After having 12b in hand, the remaining
two synthetic steps similar to that employed for the synthesis of
(þ)-cardiobutanolide 14a (vide supra) were followed to complete
the synthesis of (�)-cardiobutanolide 14b (Scheme 8). The spectral
data of 14b are in complete agreement with the reported natural
product (þ)-cardiobutanolide 14a.14,15
Scheme 8. Synthesis of (�)-Cardiobutanolide 14b.

Scheme 10. Synthesis of (þ)-goniofufurone 19a.
2.3. Synthesis of (D)-goniofufurone 19a

(þ)-Goniofufurone (19a), a cytotoxic styryllactone that was
isolated from the stem bark of Goniothalamus giganteus Hook. f.,
Thomas (Annonaceae), obtained from Thailand in 1990.12c The
absolute configuration was significantly established independently
by Shing and J€ager by synthesis of the unnatural ent-(�)-goniofu-
furone.16 Owing to significant cytotoxic activity toward several
human tumors cell lines and moderate toxicity to brine shrimp
(BS), as well as the interesting heterocyclic skeletons, (þ)-gonio-
fufurone 19a and its stereoisomers have been synthesized by many
groups from different starting materials.17 After successfully com-
pleting the total syntheses of isomeric four brevicomins and two
cardiobutanolides from furanoid glycals, herein we wish to report
the total synthesis of cytotoxic natural (þ)-goniofufurone 19a.

The retrosynthetic strategy of (þ)-goniofufurone 19a as shown
below (Scheme 9) revealed that its synthesis could also be possible
from furanoid glycal 1a as we envisaged in the case of (þ)-car-
diobutanolide 14a. Here, we visualized that the immediate pre-
cursor 18a of the target natural product 19a could easily be
accessed from 12a, which in turn could be obtained by the exten-
sion of furanoid glycal 1a via the intermediates 2a/11a as de-
scribed in the synthesis of (þ)-cardiobutanolide 14a (Scheme 7).
Scheme 9. Retrosynthetic strategy for (þ)-goniofufurone (19a) from enantiomerically
pure furanoid glycal 1a.
The acetonide protection of two free OH in 12a afforded globally
OH protected derivative 15a in 83% yield. Its hydrogenolysis in the
presence of Pd(OH)2 in dry EtOAc gave O-benzyl deprotected de-
rivative 16a in 87% yield, which on mesylation with MsCl/Et3N at
0 �C in dry DCM for 1 h followed by elimination18of MsOH under
basic condition furnished the a,b-unsaturated lactone 17a in 92%
yield. Its treatment with THF/AcOH/2 N HCl (1:1:1) at room tem-
perature delivered the triol 18a in 56% yield.17t Finally, it was sub-
jected to DBU catalyzed bicyclic ring formation by the participation
of its 6-OH to furnish the title natural product (þ)-goniofufurone
19a as a white solid in 64% yield (Scheme 10). The physical and
spectroscopic data of 19a are identical to those of the reported
natural and synthetic product.12c,16,17
3. Conclusion

In conclusion, this paper reports the stereoselective total synthe-
ses of four isomeric aggregationpheromones, (þ)-exo-brevicomin9a,
(�)-exo-brevicomin 9b, (þ)-endo-brevicomin 9c, (�)-endo-brevico-
min 9d, two enantiomeric styryllactones (þ)-cardiobutanolide 14a,
(�)-cardiobutanolide 14b, and another styryllactone (þ)-goniofu-
furone 19abyutilizingour earlier reported stereochemically different
furanoid glycal key building blocks (1aed) derived from commer-
ciallyavailable sugars.1i The selectionof furanoid glycals (1aed) in the
present work was done on the basis of the stereochemistries of the
chiral centers of the above mentioned target molecules. The impor-
tance of the work, described in this paper, lies in the fact that the
strategiesemployed for thesynthesisof all the title compoundscanbe
followed to access some other unnatural diastereoisomers of car-
diobutanolides, which are hitherto unreported and also natural and
unnatural goniofufurones by using these furanoid glycals more effi-
ciently compared to the synthetic routes previously reported in the
literature. To the best of our knowledge the synthesis of unnatural
(�)-cardiobutanolide 14b has not yet been reported. Earlier, we have
shown the importance of all the precursors (THF scaffolds) of these
furanoid glycals by utilizing them as a source of chirality for the
syntheses of natural products1d,f and different molecules of various
biological properties as well.1e,h,j Therefore, it is worth mentioning
that these enantiomerically pure furanoid glycals and their pre-
cursors,which can be prepared inmulti gram scale have proven to be
versatile building blocks for diversity-oriented synthesis (DOS) of
variety of natural products and molecules of biological importance.
4. Experimental section

4.1. General

Organic solvents were dried by standard methods. All the
products were characterized by 1H, 13C, two-dimensional
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homonuclear COSY (correlation spectroscopy), heteronuclear sin-
gle quantum coherence (HSQC), heteronuclear multiple bond cor-
relation spectroscopy (HMBC), IR, DARTeHRMS, and EI-HRMS (C, H,
O). Analytical TLC was performed using 2.5�5 cm plates coated
with a 0.25 mm thickness of silica gel (60F-254), visualization was
accomplished with CeSO4 or 10% H2SO4/MeOH and subsequent
charring over hot plate. Column chromatography was performed
using silica gel (60e120 mesh) and silica gel (230e400 mesh). NMR
spectra were recorded on Bruker Avance 200 MHz spectrometer at
200 MHz (1H) and 50 MHz (13C), Bruker Avance 300 MHz spec-
trometer at 300 MHz (1H) and 75 MHz (13C), 400 MHz spectrome-
ter at 400 MHz (1H) and 100 MHz (13C), and Bruker Avance
600 MHz spectrometer at 600 MHz (1H). Experiments were recor-
ded in CDCl3 or CDCl3þCCl4 1:1 mixture, methanol-d4 and acetone-
d6 at 25 �C. Chemical shifts are given on the d scale and are refer-
enced to the TMS at 0.00 ppm for proton and 0.00 ppm for carbon.
For 13C NMR reference CDCl3 appeared at 77.00 ppm. For 13C NMR
in CDCl3þCCl4 mixture CCl4 appeared at 96.2 ppm. For 1H NMR
spectra methanol-d4 appeared at 3.35 ppm and for 13C NMR spectra
methanol-d4 appeared at 49.00 ppm. For 1H NMR spectra acetone-
d6 appeared at 2.83 ppm and for 13C NMR spectra acetone-d6
appeared at 206.4 ppm. For IR spectra were recorded on Per-
kineElmer 881 and FTIR-8210 PC Shimadzu Spectrophotometers.
Mass spectra were recorded on a JEOL JMS-600H high resolution
spectrometer using EI mode at 70 eV. DARTeHRMS were recorded
on a JEOL-AccuTOF, JMS-T100LC spectrometer. Optical rotations
were determined on an Autopol III polarimeter using a 1 dm cell at
25e32 �C in chloroform and methanol as the solvents; concentra-
tions mentioned are in g/100 mL. Systematic (IUPAC) names of all
the compounds have been given based on THF derivative.

4.2. General procedure for the synthesis of compounds 2aed

To the glycal 1a (515 mg, 1.86 mmol) in THF/H2O (1:1, 10 mL)
Hg(OAc)2 (654 mg, 2.05 mmol) was added at 25 �C. The reaction
mixture was stirred at the same temperature for 30 min and af-
terward the solution was kept at 0 �C for 15 min. To this reaction
mixture 1.7 mL aqueous solution of KI (4.38 g, 0.026 mol in 5 mL
water) was added and the reaction mixture was stirred for another
15 min. To the resulting reaction mixture at 0 �C, 4.4 mL aqueous
solution of NaBH4 (80 mg, 2.11 mmol in 5 mL water) was added
drop wise over 15 min and it was stirred for 1.5 h. The insoluble
part was removed by filtration through a bed of Celite and washed
with EtOAc (3�5 mL). The filtrate was separated and the organic
layer was washed successively with saturated aqueous solutions of
KI, Na2S2O7 and brine. The organic layer was separated and dried
over anhydrous Na2SO4. The solvent was evaporated under reduced
pressure to a residue, which was purified by column chromatog-
raphy (60e120 mesh silica gel) to obtain furanose 2a (538 mg, 98%,
a:b¼1:1) as a pale yellow syrup. Analogous protocol was adopted
for the synthesis of 2bed.

4.2.1. (4R,5S)-4-(Benzyloxy)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)
tetrahydrofuran-2-ol (2a). Pale yellow syrup; yield: 98%
(a:b¼1:0.6) (538 mg). Eluent for column chromatography: EtOAc/
hexane (4/21, v/v); Rf¼0.39 (1/2 EtOAc/hexane); IR (neat): n¼761,
1072, 1216, 1617, 1711, 2360, 2931, 3022, 3443 cm�1; 1H NMR
(300 MHz, CDCl3): d 1.40e1.42 (5.4H, m, J¼3.6 Hz, Me, MeD),
1.45e1.46 (5.2H, m, J¼4.4 Hz, Me, MeD), 1.99e2.12 (2H, m),
2.25e2.29 (2H, m), 3.75 (1H, d, J¼11.8 Hz,eOH), 3.89 (1H, dd, J¼3.5,
7.9 Hz), 3.97e4.28 (5.8H, m), 4.39e4.62 (2.8H, m), 4.69 (2H, s), 5.39
(1H, dd, J¼4.7, 11.5 Hz), 5.67e5.73 (0.6H, m), 7.29e7.37 (8H, m); 13C
NMR (75 MHz, CDCl3): d 25.3 (CH3D), 25.4 (CH3), 26.6 (CH3D), 26.7
(CH3), 39.4 (CH2), 40.5 (CH2D), 66.7 (CH2D), 67.4 (CH2), 71.5 (CH2D),
72.2 (CH2), 73.4 (CHD), 73.9 (CH), 78.0 (CH), 78.5 (CHD), 80.9 (CHD),
84.0 (CH), 98.1 (CHD), 99.1 (CH), 108.6 (qCD), 108.9 (qC), 127.4, 127.5,
127.7, 127.9, 128.3, 128.4 (ArC, ArCD), 137.4 (ArqC), 138.1 (ArqCD); EI-
HRMS: [M]þ�, found 294.1457. C16H22O5 requires 294.1467.

