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Abstract The efficient and enantioselective syntheses of arundinolides
A and B have been accomplished for the first time from chiral pool
methyl-2,3-O-isopropylidene--D-ribofuranoside and D-ethyl lactate.
The key features of the total synthesis are intramolecular crotonyl mi-
gration and NaBH4-CuCl catalyzed regioselective reduction and cross-
metathesis reaction.

Key words arundinolides, total synthesis, chiral pool, regioselective
reduction, crotonyl migration

Trichoderma species are known for their ability to pro-
duce bioactive secondary metabolites, including ter-
penoids, alkaloids, polyketides and non-ribosomally bio-
synthesized peptides.1 Among these Trichoderma species,
Trichoderma arundinaceum has attracted increasing atten-
tion in recent years because it produces trichothecenes,
which are sesquiterpenoid compounds that are harmful to
plants and to the animals that consume contaminated food
or feed stocks.2 Arundinolides A (1) and B (2), which are
two naturally occurring -lactones, were isolated as sec-
ondary metabolites from the fungus Trichoderma arundina-
ceum gene tri4 (TaΔTri4) by Collado and co-workers very re-
cently (Figure 1).3

The relative configurations of arundinolides A and B
were established based on extensive spectroscopic analysis
and electronic circular dichroism (ECD) experiments. The
arundinolides A and B comprise similar -lactone skeletons
with an extra side chain connecting C6 to C7. Architectural-
ly, the backbone and stereochemistry of arundinolides are
very close to the previously isolated natural product aspin-
olide B (3).4 The absolute configuration of arundinolide A
was further confirmed by treatment of aspinolide B (3)
with a basic solution of K2CO3 (5%) and subsequent neutral-

ization with a solution of HCl (0.1 M), which resulted in
arundinolide A (1). Aspinolide B displayed good fungicidal
activity and repressed SA-related genes, but the biological
activities of arundinolides A and B were not fully evaluated.
To date, no synthetic efforts have been reported toward the
synthesis of arundinolides. In the context of our studies on
the enantioselective synthesis of natural products based on
the readily available natural carbohydrates,5 we herein re-
port a concise and efficient synthetic approach to arundin-
olides A and B.

The retrosynthetic analysis for arundinolides A (1) and
B (2) is illustrated in Scheme 1. It was envisioned that the
two natural arundinolides could be accessed from suitably
functionalized intermediate 4 through an intramolecular
crotonyl ester migration at C-8 and C-9 via ortho ester inter-
mediates with retention of chirality. The trans double bond
at C6-C7 could be installed by coupling subunit 5 with the
olefinic side chain 6 through the olefin cross-metathesis
(CM) strategy. The CM precursor 5 could be readily accessible

Figure 1  Chemical structures of arundinolides A (1), B (2) and aspino-
lide B (3)
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from commercially available methyl-2,3-O-isopropylidene-
-D-ribofuranoside (7). The TBS group protected allylic al-
cohol 6, in which the desired trans diols are ready, could be
obtained from D-ethyl lactate through reduction and
Grignard addition in a one-pot sequence. Details of the
studies thus undertaken are described below.

Scheme 1  Retrosynthetic analysis of arundinolides A and B (com-
pounds 7 and 8 are commercially available)

We started the synthesis of arundinolides A and B by
converting D-ethyl lactate 8 into silyl group protected allylic
alcohol 6 in two steps by following a reported protocol,6 as
shown in Scheme 2. Reduction of the known TBS-protected
ethyl lactate 9 with DIBAL-H to the corresponding aldehyde
and subsequent treatment with vinyl magnesium chloride
delivered the desired trans diol as a 7.8:1 mixture of diaste-
reoisomers in a one-pot process. This approach afforded the
desired allylic alcohol (3S,4R)-6 in a yield of 80% over two
steps from D-ethyl lactate.