4.2.2. (4S,5R)-4-(Benzyloxy)-5-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)
tetrahydrofuran-2-ol (2b). Pale yellow syrup; yield: 82% (a:b¼1:1)
(450 mg). Eluent for column chromatography: EtOAc/hexane (4/21,
v/v); Rf¼0.40 (1/2 EtOAc/hexane); IR (neat): n¼761, 1072, 1216, 1617,
1711, 2360, 2931, 3443 cm�1; 1H NMR (300 MHz, CDCl3): d 1.37e1.39
(6H, m, J¼4.8 Hz, Me, MeD), 1.42 (6H, br s, Me, MeD), 1.96e2.07 (2H,
m), 2.21e2.31 (2H, m), 3.79e3.83 (1H, m), 3.87 (1H, dd, J¼3.5,
7.8 Hz), 3.93e4.09 (3H, m), 4.14e4.26 (4H, m), 4.36e4.47 (2H, m),
4.49 (1H, d, J¼11.9 Hz), 4.56 (1H, d, J¼11.9 Hz), 4.61e4.69 (2H, m),
5.37 (1H, dd, J¼5.0, 11.5 Hz), 5.64e5.66 (1H, m), 7.26e7.36 (10H, m);
13C NMR (75 MHz, CDCl3): d 25.3 (CH3D), 25.4 (CH3), 26.6 (CH3D), 26.7
(CH3), 39.4 (CH2), 40.5 (CH2D), 66.7 (CH2D), 67.4 (CH2), 71.5 (CH2D),
72.2 (CH2), 73.4 (CHD), 73.8 (CH), 77.9 (CH), 78.6 (CHD), 80.9 (CHD),
83.9 (CH), 98.1 (CHD), 99.1 (CH), 108.6 (qCD), 108.9 (qC), 127.4, 127.5,
127.7, 127.9, 128.3, 128.4 (ArC, ArCD), 137.4 (ArqC), 138.1 (ArqCD); EI-
HRMS: [M�CH3]þ�, found 279.1221. C15H19O5 requires 279.1232.

4.2.3. (4R,5R)-4-(Benzyloxy)-5-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)
tetrahydrofuran-2-ol (2c). Pale yellow syrup; yield: 73% (a:b¼1:1)
(400 mg). Eluent for column chromatography: EtOAc/hexane (4/21,
v/v); Rf¼0.38 (1/2 EtOAc/hexane); IR (neat): n¼670, 761, 1216, 1636,
2361, 3022, 3427 cm�1; 1H NMR (300 MHz, CDCl3): d 1.33 (6H, s,
Me, MeD), 1.44 (6H, s, Me, MeD), 2.01e2.29 (4H, m), 3.70e3.80 (3H,
m), 3.86e3.94 (2H, m), 4.06e4.12 (3H, m), 4.17e4.31 (4H, m),
4.52e4.65 (4H, m), 5.42 (1.4H, dd, J¼4.6, 10.9 Hz), 5.56e5.61 (0.5H,
m) 7.28e7.38 (10H, m); 13C NMR (75 MHz, CDCl3): d 24.9 (CH3D),
25.0 (CH3), 26.5 (CH3D), 26.7 (CH3), 38.8 (CH2), 41.0 (CH2D), 66.5
(CH2D), 67.1 (CH2), 71.3 (CH2, CH2D), 75.2 (CH), 76.2 (CHD), 79.3
(CHD), 79.6 (CH), 84.8 (CH), 84.9 (CHD), 99.3 (CHD), 99.4 (CH), 109.7
(qC), 109.8 (qCD), 127.7, 127.8, 127.9, 128.4, 128.5 (ArC, ArCD), 137.3
(ArqC), 137.8 (ArqCD); EI-HRMS: [M]þ�, found 294.1451. C16H22O5
requires 294.1467.

4.2.4. (4S,5S)-4-(Benzyloxy)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)
tetrahydrofuran-2-ol (2d). Pale yellow syrup; yield: 98% (a:b¼1:1)
(538 mg). Eluent for column chromatography: EtOAc/hexane (4/21,
v/v); Rf¼0.39 (1/2 EtOAc/hexane); IR (neat): n¼765, 1217, 1597, 2361,
2858, 2926, 3409 cm�1; 1H NMR (300 MHz, CDCl3þCCl4): d 1.31, 1.34
(6H, 2s, Me,MeD),1.42 (6H, s, Me,MeD),1.98e2.24 (4H, m), 3.62e3.74
(3H, m), 3.84e3.91 (2H, m), 3.98e4.27 (7H, m), 4.49e4.64 (4H, m),
5.37 (1.4H, dd, J¼4.5, 10.7 Hz), 5.53e5.54 (0.6H, m), 7.23e7.36 (10H,
m); 13C NMR (75MHz, CDCl3þCCl4): d 25.2 (MeD), 25.2 (Me), 26.7
(MeD), 26.9 (Me), 38.9 (CH2), 40.9 (CH2D), 66.7 (CH2D), 67.2 (CH2), 71.3
(CH2, CH2D), 75.3 (CH), 76.3 (CHD), 79.6 (CHD), 79.7 (CH), 84.8 (CH),
85.0 (CHD), 99.2 (CHD), 99.3 (CH), 109.6 (qC), 109.7 (qCD), 127.7, 127.8,
127.9, 128.0, 128.4, 128.5 (ArC, ArCD), 137.4 (ArqC), 138.0 (ArqCD); EI-
HRMS: [M]þ�, found 294.1465. C16H22O5 requires 294.1467.

4.3. General procedure for the synthesis of compounds 3aed

PDC (640 mg, 1.70 mmol) was added to a stirred solution of
compound 2a (500 mg, 1.70 mmol) in dry DCM (15 mL) containing
4�A molecular sieves. The reaction mixture was refluxed for 2 h.
After completion of the reaction (TLC control), it was filtered
through Celite bed, which was rinsed with DCM (3�5 mL). After
removal of the organic solvent, the crude product was purified by
column chromatography (60e120 mesh silica gel) to obtain lac-
tones 3a in 75% yield (374 mg). Similar reaction protocol was
adopted for the synthesis of 3bed.

4.3.1. (4R,5S)-4-(Benzyloxy)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)
dihydrofuran-2(3H)-one (3a). White solid; yield: 75% (374 mg); mp
57e60 �C. Eluent for column chromatography: EtOAc/hexane (3/22,
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v/v); ½a�25D þ40.9 (c 0.43, MeOH); Rf¼0.55 (3/7 EtOAc/hexane); IR
(KBr): n¼690, 773, 1041, 1272, 1382, 1778, 2364, 2929, 3406 cm�1;
1H NMR (300 MHz, CDCl3): d 1.39 (3H, s), 1.44 (3H, s), 2.66e2.67
(2H, m), 4.02 (1H, dd, J¼5.3, 8.9 Hz), 4.15 (1H, dd, J¼6.2, 8.9 Hz),
4.30e4.33 (1H, m), 4.39 (1H, dd, J¼3.8, 7.2 Hz), 4.47e4.51 (1H, m),
4.56 (1H, d, J¼11.9 Hz), 4.63 (1H, d, J¼11.9 Hz), 7.27e7.38 (5H, m);
13C NMR (75 MHz, CDCl3): d 25.3 (CH3), 26.7 (CH3), 36.1 (CH2), 66.7
(CH2), 71.8 (CH2), 72.4 (CH), 74.4 (CH), 83.5 (CH), 109.4 (qC), 127.6,
128.0, 128.5 (ArC), 137.2 (ArqC), 174.6 (C]O); EI-HRMS: [M]þ�,
found 292.1312. C16H20O5 requires 292.1311.

4.3.2. (4S,5R)-4-(Benzyloxy)-5-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)
dihydrofuran-2(3H)-one (3b). White solid; yield: 87% (434 mg); mp
55e57 �C. Eluent for column chromatography: EtOAc/hexane (3/22,
v/v); ½a�25D �34.1 (c 0.57, MeOH); Rf¼0.55 (3/7 EtOAc/hexane); IR
(KBr): n¼762, 1045, 1216, 1521, 1639, 1781, 2360, 2400, 2929,
3406 cm�1; 1H NMR (300 MHz, CDCl3þCCl4): d 1.38 (3H, s), 1.43
(3H, s), 2.56e2.69 (2H, m), 4.01 (1H, dd, J¼5.3, 8.9 Hz), 4.14 (1H, dd,
J¼6.2, 8.9 Hz), 4.26e4.34 (2H, m), 4.45e4.52 (1H, m), 4.56 (1H, d,
J¼11.9 Hz), 4.63 (1H, d, J¼11.9 Hz), 7.28e7.36 (5H, m); 13C NMR
(75 MHz, CDCl3þCCl4): d 25.5 (CH3), 26.9 (CH3), 36.1 (CH2), 66.8
(CH2), 71.8 (CH2), 72.3 (CH), 74.3 (CH), 83.4 (CH), 109.4 (qC), 127.7,
128.1, 128.5 (ArC), 137.2 (ArqC), 173.9 (C]O); EI-HRMS: [M]þ�,
found 292.1320. C16H20O5 requires 292.1311.

4.3.3. (4R,5R)-4-(Benzyloxy)-5-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)
dihydrofuran-2(3H)-one (3c). White solid; yield: 77% (384 mg); mp
84e86 �C. Eluent for column chromatography: EtOAc/hexane (3/22,
v/v); ½a�32D �3.35 (c 0.30, MeOH); Rf¼0.52 (3/7 EtOAc/hexane); IR
(KBr): n¼699, 764, 1071, 1158, 1258, 1377, 1782, 2340, 2368, 2928,
3040 cm�1; 1H NMR (300 MHz, CDCl3): d 1.34 (3H, s), 1.44 (3H, s),
2.61 (1H, dd, J¼2.0, 18.3 Hz), 2.81 (1H, dd, J¼6.9, 18.3 Hz), 3.83e3.92
(1H, m), 4.06e4.15 (2H, m), 4.29e4.32 (1H, m), 4.44 (1H, dd, J¼1.4,
6.2 Hz), 4.55 (2H, br s), 7.28e7.39 (5H, m); 13C NMR (75 MHz,
CDCl3): d 24.6 (CH3), 26.4 (CH3), 34.9 (CH2), 66.1 (CH2), 71.1 (CH2),
74.4 (CH), 74.7 (CH), 85.1 (CH), 110.3 (qC), 127.7, 128.1, 128.5 (ArC),
136.9 (ArqC), 174.9 (C]O); EI-HRMS: [M�CH3]þ�, found 277.1063.
C15H17O5 requires 277.1076.

4.3.4. (4S,5S)-4-(Benzyloxy)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)
dihydrofuran-2(3H)-one (3d). White solid; yield: 77% (384 mg); mp
85e87 �C. Eluent for column chromatography: EtOAc/hexane (3/22,
v/v); ½a�32D þ1.95 (c 0.13, CHCl3); Rf¼0.55 (3/7 EtOAc/hexane); IR
(KBr): n¼761, 1216, 1597, 1784, 2360, 2926, 3020 cm�1; 1H NMR
(300 MHz, CDCl3þCCl4): d 1.32 (3H, s), 1.42 (3H, s), 2.56 (1H, dd,
J¼2.1, 18.2 Hz), 2.75 (1H, dd, J¼6.9, 18.2 Hz), 3.84 (1H, dd, J¼4.4,
8.2 Hz), 3.99e4.12 (2H, m), 4.25e4.28 (1H, m), 4.38 (1H, dd, J¼1.1,
6.3 Hz), 4.53 (2H, br s), 7.25e7.33 (5H, m); 13C NMR (75 MHz,
CDCl3þCCl4): d 24.8 (CH3), 26.6 (CH3), 34.9 (CH2), 66.4 (CH2), 71.1
(CH2), 74.6 (CH), 74.8 (CH), 85.0 (CH), 110.3 (qC), 127.8, 128.1, 128.6
(ArC), 137.1 (ArqC), 174.1 (C]O); EI-HRMS: [M]þ�, found 292.1287.
C16H20O5 requires 292.1311.

4.4. General procedure for the synthesis of compounds 6aed

Compound 3a (374 mg, 1.28 mmol) was dissolved in 60% aque-
ous AcOH solution (10 mL) and it was stirred at room temperature
for 18e20 h. After completion of the reaction (TLC control), the
reaction mixture was concentrated in vacuum. Toluene was added
to it and co-evaporated under reduced pressure to obtain diol 4a as
a white solid (295 mg), which was used for mesylation without
further purification.

To a stirred solution of compound 4a (295 mg, 1.17 mmol) in
pyridine at 0 �C, methanesulfonyl chloride (MsCl) (0.27 mL,
3.51 mmol) was added drop wise over 15 min and stirring was
continued at 0 �C for 3 h. The reaction mixture was diluted with
water to separate the organic layer. The aqueous layer was washed
with DCM (2�5 mL) and the combined organic layer was dried over
anhydrous Na2SO4 and concentrated to obtain the crude product,
which was used as such for next step without further purification.

To themesylated crude compound 5a in butan-2-one (15 mL), NaI
(418 mg, 2.78 mmol)was added and the reactionmixturewas stirred
for 12 h under refluxing condition. Solvent was removed under vac-
uum after completion of the reaction. Saturated aqueous Na2S2O7
solution (10 mL) was added to the residue and the mixture was
extractedwith diethyl ether (3�5 mL). The combined organic extract
was dried over anhydrous Na2SO4, concentrated under vacuum and
purified by column chromatography (60e120mesh silica gel) to ob-
tain a white solid 6a (214 mg, 77% for three steps). The synthesis of
6bedwas completed by adopting the similar reaction sequences.

4.4.1. (4R,5R)-4-(Benzyloxy)-5-((R)-1,2-dihydroxyethyl)dihy-
drofuran-2(3H)-one (4a). White solid. Rf¼0.21 (1/1 EtOAc/hexane);
IR (KBr): n¼690, 771, 1168, 1209, 1339, 1781, 2365, 3434 cm�1; 1H
NMR (300 MHz, CD3OD): d 2.62e2.68 (1H, m), 2.81 (1H, dd, J¼4.5,
17.7 Hz), 3.65 (1H, dd, J¼5.1, 11.7 Hz), 3.79 (1H, dd, J¼2.6, 11.7 Hz),
4.03e4.09 (1H, m), 4.41e4.45 (2H, m), 4.57e4.66 (2H, m), 7.24e7.38
(5H, m); 13C NMR (75 MHz, CD3OD): d 37.1 (CH2), 64.8 (CH2), 69.5
(CH), 72.7 (CH2), 76.4 (CH), 83.8 (CH),128.8,128.9,129.4 (ArC),139.3
(ArqC), 177.8 (C]O); EI-HRMS: [M]þ�, found 252.0996. C13H16O5
requires 252.0998.

4.4.2. (4R,5R)-4-(Benzyloxy)-5-vinyldihydrofuran-2(3H)-one
(6a). White solid; yield: 77% for three steps (214 mg); mp
52e54 �C. Eluent for column chromatography: EtOAc/hexane (3/22,
v/v); ½a�25D �2.17 (c 0.50, MeOH); Rf¼0.40 (3/7 EtOAc/hexane); IR
(KBr): n¼698, 738, 1023, 1157, 1208, 1773, 2366, 2857, 2943 cm�1;
1H NMR (300 MHz, CDCl3): d 2.60 (2H, d, J¼4.4 Hz), 4.21 (1H, dd,
J¼4.5, 8.9 Hz), 4.42 (1H, d, J¼12.0 Hz), 4.49 (1H, d, J¼12.0 Hz),
4.80e4.84 (1H, m), 5.37 (2H, dd, J¼17.3, 21.1 Hz), 5.95e6.07 (1H, m),
7.18e7.30 (5H, m); 13C NMR (75 MHz, CDCl3): d 35.6 (CH2), 71.7
(CH2), 75.9 (CH), 83.9 (CH), 120.0 (CH2), 127.5, 127.9, 128.5 (ArC),
131.2 (CH), 137.0 (ArqC), 174.6 (C]O); DARTeHRMS: [MþH]þ�,
found 219.1037. C13H15O3 requires 219.1021.

4.4.3. (4S,5S)-4-(Benzyloxy)-5-((S)-1,2-dihydroxyethyl)dihydro-fu-
ran-2(3H)-one (4b). White solid. Rf¼0.20 (1/1 EtOAc/hexane); IR
(neat): n¼766, 1044, 1216, 1522, 1648, 1779, 2361, 3021, 3423 cm�1;
1H NMR (300 MHz, CD3OD): d 2.58e2.64 (1H, m), 2.78 (1H, dd,
J¼4.6, 17.7 Hz), 3.61 (1H, dd, J¼5.1, 11.7 Hz), 3.75 (1H, dd, J¼2.6,
11.7 Hz), 3.99e4.08 (1H, m), 4.34e4.41 (2H, m), 4.52e4.67 (2H, m),
7.23e7.35 (5H, m); 13C NMR (75 MHz, CD3OD): d 37.1 (CH2), 64.8
(CH2), 69.5 (CH), 72.7 (CH2), 76.4 (CH), 83.7 (CH),128.8,128.9, 129.2,
129.4 (ArC), 139.3 (ArqC), 177.8 (C]O); EI-HRMS: [M]þ�, found
252.0988. C13H16O5 requires 252.0998.

4.4.4. (4S,5S)-4-(Benzyloxy)-5-vinyldihydrofuran-2(3H)-one
(6b). Pale yellow solid; yield: 72% for three steps (200 mg); mp
54e56 �C. Eluent for column chromatography: EtOAc/hexane (3/22,
v/v); ½a�25D þ1.0 (c 0.30, MeOH); Rf¼0.40 (3/7 EtOAc/hexane); IR
(KBr): n¼763, 1216, 1522, 1645, 1777, 2359, 3021, 3430 cm�1; 1H
NMR (300 MHz, CDCl3): d 2.62 (2H, d, J¼4.5 Hz), 4.22 (1H, dd, J¼4.6,
9.2 Hz), 4.44 (1H, d, J¼12.0 Hz), 4.51 (1H, d, J¼12.0 Hz), 4.82e4.86
(1H, m), 5.34e5.44 (2H, m), 5.97e6.08 (1H, m), 7.19e7.32 (5H, m);
13C NMR (75 MHz, CDCl3): d 35.6 (CH2), 71.7 (CH2), 75.9 (CH), 83.9
(CH), 120.1 (CH2), 127.5, 128.0, 128.5 (ArC), 131.2 (CH), 137.0 (ArqC),
174.6 (C]O); DARTeHRMS: [MþNH4]þ�, found 236.1319.
C13H18NO3 requires 236.1287.

4.4.5. (4R,5S)-4-(Benzyloxy)-5-((S)-1,2-dihydroxyethyl)dihy-
drofuran-2(3H)-one (4c). White solid. Rf¼0.21 (1/1 EtOAc/hexane);
IR (KBr): n¼675, 770, 1218, 1778, 2361, 3432 cm�1; 1H NMR
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(300 MHz, CD3OD): d 2.54e2.60 (1H, m), 2.95 (1H, dd, J¼6.8,
18.2 Hz), 3.64 (2H, d, J¼5.8 Hz), 3.82 (1H, dd, J¼5.6, 10.3 Hz), 4.46
(1H, d, J¼6.8 Hz), 4.62 (2H, br s), 4.69 (1H, d, J¼3.9 Hz), 7.33e7.40
(5H, m); 13C NMR (75 MHz, CD3OD): d 36.7 (CH2), 63.6 (CH2), 71.8
(CH2), 72.5 (CH), 75.7 (CH), 87.6 (CH),128.9, 129.0,129.5 (ArC), 139.1
(ArqC), 178.5 (C]O); EI-HRMS: [MþH]þ�, found 253.1078. C13H17O5
requires 253.1076.

4.4.6. (4R,5S)-4-(Benzyloxy)-5-vinyldihydrofuran-2(3H)-one
(6c). Pale yellow syrup; yield: 73% for three steps (203 mg). Eluent
for column chromatography: EtOAc/hexane (3/22, v/v); ½a�25D �82.9
(c 0.50, MeOH); Rf¼0.30 (1/4 EtOAc/hexane); IR (neat): n¼670, 762,
1216, 1636, 1782, 2364, 3023 cm�1; 1H NMR (300 MHz, CDCl3):
d 2.58 (1H, dd, J¼3.3, 17.9 Hz), 2.74 (1H, dd, J¼6.4, 17.9 Hz),
4.04e4.09 (1H, m), 4.57 (2H, br s), 4.97e4.98 (1H, m), 5.29 (1H, d,
J¼10.6 Hz), 5.41 (1H, d, J¼17.2 Hz), 5.77e5.88 (1H, m), 7.31e7.40
(5H, m); 13C NMR (75 MHz, CDCl3): d 34.3 (CH2), 71.5 (CH2), 78.2
(CH), 84.5 (CH), 117.9 (CH2), 127.7, 128.1, 128.6 (ArC), 133.2 (CH),
136.9 (ArqC), 174.6 (C]O); DARTeHRMS: [MþH]þ�, found 219.1040.
C13H15O3 requires 219.1021.