The synthesis of the lactone fragment 5 began with con-
version of commercially available methyl-2,3-O-isopro-
pylidene--D-ribofuranoside (7) into the corresponding io-
dide 10 (Scheme 3). According to a modified literature pro-

cedure,7 the resulting iodide 10 was further treated with
active zinc in refluxing methanol to provide the desired al-
dehyde 11 in almost quantitative yield. Wittig olefination of
the labile aldehyde 11 with (ethoxycarbonylmethylene)
triphenylphosphorane in ethanol afforded predominantly
(Z)-,-unsaturated ester 12 in 78% yield with 5:1 Z/E selec-
tivity (J = 11.6 Hz for the Z-isomer, based on NMR analysis
of the crude product).8

Scheme 3  Synthesis of 14. Reagents and conditions: (a) I2, imidazole, 
PPh3, THF, reflux, 30 min, 95%; (b) activated Zn, MeOH, reflux, 1 h; (c) 
Ph3P=CHCO2Et, EtOH, r.t., 12 h, 78% over two steps; (d) NaBH4, CuCl, 
THF–EtOH (3:7), –40 °C, 1 h, 90%; (e) 4 M HCl, MeOH, r.t., 5 h, 82%; (f) 
TBDMSCl, imidazole, cat. DMAP, anhydrous DCM, r.t., 12 h, 93%.

Selective reduction of the conjugated double bond in the
(Z)-,-unsaturated ester 12 with the NaBH4-CuCl system
in THF/EtOH at –40 °C provided the ester 13 in 90% yield.9 It
was found that the selectivity of the reduction was sensitive
to the rate of addition of the sodium borohydride and to the
reaction temperature. Other conditions using NaBH4-CoCl2,10

NaBH4-CuCl2 and Mg-MeOH11 did not show an acceptable
yield improvement. Acidic hydrolysis of the acetonide
group followed by lactonization was then effectively carried
out in one pot by treating ester 13 with 4 M HCl in metha-
nol. Blocking of the corresponding allylic alcohol with a TBS
group provided 14 in 93% yield.

D-ethyl lactate (8), $7, $
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Scheme 2  Synthesis of 6. Reagents and conditions: (a) TBDMSCl, imid-
azole, anhydrous DCM, 0 °C to r.t., 5 h; (b) DIBAL-H, anhydrous DCM, 
–98 °C, then vinylmagnesium chloride, –98 °C to r.t., 3 h, 80% over two 
steps.
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With both key fragments in hand, we set out to synthe-

size arundinolide B (2) through the planned cross-metathe-
sis strategy (Scheme 4). Thus, treatment of allylic alcohol 6
with excess NaH in anhydrous THF at ambient temperature
resulted in the desired TBS-migration product 1512 in 47%
and 73% yield based on recovered starting material. Pre-
sumably, the base-assisted 1,2-silyl migration took place via
an intramolecular process and generated the thermody-
namically more stable C-3 alkoxide 15 via a five-membered
ring intermediate containing a pentacovalent silicon at-
om.13 Esterification of the volatile alcohol 15 with n-butyric
anhydride in pyridine gave 16 in better yield than the cor-
responding DCC-promoted coupling. It was also found that
the TBS group in 15 was sensitive to retro-migration under
the Keck procedure (DCC/ DMAP).14 Deprotection of the TBS
group was carried out with the hydrogen fluoride-pyridine
(HF·Py) complex and gave the desired allylic alcohol 17 in a
moderate yield of 52%. Finally, coupling of the lactone 5
with the excess alcohol 17 (2.0 equiv) under Grubbs sec-

ond-generation catalyst15 afforded the arundinolide B albeit
in only 28% yield (Scheme 4). Based on previous reports, the
low yield was probably due to the homodimerization and
the undesired Ru-catalyzed intramolecular hydrogen-transfer
isomerization of unprotected allylic alcohols into ethyl ke-
tones.16 Attempts to suppress the undesired isomerization
by using benzoquinone or phenol as additives were fruit-
less.17

Although the synthesis of arundinolide B was short (six
steps, the longest linear sequence) and efficient, it suffered
from low yield in the NaH-mediated 1,2-silyl migration and
the cross-metathesis process. Moreover, in view of the sim-
ilar structural skeleton of arundinolides A and B, it is there-
fore highly desirable to develop a more efficient and diver-
gent synthetic strategy for the total synthesis of both natu-
ral products.