4.4.7. (4S,5R)-4-(Benzyloxy)-5-((R)-1,2-dihydroxyethyl)-dihy-
drofuran-2(3H)-one (4d). White solid; Rf¼0.21 (1/1 EtOAc/hexane);
IR (KBr): n¼762, 1216, 1348, 1597, 1783, 2361, 3021, 3409 cm�1; 1H
NMR (300 MHz, CD3OD): d 2.51e2.57 (1H, m), 2.92 (1H, dd, J¼6.8,
18.2 Hz), 3.60 (2H, d, J¼5.8 Hz), 3.78 (1H, dd, J¼5.8, 10.1 Hz), 4.43
(1H, d, J¼6.7 Hz), 4.59e4.67 (3H, m), 7.29e7.37 (5H, m); 13C NMR
(75 MHz, CD3OD): d 36.7 (CH2), 63.6 (CH2), 71.8 (CH2), 72.5 (CH), 75.7
(CH), 87.6 (CH), 128.9, 129.0, 129.5 (ArC), 139.1 (ArqC), 178.5 (C]O);
EI-HRMS: [M]þ�, found 252.1002. C13H16O5 requires 252.0998.

4.4.8. (R)-1-((2S,3S)-3-(Benzyloxy)-5-oxotetrahydrofuran-2-yl)eth-
ane-1,2-diyl dimethanesulfonate (5d). Purification of a small
amount of crude product by column chromatography for data
afforded puremesylated-ester 5d (350 mg, 65% yield, for two steps)
as a white solid; mp 120e122 �C. Eluent for column chromatogra-
phy: MeOH/CHCl3 (1/49, v/v); ½a�25D þ11.5 (c 0.26, CHCl3); Rf¼0.45
(1/1 EtOAc/hexane); IR (KBr): n¼761, 1216, 1361, 1793, 2360,
3020 cm�1; 1H NMR (300 MHz, CDCl3þCCl4): d 2.63 (1H, dd, J¼3.4,
18.4 Hz), 2.82 (1H, dd, J¼7.0, 18.2 Hz), 3.06 (3H, s), 3.09 (3H, s), 4.35
(1H, dd, J¼5.6, 11.7 Hz), 4.42e4.52 (2H, m), 4.57e4.62 (3H, m),
4.82e4.87 (1H, m), 7.31e7.39 (5H, m); 13C NMR (75 MHz, CDCl3):
d 34.8 (CH2), 37.7 (CH3), 38.8 (CH3), 66.5 (CH2), 71.9 (CH2), 74.1 (CH),
76.0 (CH), 81.2 (CH), 128.0, 128.4, 128.7 (ArC), 136.4 (ArqC), 173.4
(C]O); EI-HRMS: [M]þ�, found 408.0544. C15H20O9S2 requires
408.0549.

4.4.9. (4S,5R)-4-(Benzyloxy)-5-vinyldihydrofuran-2(3H)-one
(6d). Pale yellow syrup; yield: 92% (160 mg) (starting dimesyl de-
rivative was 325 mg). Eluent for column chromatography: EtOAc/
hexane (3/22, v/v); ½a�25D þ14.4 (c 0.17, MeOH); Rf¼0.32 (1/4 EtOAc/
hexane); IR (neat): n¼760, 1216, 1354, 1782, 2361, 3020 cm�1; 1H
NMR (300 MHz, CDCl3): d 2.58 (1H, dd, J¼3.3, 17.8 Hz), 2.73 (1H, dd,
J¼6.4, 17.9 Hz), 4.04e4.08 (1H, m), 4.57 (2H, br s), 4.96e4.97 (1H,
m), 5.29 (1H, d, J¼10.6 Hz), 5.41 (1H, d, J¼17.1 Hz), 5.77e5.88 (1H,
m), 7.30e7.36 (5H, m); 13C NMR (75 MHz, CDCl3): d 34.3 (CH2), 71.5
(CH2), 78.2 (CH), 84.5 (CH), 118.0 (CH2), 127.7, 128.2, 128.6 (ArC),
133.2 (CH), 136.8 (ArqC), 174.7 (C]O); EI-HRMS: [M]þ�, found
218.0930. C13H14O3 requires 218.0943.

4.5. General procedure for the synthesis of compounds 7aed

Diisobutylaluminum hydride (1.0 M) in toluene (1.37 mL,
1.37 mmol) was added drop wise to a stirred solution of lactone 6a
(200 mg, 0.92 mmol) in dry toluene (2 mL) at �78 �C. The reaction
mixture was stirred for 2 h at �78 �C under an atmosphere of
nitrogen. The reaction was quenched with water (20 mL) and
allowed to warm to bring it at room temperature. Saturated
aqueous sodium/potassium tartrate solution (2 mL) was added and
the resulting mixture was stirred for 1 h after which the product
was extracted with EtOAc (3�5 mL). The combined organic extract
was dried over Na2SO4, concentrated in vacuo. The residue
obtained was purified by flash column chromatography
(230e400 mesh) to afford the protected lactol 7a (173 mg, 86%).
Similar reaction protocol was adopted for the synthesis of 7bed.

4.5.1. (4R,5R)-4-(Benzyloxy)-5-vinyltetrahydrofuran-2-ol
(7a). Brown syrup; yield: 86% (a:b¼1:0.3) (173 mg). Eluent for
column chromatography: EtOAc/hexane (7/43, v/v); Rf¼0.39 (3/7
EtOAc/hexane); IR (neat): n¼696, 770, 1107, 1219, 1636, 2362,
3421 cm�1; 1H NMR (300 MHz, (CD3)2C]O): d 1.91e2.00 (2H, m,
1Hþsolvent), 2.03e2.05 (0.2H, m), 2.09e2.21 (1.3H, m), 4.05e4.09
(0.3H, m), 4.13e4.18 (1H, m), 4.27e4.31 (0.3H, m), 4.36e4.54 (3.5H,
m), 5.07e5.30 (3.8H, m), 5.48e5.50 (1H, m), 5.88e6.10 (1.3H, m),
7.14e7.26 (6.4H, m); 13C NMR (75 MHz, (CD3)2C]O): d 40.1 (CH2D),
41.3 (CH2), 71.8 (CH2), 72.0 (CH2D), 80.5 (CHD), 81.3 (CH), 81.9 (CH),
83.8 (CHD), 98.0 (CH), 98.9 (CHD), 117.0 (CH2, CH2D), 128.1, 128.2,
128.25, 128.29, 128.9, 129.1 (ArC, ArCD), 136.2 (CH), 137.2 (CHD),
139.4 (ArqCD), 139.7 (ArqC); DARTeHRMS: [M�OH]þ�, found
203.1058. C13H15O2 requires 203.1072.

4.5.2. (4S,5S)-4-(Benzyloxy)-5-vinyltetrahydrofuran-2-ol (7b). Pale
yellow syrup; yield: 82% (a:b¼1:0.3) (165 mg). Eluent for column
chromatography: EtOAc/hexane (7/43, v/v); Rf¼0.37 (3/7 EtOAc/
hexane); IR (neat): n¼763, 1216, 1636, 2361, 2931, 3021, 3429 cm�1;
1H NMR (300 MHz, (CD3)2C]O): d 1.91e2.00 (1.7H, m,
1Hþsolvent), 2.03e2.05 (0.2H, m), 2.09e2.21 (1.3H, m), 4.05e4.09
(0.3H, m), 4.13e4.18 (1H, m), 4.27e4.31(0.3H, m), 4.36e4.53 (3.6H,
m), 5.06e5.11 (2H, m), 5.19e5.30 (1.6H, m), 5.49e5.53 (1H, m),
5.89e6.11 (1.2H, m), 7.13e7.28 (6.3H, m); 13C NMR (75 MHz,
(CD3)2C]O): d 40.2 (CH2D), 41.3 (CH2), 71.8 (CH2), 72.1 (CH2D), 80.6
(CHD), 81.4 (CH), 81.9 (CH), 83.8 (CHD), 98.0 (CH), 98.9 (CHD), 117.0
(CH2, CH2D), 128.0, 128.1, 128.2, 128.3, 128.9, 129.0 (ArC, ArCD), 136.2
(CH), 137.3 (CHD), 139.4 (ArqCD), 139.8 (ArqC); DARTeHRMS:
[M�OH]þ�, found 203.1068. C13H15O2 requires 203.1072.

4.5.3. (4R,5S)-4-(Benzyloxy)-5-vinyltetrahydrofuran-2-ol
(7c). Colorless oil; yield: 94% (a:b¼1:1) (189 mg). Eluent for col-
umn chromatography: EtOAc/hexane (7/43, v/v); Rf¼0.40 (2/3
EtOAc/hexane); IR (neat): n¼670, 763, 1216, 1631, 2364, 2927, 3021,
3432 cm�1; 1H NMR (300 MHz, (CD3)2C]O): d 1.81e1.88 (1H, m),
1.95e2.00 (4H, m, 1HDþsolvent), 2.18e2.27 (1H, m), 3.77e3.82 (1H,
m), 3.95e4.00 (1H, m), 4.25e4.28 (1H, m), 4.48 (5H, d, J¼8.7 Hz),
4.79e4.87 (1H, m, eOH), 4.97e5.03 (2H, m), 5.17e5.29 (2H, m),
5.33e5.39 (2H, m), 5.46 (1H, dd, J¼3.9, 8.1 Hz), 5.71e5.94 (2H, m),
7.17e7.29 (10H, m); 13C NMR (75 MHz, (CD3)2C]O): d 39.9 (CH2),
40.4 (CH2D), 71.9 (CH2), 72.1 (CH2D), 83.4 (CH), 83.6 (CHD), 83.8 (CH),
85.2 (CHD), 98.8 (CH), 99.4 (CHD), 115.8 (CH2), 115.9 (CH2D), 128.2,
128.3, 128.4, 128.5, 129.06, 129.09 (ArC, ArCD), 138.3 (CH), 139.4
(ArqC), 139.6 (ArqCD), 140.3 (CHD); DARTeHRMS: [M�OH]þ�, found
203.1085. C13H15O2 requires 203.1072.

4.5.4. (4S,5R)-4-(Benzyloxy)-5-vinyltetrahydrofuran-2-ol
(7d). Colorless oil; 90% (181 mg) (a:b¼1:1). Eluent for column
chromatography: EtOAc/hexane (7/43, v/v); Rf¼0.40 (2/3 EtOAc/
hexane); IR (neat): n¼762, 1216, 1637, 1711, 2361, 3021, 3442 cm�1;
1H NMR (300 MHz, (CD3)2C]O): d 1.82e1.88 (1H, m), 1.94e2.00
(3H, m, 1HDþsolvent), 2.17e2.26 (1H, m), 3.77e3.82 (1H, m),
3.95e4.00 (1H, m), 4.25e4.28 (1H, m), 4.48 (5H, d, J¼8.6 Hz), 4.69
(1H, d, J¼6.8 Hz, eOH), 4.97e5.03 (2H, m), 5.17e5.29 (3H, m),
5.35e5.39 (1H, m), 5.46 (1H, dd, J¼4.2, 8.5 Hz), 5.71e5.92 (2H, m),
7.16e7.29 (10H, m); 13C NMR (75 MHz, (CD3)2C]O): d 40.0 (CH2),
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40.5 (CH2D), 71.9 (CH2), 72.1 (CH2D), 83.5 (CH), 83.6 (CHD), 83.8 (CH),
85.2 (CHD), 98.9 (CH), 99.4 (CHD), 115.8 (CH2), 115.9 (CH2D), 128.2,
128.3, 128.4, 128.5, 129.06, 129.1 (ArC, ArCD), 138.3 (CH), 139.5
(ArqC), 139.6 (ArqCD), 140.3 (CHD); DARTeHRMS: [M]þ�, found
220.1087. C13H16O3 requires 220.1099.

4.6. General procedure for the synthesis of compounds 8aed

To the lactol 7a (146mg, 0.66 mmol) in dry toluene (20 mL),
1-(triphenylphosphoranylidene)-2-propanone (Ph3PCHCOCH3) (317
mg, 0.99 mmol) was added and the solutionwas heated to reflux till
the completion of reaction (TLC viewed byUV light), which took 2 h.
The reaction mixture was cooled to room temperature and solvent
was removed under vacuum. The resulting residuewas used as such
for next step without further purification.

The above residue in 50 mL round bottomed flask was imme-
diately dissolved in absolute ethanol. Raney-Ni as a catalyst was
added to this solution. A vacuum was created in the round bot-
tomed flask containing the above reaction mixture with the help of
pump and the mixture was stirred under H2 in a balloon at 1 atm.
After the completion of the reaction (TLC, 2 h) catalyst was re-
moved by filtration, washed with methanol twice and the com-
bined filtrate was concentrated and purified by silica gel
(230e400 mesh) column chromatography to afford 8a as a pale
yellow syrup (91 mg, 52% for two steps). The synthesis of 8bedwas
achieved by adopting the similar reaction protocol.

4.6.1. (6R,7R)-6-(Benzyloxy)-7-hydroxynonan-2-one (8a). Pale yel-
low syrup; yield: 52% for two steps (91 mg). Eluent for column
chromatography: EtOAc/hexane (1/9, v/v); ½a�25D �8.54 (c 1.02,
CHCl3) [lit. ½a�27D �12.8 (c 1.3, CHCl3)]6i,k; Rf¼0.60 (3/7 EtOAc/hex-
ane); IR (neat): n¼767, 1088, 1218, 1639, 1706, 2363, 2925,
3422 cm�1; 1H NMR (300 MHz, CDCl3): d 1.00 (3H, t, J¼7.4 Hz),
1.56e1.74 (6H, m), 2.16 (3H, s), 2.47 (2H, t, J¼6.7 Hz), 3.31e3.36 (1H,
m), 3.50e3.51 (1H, m), 4.54 (1H, d, J¼11.4 Hz), 4.68 (1H, d,
J¼11.3 Hz), 7.30e7.44 (5H, m); 13C NMR (75 MHz, CDCl3): d 10.2
(CH3), 19.3 (CH2), 26.3 (CH2), 29.7 (CH2), 29.9 (CH3), 43.6 (CH2), 72.5
(CH2), 73.9 (CH), 81.6 (CH), 127.8, 127.9, 128.5 (ArC), 138.3 (ArqC),
208.7 (C]O); DARTeHRMS: [M�OH]þ�, found 247.1699. C16H23O2
requires 247.1698.

4.6.2. (6S,7S)-6-(Benzyloxy)-7-hydroxynonan-2-one (8b). Pale yel-
low syrup; yield: 67% for two steps (117 mg). Eluent for column
chromatography: EtOAc/hexane (1/9, v/v); ½a�25D þ10.48 (c 0.85,
CHCl3) [lit. ½a�20D þ13.0 (c 1.7, CHCl3)]5q; Rf¼0.60 (3/7 EtOAc/hexane);
IR (neat): n¼761, 1072, 1216, 1617, 1711, 2360, 2931, 3443 cm�1; 1H
NMR (300 MHz, CDCl3): d 0.97 (3H, t, J¼7.4 Hz), 1.49e1.69 (6H, m),
2.12 (3H, s), 2.44 (2H, t, J¼6.8 Hz), 3.28e3.33 (1H, m), 3.45e3.51
(1H, m), 4.51 (1H, d, J¼11.3 Hz), 4.65 (1H, d, J¼11.3 Hz), 7.31e7.35
(5H, m); 13C NMR (75 MHz, CDCl3): d 10.2 (CH3), 19.3 (CH2), 26.4
(CH2), 29.7 (CH2), 29.9 (CH3), 43.6 (CH2), 72.5 (CH2), 73.9 (CH), 81.7
(CH), 127.8, 127.9, 128.5 (ArC), 138.3 (ArqC), 208.7 (C]O); EI-HRMS:
[M]þ�, found 264.1723. C16H24O3 requires 264.1726.

4.6.3. (6R,7S)-6-(Benzyloxy)-7-hydroxynonan-2-one (8c). Yellow
syrup; yield: 35% for two steps (61 mg). Eluent for column chro-
matography: EtOAc/hexane (1/9, v/v); ½a�25D þ9.81 (c 0.46, CHCl3);
Rf¼0.28 (2/3 EtOAc/hexane); IR (neat): n¼670, 761, 1631, 2362,
3021, 3425 cm�1; 1H NMR (300 MHz, CDCl3): 0.98 (3H, t, J¼7.4 Hz),
1.49e1.68 (6H, m), 2.11 (3H, s), 2.39e2.43 (2H, m), 3.33e3.38 (1H,
m), 3.72e3.77 (1H, m), 4.53 (1H, d, J¼11.4 Hz), 4.61 (1H, d,
J¼11.5 Hz), 7.29e7.35 (5H, m); 13C NMR (75 MHz, CDCl3): d 10.6
(CH3), 19.9 (CH2), 25.1 (CH2), 27.9 (CH2), 29.9 (CH3), 43.6 (CH2), 71.8
(CH2), 72.9 (CH), 81.6 (CH), 127.8, 127.9, 128.5 (ArC), 138.3 (ArqC),
209.0 (C]O); DARTeHRMS: [M�OH]þ�, found 247.1701. C16H23O2
requires 247.1698.
4.6.4. (6S,7R)-6-(Benzyloxy)-7-hydroxynonan-2-one (8d). Pale yel-
low syrup; yield: 40% for two steps (70 mg). Eluent for column
chromatography: EtOAc/hexane (1/9, v/v); ½a�25D �9.81 (c 0.33,
CHCl3); Rf¼0.40 (3/7 EtOAc/hexane); IR (neat): n¼763, 1216, 1636,
2363, 3021, 3429 cm�1; 1H NMR (300 MHz, CDCl3): d 0.98 (3H, t,
J¼7.4 Hz), 1.45e1.61 (6H, m), 2.11 (3H, s), 2.39e2.43 (2H, m),
3.33e3.37 (1H, m), 3.69e3.75 (1H, m), 4.53 (1H, d, J¼11.4 Hz), 4.61
(1H, d, J¼11.4 Hz), 7.29e7.35 (5H, m); 13C NMR (75 MHz, CDCl3):
d 10.5 (CH3), 19.9 (CH2), 25.1 (CH2), 27.9 (CH2), 29.9 (CH3), 43.6
(CH2), 71.8 (CH2), 72.9 (CH), 81.7 (CH),127.8,127.9,128.5 (ArC),138.3
(ArqC), 208.9 (C]O); DARTeHRMS: [MþH]þ�, found 265.1775.
C16H25O3 requires 265.1804.

4.7. General procedure for the synthesis of compounds 9aed

To a round bottomed flask containing the compound 8a (19 mg,
0.072 mmol) in methanol (5 mL) were added catalytic amount of
10% Pd/C (5 mg) and 0.02 mL of 3 N HCl at room temperature.
A vacuum was created in this flask containing the above reaction
mixture with the help of pump and was stirred under H2 in a bal-
loon at 1 atms. After the completion of the reaction (TLC, 24 h)
catalyst was removed by filtration, washed with methanol twice
and the combined filtrate was concentrated on a rotary evaporator
at 20 �C to afford (þ)-exo-brevicomin 9a (5 mg, 44%). It was im-
mediately submitted for recording the data due to its volatile na-
ture. Analogous reaction protocol was adopted for the synthesis
of 9bed.

4.7.1. (þ)-exo-Brevicomin (9a). Yield: 44% (5 mg). ½a�29D þ16.0 (c
0.17, CHCl3) [lit. ½a�27D þ59.0 (c 2.5, CHCl3)]5i; IR (neat): n¼770, 1091,
1218, 1461, 2857, 2922 cm�1; 1H NMR (300 MHz, CDCl3):
d 0.90e0.98 (3H, m), 1.26 (3H, s), 1.41e1.78 (6H, m), 2.17e2.29 (2H,
m), 3.93e4.02 (2H, m); DARTeHRMS: [MþH]þ�, found 157.1224.
C9H17O2 requires 157.1229.

4.7.2. (�)-exo-Brevicomin (9b). Yield: 36% (4 mg). ½a�29D �31.9 (c
0.40, Et2O)[ lit. ½a�29D �60.0 (c 2.57, Et2O)]5l; IR (neat): n¼770, 1090,
1218, 1461, 2857, 2922 cm�1; 1H NMR (300 MHz, CDCl3):
d 0.90e0.98 (3H, m), 1.26 (3H, s), 1.41e1.78 (6H, m), 2.17e2.29 (2H,
m), 3.93e4.02 (2H, m); DARTeHRMS: [MþH]þ�, found 157.1243.
C9H17O2 requires 157.1229.