To circumvent these problems, we therefore revised our
synthetic plan. It was reported that some bulky silyl groups
(e.g., TBS or TES) could prevent the Ru-catalyzed isomeriza-

Scheme 4  Synthesis of arundinolide B. Reagents and conditions: (a) NaH, THF, r.t., 47% (73% BRSM); (b) n-Butyric anhydride, Py, DMAP, r.t., 90%; 
(c) HF-pyridine complex, THF, r.t., 52%. (d) Grubbs 2nd catalyst, anhydrous DCM, N2, reflux, 28%.
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tion of allylic alcohols and inhibit homodimerization in
cross-metathesis reactions.18 Accordingly, we revised our
synthetic expedition towards arundinolides A and B. To our
delight, exposure of the TBS-substituted lactone 14 with
the alcohol 6 (5.0 equiv) in the presence of Hoveyda–
Grubbs second-generation catalyst, delivered compound 18
in good yield without any detectable isomerization product
(Scheme 5).19 Subsequently, esterification of the allyl alco-

hol 18 with crotonic anhydride in pyridine afforded 4 in
84% yield.

However, the envisaged desilylation and transesterifica-
tion of 4 turned out to be more difficult than we expected.
Therefore, various conditions of desilylation and crotonyl
ester migration were investigated to deliver arundinolide A
and the crotonyl migration product 19, which would be
subsequently regioselectively reduced to afford arundino-
lide B (Table 1).

Table 1  Conditions for Desilylation and Transesterification of 4

Entry Conditions Yield of 1 (%) Yield of 19 (%)

1 TBAF (2.5 equiv), THF, 50 °C, 1 h 40 26

2 HF·Py (15 equiv), THF, r.t., 30 h 47  0

3 HF·Py (20 equiv), THF, r.t., 30 h 60  0

4 HF·Py (30 equiv), THF, r.t., 30 h 58 trace

5 HF·Py (50 equiv), THF, r.t., 24 h 37 30

6 1 M HCl, MeOH, r.t., 30 h 49 17

7 PTSA, MeOH, r.t., 17 h 24 43

8 CSA (0.05 equiv), MeOH, r.t., 15 h 29 37
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Table 2  Comparison of 1H and 13C NMR Data of Naturala and Syntheticb Arundinolide A (1)

No Proton 1H NMR natural 1H NMR synthetic 13C NMR natural 13C NMR synthetic

 1 – – – 177.3 177.5

 2 H-2 2.60, ddd (18, 10.1, 6) 2.60, ddd (18, 10.1, 6.1)  28.4  28.4

H-2 2.48, ddd (18, 10.1, 7.6) 2.46, ddd (17.9, 10.2, 7.6)