4.7.3. (þ)-endo-Brevicomin (9c). Yield: 44% (5 mg). ½a�30D þ20.4 (c
0.23, CHCl3) [lit. ½a�25D þ64.2 (c 2.3, Et2O), ½a�22D þ39.5 (c 1.00,
Et2O)]4e,f; IR (neat): n¼768, 1045, 1114, 1218, 1464, 2854,
2923 cm�1; 1H NMR (300 MHz, CDCl3): d 0.90e0.98 (3H, m), 1.46
(3H, s), 1.82e2.02 (6H, m), 2.13e2.34 (2H, m), 3.76e3.85 (1H, m),
4.15e4.21 (1H, m); DARTeHRMS: [MþH]þ�, found 157.1233.
C9H17O2 requires 157.1229.

4.7.4. (�)-endo-Brevicomin (9d). Yield: 36% (4 mg). ½a�30D �42.1 (c
0.28, CHCl3) [lit. ½a�25D �78.9 (c 0.99, Et2O)]5p; IR (neat): n¼768,1045,
1114, 1218, 1464, 2854, 2923 cm�1; 1H NMR (300 MHz, CDCl3):
d 0.90e0.98 (3H, m), 1.46 (3H, s), 1.82e2.02 (6H, m), 2.13e2.34 (2H,
m), 3.76e3.85 (1H, m), 4.15e4.21 (1H, m); DARTeHRMS: [MþH]þ�,
found 157.1222. C9H17O2 requires 157.1229.

4.8. General procedure for the synthesis of compound 10a,b

To a 50 mL two necked oven dried round bottomed flask fitted
with a reflux condenser and septum was added Grubbs’ second
generation catalyst (50 mg, 0.058 mmol) under argon atmosphere.
Dry degassed DCM (3 mL) was then added to the above solution
through a syringe and it was kept for stirring. Compound 6a
(500 mg, 2.29 mmol) and (S)-1-phenyl-2-propene-1-ol (282 mg,
2.10 mmol) in DCM (2 mL each) were added simultaneously
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through a syringe to the stirring solution. The septum was
replaced with a glass stopper while the stirring was continued.
The solution was refluxed for 8 h. The temperature of the mixture
was cooled slowly to room temperature. The organic solvent was
evaporated under reduced pressure to give a brown residue, which
was purified by column chromatography (230e400 mesh) to give
10a as a white solid (557 mg, 74%). Similar reaction protocol was
adopted for the synthesis of 10b. In this case metathesis was
performed between compound 6b and (R)-1-phenyl-2-propene-1-
ol in dry DCM.

4.8.1. (4R,5R)-4-(Benzyloxy)-5-((S,E)-3-hydroxy-3-phenylprop-1-
enyl)dihydrofuran-2(3H)-one (10a). White solid; yield: 74%
(557 mg); mp 95e98 �C. Eluent for column chromatography:
EtOAc/hexane (4/21, v/v); ½a�31D þ1.00 (c 0.32, MeOH); Rf¼0.27 (2/3
EtOAc/hexane); IR (KBr): n¼771, 1217, 1461, 1543, 1651, 1750, 2359,
2924, 3021, 3441 cm�1; 1H NMR(300 MHz, CDCl3): d 2.68 (2H, d,
J¼4.3 Hz), 4.27 (1H, dd, J¼4.5, 8.9 Hz), 4.48 (1H, d, J¼12.0 Hz), 4.57
(1H, dd, J¼12.0 Hz), 4.92e4.95 (1H, m), 5.29e5.30 (1H, m),
6.01e6.14 (2H, m), 7.26e7.38 (10H, m); 13C NMR (75 MHz, CDCl3):
d 35.7 (CH2), 71.7 (CH2), 73.9 (CH), 75.9 (CH), 83.4 (CH), 123.3 (CH),
126.3, 127.6, 127.9, 128.0, 128.5, 128.6 (ArC), 137.0 (ArqC), 137.9 (CH),
141.9 (ArqC), 174.6 (C]O); DARTeHRMS: [M�OH]þ�, found
307.1333. C20H19O3 requires 307.1334.

4.8.2. (4S,5S)-4-(Benzyloxy)-5-((R,E)-3-hydroxy-3-phenylprop-1-
enyl)dihydrofuran-2(3H)-one (10b). White solid; yield: 74%
(557 mg); mp 98e100 �C. Eluent for column chromatography:
EtOAc/hexane (4/21, v/v); ½a�31D �2.8 (c 0.27, MeOH); Rf¼0.27 (2/3
EtOAc/hexane); IR (KBr): n¼765, 1215, 1456, 1543, 1777, 2363, 2856,
2924, 3021, 3449 cm�1; 1H NMR(300 MHz, CDCl3): d 2.71 (2H, d,
J¼4.3 Hz), 4.29 (1H, dd, J¼4.5, 8.9 Hz), 4.51 (1H, d, J¼11.9 Hz), 4.59
(1H, d, J¼12.0 Hz), 4.96 (1H, t, J¼4.7 Hz), 5.33 (1H, br s), 6.04e6.16
(2H, m), 7.28e7.38 (10H, m); 13C NMR (75 MHz, CDCl3): d 35.7
(CH2), 71.8 (CH2), 73.9 (CH), 75.9 (CH), 83.3 (CH), 123.4 (CH), 126.3,
127.6, 127.9, 128.0, 128.6, 128.7 (ArC), 137.1 (ArqC), 137.9 (CH), 142.0
(ArqC), 174.5 (C]O); DARTeHRMS: [M�OH]þ�, found 307.1328.
C20H19O3 requires 307.1334.

4.9. General procedure for the synthesis of compound 11a,b

To the stirring solution of compound 10a (540 mg, 1.67 mmol) in
dry DCM (10 mL) at 0 �C imidazole (239mg, 3.31 mmol) and TBSCl
(275mg, 1.82 mmol) were added. The temperature of the reaction
mixture was raised to room temperature. After 8 h, a saturated
aqueous solution of NH4Cl (15 mL) was added and the resulting so-
lution was extracted with DCM (3�10 mL). The combined organic
phases were dried over Na2SO4 and the solvent was removed under
reduced pressure. The residue was purified by column chromatog-
raphy (230e400 mesh) to furnish 11a (676 mg, 93%) as awhite solid.
Similar reaction protocol was adopted for the synthesis of 11b.

4.9.1. (4R,5R)-4-(Benzyloxy)-5-((S,E)-3-(tert-butyldimethyl-silyl-
oxy)-3-phenylprop-1-enyl)dihydrofuran-2(3H)-one (11a). White
solid; yield: 93% (676 mg); mp 90e92 �C. Eluent for column chro-
matography: EtOAc/hexane (3/22, v/v); ½a�30D �37.1 (c 0.80, CHCl3);
Rf¼0.60 (2/3 EtOAc/hexane); IR (KBr): n¼771, 1216, 1578, 1781,
2360, 2860, 2933, 3027 cm�1; 1H NMR (300 MHz, CDCl3): d �0.10
(3H, s), 0.00 (3H, s), 0.84 (9H, s), 2.59 (2H, d, J¼4.2 Hz), 4.15 (1H, dd,
J¼4.4, 8.4 Hz), 4.40e4.49 (2H, m), 4.82 (1H, dd, J¼4.7, 6.9 Hz), 5.20
(1H, d, J¼4.2 Hz), 5.88e6.06 (2H, m), 7.15e7.29 (10H, m); 13C NMR
(75 MHz, CDCl3): d �4.9 (CH3), �4.8 (CH3), 25.8 (3CH3), 35.8 (CH2),
71.7 (CH2), 74.4 (CH), 76.1 (CH), 83.7 (CH), 121.4 (CH), 125.9, 127.2,
127.5, 127.9, 128.3, 128.4 (ArC), 137.1 (ArqC), 139.5 (CH), 142.9
(ArqC), 174.7 (C]O); DARTeHRMS: [MþH]þ�, found 439.2299.
C26H35O4Si requires 439.2305.
4.9.2. (4S,5S)-4-(Benzyloxy)-5-((R,E)-3-(tert-butyldimethyl-sily-
loxy)-3-phenylprop-1-enyl)dihydrofuran-2(3H)-one (11b). White
solid; yield: 66% (480 mg); mp 85e88 �C. Eluent for column chro-
matography: EtOAc/hexane (3/22, v/v); ½a�31D þ33.1 (c 0.33, CHCl3);
Rf¼0.60 (2/3 EtOAc/hexane); IR (KBr): n¼769, 1215, 1651, 1780,
2358, 2857, 2926, 3025 cm�1; 1H NMR (300 MHz, CDCl3): d �0.09
(3H, s), 0.00 (3H, s), 0.85 (9H, s), 2.61 (2H, d, J¼4.5 Hz), 4.17 (1H, dd,
J¼4.5, 8.5 Hz), 4.42e4.50 (2H, m), 4.84 (1H, dd, J¼4.6, 6.9 Hz), 5.21
(1H, d, J¼4.3 Hz), 5.89e6.06 (2H, m), 7.17e7.28 (10H, m); 13C NMR
(75 MHz, CDCl3): d �4.9 (CH3), �4.8 (CH3), 25.8 (3CH3), 35.8 (CH2),
71.7 (CH2), 74.4 (CH), 76.1 (CH), 83.7 (CH), 121.4 (CH), 125.9, 127.3,
127.5, 127.9, 128.3, 128.5 (ArC), 137.1 (ArqC), 139.6 (CH), 143.0
(ArqC), 174.7 (C]O); DARTeHRMS: [MþH]þ�, found 439.2309.
C26H35O4Si requires 439.2305.

4.10. General procedure for the synthesis of compound 12a,b

To a stirred solution of tBuOH (5 mL) and water (5 mL) were
added AD-mix-b (4.0 g) and methanesulfonamide (CH3SO2NH2)
(0.100 g, 1.05 mmol) at room temperature. The mixture was vig-
orously stirred at room temperature until both phases were clear
and then cooled to 0 �C. A solution of compound 11a (500 mg,
1.14 mmol) in tBuOH (5 mL) and catalytic amount of OsO4 were
added simultaneously at 0 �C to the above reaction mixture. It
was stirred at the same temperature for 24 h. The reaction was
quenched at 0 �C by the addition of sodium sulfite (1.2 g),
warmed to room temperature, and further stirred for 30 min. The
resulting mixture was extracted with EtOAc (3�10 mL). The
organic layer was dried over anhydrous Na2SO4, filtered, and
concentrated in vacuo. Purification of the crude product by silica
gel (230e400 mesh) column chromatography afforded 12a
(362 mg, 67%) as a white solid. Similar reaction procedure
was adopted for the synthesis of 12b from 11b by using AD-
mix-a.