 3 H-3 2.21, m 2.21, m  21.0  21.0

H-3 2.12, m 2.12, m

 4 4.51, m 4.51, m  81.5  81.6

 5 4.54, m 4.53, m   71.7

 6 5.75, ddd (15.7, 5, 1.2) 5.75, dd (15.5, 4.6) 131.2 131.3

 7 5.96, ddd (15.7, 7, 1.5) 5.95, ddd (15.6, 6.8, 1.2) 127.7 127.8

 8 5.24, ddt (7, 3.9, 0.9) 5.23, dd (6.7, 3.9)  77.2  77.3

 9 3.98, qd (6.5, 3.9) 3.97, qd (6.5, 4.0)  69.0  69.0

10 1.18, d (6.5) 1.18, d (6.4)  18.3  18.3

1′ – – 165.6 165.6

2′ 5.88, dq (15.6, 1.7) 5.88, dq (15.5, 1.7) 122.3 122.3

3′ 7.02, dq (15.6, 6.9) 7.02, dq (15.6, 6.9) 145.9 145.9

4′ 1.90, dd (6.9, 1.7) 1.90, dd (6.9, 1.6)  18.1  18.0
a Spectra were recorded at 500 MHz (1H NMR) and 125 MHz (13C NMR) in CDCl3.
b Spectra were recorded at 400 MHz (1H NMR) and 100 MHz (13C NMR) in CDCl3.
© 2020. Thieme. All rights reserved. Synthesis 2020, 52, A–I
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In an initial experiment, attempted desilylation of 4 un-
der basic conditions with TBAF in THF resulted in the for-
mation of a separable mixture of the two isomers, arundin-
olide A (1) and the crotonyl migration product 19 (26%) (Ta-
ble 1, entry 1). After screening a number of conditions, we
were delighted to find that the use of a large excess of hy-
drogen fluoride-pyridine complex could effectively sup-
press crotonyl migration. It was found that the equivalent of
HF-pyridine complex had a great effect on the crotonyl mi-
gration reaction in view of the yield (entry 2–5). When
more loading of HF-pyridine complex was used, a dramatic
improvement (up to 23%) and the highest yield (60%) for
arundinolide A (1) was observed, without any detectable
migration product. However, further increase in the num-
ber of equivalents of HF-pyridine to 50 equiv sharply de-
creased the yield of arundinolide A (1) and gave a mixture
of two isomers (entry 5). We also attempted the desilyla-
tion using acidic hydrolysis (entry 6–8). The best result for
the acid-promoted migration came from using p-toluene-
sulfonic acid (PTSA) in MeOH (entry 7) and provided the
desired crotonyl migration product 19 with an acceptable
reaction yield (43%). Finally, following the same regioselec-
tive reduction as described above, the synthesis of arundin-
olide B (2) was accomplished in 78% yield.

All the spectroscopic data and specific rotation data (1H
and 13C NMR, Table 2 and Table 3) of our synthetic arundin-
olides A and B were in good agreement with the values re-
ported for the natural product.3 The observed optical rota-
tion values for synthetic arundinolide A {[]D

20 –4.2 (c 0.15,

CHCl3), lit. []D
20 –3.2 (c 0.15, CHCl3)} and for synthetic

arundinolide B {[]D
20 +4.8 (c 0.32, CHCl3), lit. []D

20 +15 (c
0.32, CHCl3)} were comparable to those reported for the
natural products.

In summary, we have succeeded in the first total syn-
thesis of arundinolides A and B in 20.8% overall yield (9
steps) and 11.6% (10 steps) or 7.7% (6 steps) overall yields,
respectively. The efficient combination of chiron approach,
intramolecular crotonyl migration and NaBH4-CuCl cata-
lyzed regioselective reduction represent the key features of
the total synthesis. Our work confirmed the complete
structure and absolute stereochemistry of arundinolides.
Further efforts on the synthesis of related arundinolides
and aspinolides analogues and bioactivity evaluations are
under way in our laboratory.

Unless noted otherwise, commercially available materials were used
without further purification. All solvents were dried according to the
established procedures ahead of use. All reactions under standard
conditions were monitored by thin-layer chromatography (TLC) on
gel F254 plates. Yields refer to chromatographically and spectroscopi-
cally (1H NMR) homogeneous materials. 1H NMR, 13C NMR were mea-
sured on 400 MHz or 100 MHz spectrometers (NMR in CDCl3 with
TMS as an internal standard). Chemical shifts () are given in ppm rel-
ative to residual solvent (usually chloroform;  7.26 ppm for 1H NMR
or 77.0 ppm for proton decoupled 13C NMR), and coupling constants
(J) are in Hz. Multiplicity is tabulated as s for singlet, d for doublet, t
for triplet, q for quadruplet, and m for multiplet. Flash chromatogra-
phy (FC) was performed using silica gel (200–300 mesh) according to