4.10.1. (4R,5R)-4-(Benzyloxy)-5-((1S,2S,3R)-3-(tert-butyldimethyl-
silyloxy)-1,2-dihydroxy-3-phenylpropyl)dihydrofuran-2(3H)-one
(12a). White solid; yield: 67% (362 mg); mp 102e105 �C. Eluent for
column chromatography: EtOAc/hexane (1/4, v/v); ½a�31D �46.5 (c
0.73, MeOH); Rf¼0.38 (1/2 EtOAc/hexane); IR (KBr): n¼767, 1216,
1590, 1777, 2359, 2857, 2928, 3021, 3462 cm�1; 1H NMR (300 MHz,
CDCl3): d �0.10 (3H, s), 0.09 (3H, s), 0.89 (9H, s), 2.34 (1H, d,
J¼7.6 Hz, eOH), 2.62 (1H, dd, J¼5.6, 17.5 Hz), 2.74e2.81 (1H, m),
3.66 (1H, t, J¼6.6 Hz), 4.29e4.33 (2H, m), 4.49e4.60 (3H, m), 4.85
(1H, d, J¼6.4 Hz), 7.21e7.34 (10H, m); 13C NMR (75 MHz, CDCl3):
d �5.3 (CH3), �4.7 (CH3), 25.7 (3CH3), 35.2 (CH2), 67.9 (CH), 71.1
(CH2), 73.9 (CH), 74.1 (CH), 76.7 (CH), 84.5 (CH), 126.7, 127.8, 127.9,
128.1, 128.4, 128.6 (ArC), 136.4 (ArqC), 141.1 (ArqC), 174.5 (C]O);
DARTeHRMS: [MþH]þ�, found 473.2349. C26H37O6Si requires
473.2359.

4.10.2. (4S,5S)-4-(Benzyloxy)-5-((1R,2R,3S)-3-(tert-butyldimethyl-
silyloxy)-1,2-dihydroxy-3-phenylpropyl)dihydrofuran-2(3H)-one
(12b). White solid; yield: 58% (313 mg); mp 100e102 �C. Eluent
for column chromatography: EtOAc/hexane (1/4, v/v); ½a�31D þ47.2
(c 0.23, MeOH); Rf¼0.38 (1/2 EtOAc/hexane); IR (KBr): n¼772,
1217, 1645, 1750, 2360, 2859, 2927, 3423 cm�1; 1H NMR
(300 MHz, CDCl3): d �0.14 (3H, s), 0.09 (3H, s), 0.89 (9H, s), 2.62
(1H, dd, J¼5.6, 17.5 Hz), 2.75e2.81 (1H, m), 3.65 (1H, br s),
4.29e4.32 (2H, m), 4.49e4.59 (3H, m), 4.86 (1H, d, J¼6.3 Hz),
7.21e7.34 (10H, m); 13C NMR (75 MHz, CDCl3): d �5.2 (CH3), �4.7
(CH3), 25.7 (3CH3), 35.2 (CH2), 67.9 (CH), 71.2 (CH2), 74.0 (CH),
74.2 (CH), 76.7 (CH), 84.5 (CH), 126.8, 127.9, 128.0, 128.2, 128.4,
128.6 (ArC), 136.5 (ArqC), 141.1 (ArqC), 174.3 (C]O);
DARTeHRMS: [MþH]þ�, found 473.2353. C26H37O6Si requires
473.2359.
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4.11. General procedure for the synthesis of compound 13a,b

To a stirred solution of compound 12a (122 mg, 0.26 mmol) in
dry acetonitrile Amberlyst 15 resin (150 mg) was added at 0 �C. The
mixture was vigorously stirred at room temperature for 5 h to
complete the reaction. After that, the reaction mixture was filtered
through a Celite pad and then concentrated in vacuo to give awhite
solid 13a (87 mg, 94%). The product did not require any purification.
Similar reaction protocol was adopted for the synthesis of 13b.

4.11.1. (4R,5R)-4-(Benzyloxy)-5-((1S,2R,3R)-1,2,3-trihydroxy-3-phe-
nylpropyl)dihydrofuran-2(3H)-one (13a). White solid; yield: 94%
(87 mg); mp 160e162 �C. Eluent for column chromatography:
EtOAc/hexane (2/3, v/v); ½a�27D �33.5 (c 0.43, MeOH); Rf¼0.24 (4/1
EtOAc/hexane); IR (KBr): n¼765,1216,1602, 1765, 2364, 2858, 2925,
3022, 3426 cm�1; 1H NMR (300 MHz, CD3OD): d 2.77e2.78 (2H, m),
3.71e3.74 (1H, m), 4.32e4.67 (5H, m), 4.74 (1H, d, J¼7.9 Hz),
7.19e7.42 (10H, m); 13C NMR (75 MHz, CD3OD): d 36.7 (CH2), 69.9
(CH), 71.9 (CH2), 74.4 (CH), 75.5 (CH), 76.0 (CH), 87.5 (CH), 128.3,
128.4, 128.9, 129.1, 129.3, 129.5 (ArC), 138.7 (ArqC), 144.2 (ArqC),
177.9 (C]O); DARTeHRMS: [M�OH]þ�, found 341.1408. C20H21O5

requires 341.1389.

4.11.2. (4S,5S)-4-(Benzyloxy)-5-((1R,2S,3S)-1,2,3-trihydroxy-3-phe-
nylpropyl)dihydrofuran-2(3H)-one (13b). White solid; yield: 90%
(84 mg); mp 160e164 �C. Eluent for column chromatography:
EtOAc/hexane (2/3, v/v); ½a�31D þ33.3 (c 0.27, MeOH); Rf¼0.24 (4/1
EtOAc/hexane); IR (KBr): n¼763, 1216, 1632, 1766, 2371, 2857, 2927,
3022, 3418 cm�1; 1H NMR (300 MHz, CD3OD): d 2.86e2.87 (2H, m),
3.83 (1H, d, J¼6.7 Hz), 4.44e4.78 (6H, m), 7.31e7.47 (10H, m); 13C
NMR (75 MHz, CD3OD): d 36.8 (CH2), 70.1 (CH), 72.0 (CH2), 74.5
(CH), 75.6 (CH), 76.1 (CH), 87.5 (CH),128.4,128.5,129.0,129.2,129.4,
129.6 (ArC), 138.8 (ArqC), 144.3 (ArqC), 178.1 (C]O); DARTeHRMS:
[M�H]þ�, found 357.1321. C20H21O6 requires 357.1338.

4.12. General procedure for the synthesis of compound 14a,b

A catalytic amount of Pd(OH)2 (5 mg) was added to a solution of
13a (20 mg, 0.056 mmol) in methanol (5 mL). A vacuum was cre-
ated in a round bottomed flask containing the above reaction
mixture with the help of pump and the mixture was stirred under
H2 in a balloon at 1 atms. After the completion of the reaction (TLC,
24 h) catalyst was removed by filtration, washed with methanol
twice and the combined filtrate was concentrated and purified by
silica gel (230e400 mesh) column chromatography to afford
(þ)-cardiobutanolide 14a (10 mg, 67%) as a white solid. Analogous
procedure was adopted for the synthesis of (�)-cardiobutanolide
14b from 13b.

4.12.1. (þ)-Cardiobutanolide (14a). White solid; yield: 67%
(10 mg); mp 192e194 �C; Eluent for column chromatography:
EtOAc/hexane (9/11, v/v); ½a�29D þ6.1 (c 0.4, MeOH) [lit. mp
189e190 �C; lit. ½a�24D þ6.4 (c 0.28, MeOH)]13; Rf¼0.37 (EtOAc); IR
(KBr): n¼769, 1218, 1590, 1772, 2340, 2858, 2927, 3371 cm�1; 1H
NMR (600 MHz, (CD3)2C]O): d 2.38 (1H, d, J¼17.4 Hz), 2.86e2.89
(1Hþsolvent, m), 3.93 (1H, dd, J¼1.2, 7.8 Hz), 4.40 (1H, dd, J¼1.2,
7.2 Hz), 4.57 (1H, dd, J¼3.6, 7.8 Hz), 4.62e4.64 (1H, m), 4.80 (1H, d,
J¼7.8 Hz), 7.21e7.24 (1H, m), 7.31 (2H, t, J¼7.8 Hz), 7.45 (2H, d,
J¼7.8 Hz); 13C NMR (100 MHz, (CD3)2C]O): d 40.4 (CH2), 68.7 (CH),
70.4 (CH), 74.2 (CH), 75.6 (CH), 86.6 (CH), 127.9, 128.0, 128.6 (ArC),
144.3 (ArqC), 176.1 (C]O); DARTeHRMS: [M]þ�, found 268.0947.
C13H16O6 requires 268.0946.

4.12.2. (�)-Cardiobutanolide (14b). White solid; yield: 60% (9 mg);
mp 194e195 �C. Eluent for column chromatography: EtOAc/hexane
(9/11, v/v); ½a�28D �2.72 (c 0.2, MeOH) [for (þ)-cardiobutanolide lit.
mp 189e190 �C; lit. ½a�24D þ6.4 (c 0.28, MeOH)]13; Rf¼0.37 (EtOAc);
IR (KBr): n¼762, 1186, 1369, 1703, 2339, 2369, 2932, 2976,
3452 cm�1; 1H NMR (400 MHz, (CD3)2C]O): d 2.38 (1H, d,
J¼17.1 Hz), 2.79e2.82 (1Hþsolvent, m), 3.79 (1H, d, J¼8.4 Hz,
eOH), 3.93 (1H, t, J¼7.0 Hz), 4.31 (1H, d, J¼5.2 Hz, eOH), 4.38e4.39
(1H, m), 4.57 (1H, dd, J¼2.8, 7.5 Hz), 4.63e4.67 (2H, m), 4.79e4.84
(1H, m), 7.21e7.25 (1H, m), 7.29e7.32 (2H, m), 7.45 (2H, d,
J¼7.3 Hz); 13C NMR (100 MHz, (CD3)2C]O): d 40.4 (CH2), 68.7 (CH),
70.3 (CH), 74.2 (CH), 75.6 (CH), 86.7 (CH), 127.9, 128.0, 128.6 (ArC),
144.3 (ArqC), 176.2 (C]O); DARTeHRMS: [M�H]þ�, found
267.0893. C13H15O6 requires 267.0869.