Table 3  Comparison of 1H and 13C NMR Data of Naturala and Syntheticb Arundinolide B (2)

No Proton 1H NMR natural 1H NMR synthetic 13C NMR natural 13C NMR synthetic

 1 – – – 177.2 177.3

 2 H-2 2.61, ddd (18.0, 10.1, 6) 2.61, ddd (18.1, 10.1, 6)  28.5  28.5

H-2 2.50, ddd (18.0, 10.1, 7.7) 2.49, ddd (17.8, 10.2, 7.6)

 3 H-3 2.22, m 2.22, m  21.0  21.0

H-3 2.14, m 2.13, m

 4 4.52, m 4.50–4.54, m  81.6  81.7

 5 4.55, m  71.8  71.8

 6 5.78, ddd (15.5, 5.1, 1.4) 5.77, dd (15.6, 4.7) 129.0 129.2

 7 5.91, ddd (15.5, 5.7, 1.4) 5.91, dd (15.6, 5.7) 131.1 131.1

 8 4.28, m 4.27, t (4.4)  73.9  73.9

 9 4.99, qd (6.5, 3.2) 4.98, qd (6.5, 3.2)  73.2  73.2

10 1.18, d (6.5) 1.18, d (6.4)  14.6  14.7

1′ – – 173.6 173.6

2′ 2.31, t (7.4) 2.31, t (7.4)  36.3  36.3

3′ 1.66, sext (7.4) 1.66, dq (4.8, 7.4)  18.5  18.5

4′ 0.96, t (7.4) 0.96, t (7.4)  13.6  13.6
a Spectra were recorded at 500 MHz (1H NMR) and 125 MHz (13C NMR) in CDCl3.
b Spectra were recorded at 400 MHz (1H NMR) and 100 MHz (13C NMR) in CDCl3.
© 2020. Thieme. All rights reserved. Synthesis 2020, 52, A–I
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the standard protocol. Optical rotations were measured with a po-
larimeter with a thermally jacketed 5 cm cell at approximately 20 °C.
High-resolution mass spectrometry data (HRMS) were acquired with
a Q-TOF analyzer in acetone or MeOH as solvent.

(3S,4R)-4-((tert-Butyldimethylsilyl)oxy)pent-1-en-3-ol (6)
To a solution of TBS-protected lactate 96 (4.0 g, 17.2 mmol) in anhy-
drous DCM (80 mL) was added slowly DIBAL-H (1.0 M in hexane, 18.9
mL, 18.9 mmol) via syringe at –98 °C under N2 atmosphere and the
solution was stirred for 15 min. After completion of reaction (TLC), vi-
nylmagnesium chloride (1.0 M in toluene, 43.0 mL, 43.0 mmol) was
added dropwise into the mixture via syringe. The solution was then
warmed to r.t. and stirred for 2 h. Upon completion, the reaction was
quenched with saturated sodium potassium tartarate (40 mL) and
stirred overnight. The aqueous layer was extracted with DCM (3 × 100
mL) and the combined organic phase was washed with brine, dried
over Na2SO4, and concentrated. The crude residue was purified by
flash column chromatography (petroleum ether/EtOAc 80:1) to give 6.
Yield: 2.97 g (80%); colorless oil; []D

20 +7.2 (c 0.39, CHCl3).
1H NMR (400 MHz, CDCl3):  = 5.81 (ddd, J = 17.1, 10.6, 6.2 Hz, 1 H),
5.31–5.17 (m, 2 H), 4.02 (ddt, J = 6.3, 3.6, 1.4 Hz, 1 H), 3.84 (qd, J = 6.3,
3.6 Hz, 1 H), 1.07 (d, J = 6.3 Hz, 3 H), 0.89 (s, 9 H), 0.08 (s, 6 H).
13C NMR (100 MHz, CDCl3):  = 136.5, 116.5, 76.6, 71.2, 25.8, 18.0,
17.6, –4.4, –4.9.
HRMS (ESI-TOF): m/z [M + Na]+ calcd for C11H24O2SiNa: 239.1443;
found: 239.1427.