4.13. Synthesis of (4R,5S)-4-(benzyloxy)-5-((4S,5S)-5-((R)-
(tert-butyldimethylsilyloxy)(phenyl)methyl)-2,2-dimethyl-
1,3-dioxolan-4-yl)dihydrofuran-2(3H)-one (15a)

To a stirred solution of 12a (200 mg, 0.42 mmol) in acetone
(3 mL) was added 2,2-dimethoxypropane (DMP) (0.08 mL,
0.63 mmol) followed by camphorsulfonic acid (CSA) (10 mg,
0.043 mmol). The reaction mixture was stirred till the consump-
tion of starting material (2 h). Afterward, the reaction mixture was
concentrated under reduced pressure to colorless oil, which was
dissolved in EtOAc (5 mL) and extracted with the same solvent
(3�10 mL). The organic layer was dried over anhydrous Na2SO4,
filtered, and concentrated in vacuo. Purification of the crude
product by silica gel column chromatography (230e400 mesh)
afforded pure 15a (180 mg, 83%) as a yellow gum. Eluent for
column chromatography: EtOAc/hexane (1/24, v/v); ½a�27D �10.73
(c 0.60, MeOH); Rf¼0.58 (1/4 EtOAc/hexane); IR (neat): n¼770,
1219, 1369, 1589, 1661, 1791, 2338, 2370, 2930 cm�1; 1H NMR
(300 MHz, CDCl3): d �0.08 (3H, s), 0.13 (3H, s), 0.93 (9H, s), 1.28
(3H, s), 1.35 (3H, s), 2.50 (1H, dd, J¼8.6, 16.8 Hz), 2.80 (1H, dd,
J¼10.0, 16.9 Hz), 3.77 (1H, d, J¼7.7 Hz), 4.22e4.32 (2H, m),
4.57e4.59 (3H, m), 4.99 (1H, d, J¼4.5 Hz), 7.28e7.40 (10H, m); 13C
NMR (75 MHz, CDCl3): d �4.8 (CH3), �4.7 (CH3), 25.9 (3CH3), 26.2
(CH3), 27.7 (CH3), 34.1 (CH2), 72.3 (CH2), 73.9 (CH), 74.1 (CH), 74.3
(CH), 78.0 (CH), 80.6 (CH), 110.2 (qC), 126.2, 127.5, 127.8, 128.0,
128.4, 128.6 (ArC), 137.2 (ArqC), 141.0 (ArqC), 174.4 (C]O);
DARTeHRMS: [MþH]þ�, found 513.2673. C29H41O6Si requires
513.2672.

4.14. Synthesis of (4R,5S)-5-((4S,5S)-5-((R)-(tert-
butyldimethyl-silyloxy)(phenyl)methyl)-2,2-dimethyl-1,3-
dioxolan-4-yl)-4-hydroxydihydrofuran-2(3H)-one (16a)

To a solution of 15a (136 mg, 0.26 mmol) in dry EtOAc (5 mL)
taken in a round bottomed flask was added a catalytic amount of
Pd(OH)2 (10 mg). A vacuumwas created in this flask containing the
above reaction mixture with the help of pump and was stirred
under H2 in a balloon at 1 atms. After the completion of the reaction
(TLC, 24 h) catalyst was removed by filtration, washed with EtOAc
twice and the combined filtrate was concentrated to afford a col-
orless oil, which on column chromatographic (230e400 mesh silica
gel) purification gave the pure compound 16a (97 mg, 87%) as
a yellow gum. Eluent for column chromatography: EtOAc/hexane
(7/43, v/v); ½a�28D þ4.58 (c 0.50, MeOH); Rf¼0.21 (1/4 EtOAc/hex-
ane); IR (neat): n¼770, 1219, 1374, 1462, 1727, 1784, 2340, 2369,
2856, 2926, 3486 cm�1; 1H NMR (300 MHz, CDCl3): d �0.06 (3H, s),
0.11 (3H, s), 0.93 (9H, s), 1.39 (3H, s), 1.49 (3H, s), 2.54 (1H, dd, J¼5.5,
17.8 Hz), 2.69 (1H, dd, J¼7.6, 17.8 Hz), 3.68 (1H, d, J¼6.3 Hz), 4.36
(1H, dd, J¼4.4, 7.9 Hz), 4.48e4.55 (2H, m), 4.93e5.03 (1H, m),
7.28e7.37 (5H, m); 13C NMR (75 MHz, CDCl3): d �4.8 (CH3), �4.7
(CH3), 25.9 (3CH3), 26.3 (CH3), 27.5 (CH3), 38.5 (CH2), 69.1 (CH), 73.7
(CH), 75.3 (CH), 80.1 (CH), 80.7 (CH), 110.5 (qC), 126.1, 127.9, 128.4
(ArC), 140.4 (ArqC), 174.6 (C]O); DARTeHRMS: [MþH]þ�, found
423.2208. C22H35O6Si requires 423.2203.
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4.15. Synthesis of (S)-5-((4R,5S)-5-((R)-(tert-butyldimethyl-
silyloxy)(phenyl)methyl)-2,2-dimethyl-1,3-dioxolan-4-yl)-
furan-2(5H)-one (17a)

To a stirred solution of 16a (102 mg, 0.24 mmol) dissolved in dry
DCM (10 mL) was added Et3N (0.08 mL, 0.60 mmol) drop wise at
0 �C and left the reaction mixture for stirring for 10 min. The
methanesulfonyl chloride (MsCl) (0.02 mL, 0.29 mmol) was added
drop wise to this reaction mixture at the same temperature and
stirring was further continued for 3 h at the same temperature for
the completion of the reaction. The reaction mixture was diluted
with water, organic layer was separated and the aqueous layer was
extracted with DCM (3�10 mL). The combined organic layer was
dried over anhydrous Na2SO4 and concentrated to obtain the crude
product which on column chromatographic purification
(230e400 mesh silica gel) gave pure 17a (90 mg, 92%) as a pale
yellow oil. Eluent for column chromatography: EtOAc/hexane (1/
49, v/v); ½a�32D �14.89 (c 0.63, MeOH); Rf¼0.68 (1/4 EtOAc/hexane);
IR (neat): n¼770, 1155, 1254, 1460, 1767, 2362, 2858, 2925 cm�1; 1H
NMR (300 MHz, CDCl3): d �0.17 (3H, s), 0.00 (3H, s), 0.82 (9H, s),
1.21 (3H, s), 1.31 (3H, s), 4.05e4.06 (1H, m), 4.18e4.20 (1H, m), 4.32
(1H, dd, J¼4.2, 7.7 Hz), 4.90 (1H, d, J¼4.2 Hz), 5.95 (1H, dd, J¼1.9,
5.6 Hz), 7.16e7.27 (6H, m); 13C NMR (75 MHz, CDCl3): d �4.8 (CH3),
�4.7 (CH3), 25.9 (3CH3), 26.1 (CH3), 27.3 (CH3), 73.7 (CH), 74.9 (CH),
81.1 (CH), 81.8 (CH), 110.3 (qC), 122.1 (]CH), 126.0, 127.9, 128.5
(ArC), 140.5 (ArqC), 153.2 (]CH), 172.9 (C]O); DARTeHRMS:
[MþH]þ�, found 405. 2092. C22H33O5Si requires 405.2097.

4.16. Synthesis of (S)-5-((1S,2R,3R)-1,2,3-trihydroxy-3-phenyl-
propyl)furan-2(5H)-one (18a)

To a stirred solution of 17a (79 mg, 0.19 mmol) in 2.5 mL of THF
were added 2.5 mL AcOH and 2.5 mL 2 N HCl at room temperature.
The stirring of the reaction mixture was continued for 24 h at the
same temperature. After the reaction was completed (TLC), the
volatiles were removed under reduced pressure and the residue
obtained was purified by silica gel (230e400 mesh) column chro-
matography to give 18a (27 mg, 56%) as a white solid. Eluent for
column chromatography: EtOAc/hexane (3/7, v/v); mp 106e108 �C;
½a�32D �69.8 (c 0.3, MeOH) [lit. mp 109e111 �C; ½a�24D �68 (c 0.6,
EtOAc)]17d; Rf¼0.52 (4/1 EtOAc/hexane); IR (KBr): n¼769, 1047,
1218, 1461, 1656, 1744, 2366, 2856, 2925, 3404 cm�1; 1H NMR
(200 MHz, CD3OD): d 3.64 (1H, dd, J¼2.0, 8.2 Hz), 4.07 (1H, dd,
J¼2.0, 6.0 Hz), 4.72 (1H, d, J¼8.2 Hz), 5.24e5.29 (1H, m), 6.16 (1H,
dd, J¼2.1, 5.8 Hz), 7.21e7.45 (5H, m), 7.76 (1H, dd, J¼1.5, 5.8 Hz); 13C
NMR (50 MHz, CDCl3): d 72.8 (CH), 74.9 (CH), 75.1 (CH), 87.5 (CH),
122.2 (]CH), 128.4, 128.5, 129.1 (ArC), 144.0 (ArqC), 156.9 (]CH),
175.6 (C]O); DARTeHRMS: [MþH]þ�, found 251.0908. C13H15O5
requires 251.0919.

4.17. Synthesis of compound (D)-goniofufurone (19a)

A solution of unsaturated lactone 18a (0.017 g, 0.068 mmol) in
dry THF (10 mL) containing DBU (6 mL) was stirred at room tem-
perature for 24 h. The solution was then filtered through a short
pad of silica gel topped with Celite. Removal of the solvent from the
filtrate in vacuo gave a residue, which was crystallized from EtOAc/
hexane (1/20, v/v) to give a white solids 19a (11 mg, 65%); mp
150e152 �C. Crystallized from EtOAc/hexane. ½a�31D þ5.1 (c 0.23,
MeOH) [lit. mp 152e154 �C; lit. ½a�22D þ9.0 (c 0.5, EtOH)]12c; Rf¼0.57
(EtOAc); IR (KBr): n¼771, 1045, 1219, 1463, 1652, 1774, 2364, 2852,
2918, 3443 cm�1; 1H NMR (300 MHz, CDCl3): d 2.64e2.80 (2H, m),
2.99 (1H, br s, eOH), 4.11 (1H, dd, J¼2.8, 4.8 Hz), 4.21 (1H, br s,
eOH), 4.42 (1H, br s), 4.87 (1H, d, J¼4.1 Hz), 5.12 (1H, t, J¼4.3 Hz),
5.19 (1H, d, J¼4.6 Hz), 7.34e7.44 (5H, m); 13C NMR (50 MHz, CDCl3):
d 36.1 (CH2), 73.5 (CH), 74.5 (CH), 77.3 (CH), 82.9 (CH), 87.4 (CH),
125.9, 128.5, 128.8 (ArC), 138.9 (ArqC), 175.3 (C]O); DARTeHRMS:
[MþH]þ�, found 251.0918. C13H15O5 requires 251.0919.
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