(3aS,4S,6aR)-4-(Iodomethyl)-6-methoxy-2,2-dimethyltetrahydro-
furo[3,4-d][1,3] dioxole (10)
A stirred solution of methyl-2,3-O-isopropylidene--D-ribofurano-
side (7) (8 g, 39.2 mmol), imidazole (4.8 g, 70.5 mmol), and triphenyl-
phosphine (15.4 g, 58.8 mmol) in THF (100 mL), iodine (14.8 g, 58.8
mmol) was added portionwise. The solution was heated at reflux for
30 min. After completion of reaction (TLC), the mixture was decanted
into excess saturated aqueous Na2S2O3, and then extracted with EtOAc
(3 × 200 mL). The combined organic phase was dried over Na2SO4, and
concentrated under reduced pressure. The crude material was puri-
fied by flash column chromatography (petroleum ether/EtOAc 25:1)
to give the known compound 10.7

Yield: 11.7 g (95%); colorless oil.
1H NMR (400 MHz, CDCl3):  = 5.05 (s, 1 H), 4.76 (dd, J = 5.9, 1.0 Hz,
1 H), 4.62 (d, J = 5.9 Hz, 1 H), 4.44 (ddd, J = 10.2, 6.0, 1.0 Hz, 1 H), 3.37
(s, 3 H), 3.28 (dd, J = 9.9, 6.1 Hz, 1 H), 3.16 (t, J = 10.0 Hz, 1 H), 1.48 (s,
3 H), 1.32 (s, 3 H).
13C NMR (100 MHz, CDCl3):  = 112.6, 109.6, 87.4, 85.3, 83.0, 55.2,
26.4, 24.9, 6.7.

Ethyl (Z)-3-((4S,5R)-2,2-Dimethyl-5-vinyl-1,3-dioxolan-4-yl)acry-
late (12)
Activated zinc powder (819 mg, 12.6 mmol) was added to the above
iodides 10 (2.0 g, 6.3 mmol) in MeOH (35 mL), and the mixture was
heated at reflux for 1 h. After completion of reaction (TLC), the mix-
ture was cooled to r.t., and filtered through a short plug of silica gel.
The filtrate was concentrated under reduced pressure to provide a
colorless oil, which was directly used in the following step without
further purification. The crude aldehyde (11) was dissolved in EtOH
(30 mL), then ethyl (triphenylphosphoranylidene)acetate (3.28 g, 9.4
mmol) was added at 0 °C and the resulting mixture was stirred at r.t.
for 12 h. After completion of the reaction (TLC), the mixture was

evaporated to give a residue, which was purified by flash column
chromatography (petroleum ether/EtOAc 22:1) to furnish compound
12.
Yield: 1.1 g (78% over two steps); []D

20 +31.2 (c 0.68, CHCl3).
1H NMR (400 MHz, CDCl3):  = 6.17 (dd, J = 11.6, 7.5 Hz, 1 H), 5.88 (dd,
J = 11.7, 1.6 Hz, 1 H), 5.71–5.61 (m, 2 H), 5.27 (dt, J = 17.1, 1.4 Hz, 1 H),
5.15 (dt, J = 10.4, 1.3 Hz, 1 H), 4.86 (t, J = 7.1 Hz, 1 H), 4.16 (q, J =
7.1 Hz, 2 H), 1.54 (s, 3 H), 1.40 (s, 3 H), 1.28 (t, J = 7.1 Hz, 3 H).
13C NMR (100 MHz, CDCl3):  = 165.6, 146.3, 133.9, 121.4, 117.8,
109.1, 79.6, 75.6, 60.4, 27.8, 25.2, 14.2.
HRMS (ESI-TOF): m/z [M + Na]+ calcd for C12H18O4Na: 249.1103;
found: 249.1100.

Ethyl 3-((4S,5R)-2,2-Dimethyl-5-vinyl-1,3-dioxolan-4-yl)propa-
noate (13)
To a stirred solution of ester 12 (1.0 g, 4.4 mmol) and cuprous chlo-
ride (305 mg, 3.08 mmol) in a mixture of THF (15 mL) and MeOH (35
mL), NaBH4 (1.1 g, 29.5 mmol) was added portionwise at –40 °C. The
reaction mixture was stirred at the same temperature for 1 h, then
concentrated under reduced pressure. The residue was diluted with
water, extracted with EtOAc (3 × 50 mL), and the organic layer was
separated, washed with water, brine, dried over Na2SO4 and concen-
trated under reduced pressure. The crude material was purified by
flash column chromatography (petroleum ether/EtOAc 20:1) to give
13.
Yield: 903 mg (90%); colorless oil; []D

20 –4.6 (c 0.54, CHCl3).
1H NMR (400 MHz, CDCl3):  = 5.81 (ddd, J = 17.5, 10.3, 7.6 Hz, 1 H),
5.35–5.24 (m, 2 H), 4.53 (t, J = 6.9 Hz, 1 H), 4.17–4.10 (m, 3 H), 2.51–
2.32 (m, 2 H), 1.77–1.71 (m, 2 H), 1.47 (s, 3 H), 1.35 (s, 3 H), 1.25 (t, J =
7.1 Hz, 3 H).
13C NMR (100 MHz, CDCl3):  = 173.3, 133.8, 118.6, 108.4, 79.5, 77.2,
60.4, 30.9, 28.1, 26.1, 25.6, 14.2.
HRMS (ESI-TOF): m/z [M + Na]+ calcd for C12H20O4Na: 251.1259;
found: 251.1273.

(S)-5-((R)-1-Hydroxyallyl)dihydrofuran-2(3H)-one (5)
To a stirred solution of 13 (500 mg, 2.2 mmol) in MeOH (20 mL) was
added a catalytic amount of 4 M HCl and the mixture was stirred at
r.t. for 5 h. Upon completion of the reaction (TLC), the mixture was
directly concentrated and the residue was extracted with EtOAc, then
the organic layer was evaporated under reduced pressure to afford 5.
Yield: 256 mg (82%); colorless oil; []D

20 +8.7 (c 0.6, CHCl3).
1H NMR (400 MHz, CDCl3):  = 5.79 (ddd, J = 17.2, 10.6, 5.2 Hz, 1 H),
5.43 (dt, J = 17.2, 1.6 Hz, 1 H), 5.29 (dt, J = 10.6, 1.5 Hz, 1 H), 4.55–4.47
(m, 2 H), 2.59 (ddd, J = 17.8, 10.2, 6.2 Hz, 1 H), 2.47 (ddd, J = 17.8, 10.2,
7.2 Hz, 1 H), 2.27–2.18 (m,1 H), 2.16–2.06 (m, 1 H).
13C NMR (100 MHz, CDCl3):  = 177.8, 134.6, 117.8, 82.0, 72.5, 28.5,
20.8.
HRMS (ESI-TOF): m/z [M + Na]+ calcd for C7H10O3Na: 165.0528; found:
165.0521.

(S)-5-((R)-1-((tert-Butyldimethylsilyl)oxy)allyl)dihydrofuran-
2(3H)-one (14)
To a stirred solution of 5 (120 mg, 0.84 mmol) and imidazole (171 mg,
2.52 mmol) in anhydrous DCM (10 mL), a catalytic amount of DMAP
and TBDMSCl (317 mg, 2.1 mmol) were added at 0 °C, and the
mixture was stirred at r.t. for 12 h. The reaction was quenched with
saturated NH4Cl solution. The organic phase was separated and the
© 2020. Thieme. All rights reserved. Synthesis 2020, 52, A–I
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aqueous phase was extracted with DCM (2 × 15 mL). The combined
organic layers were washed with brine, dried over Na2SO4 and con-
centrated under reduced pressure. The crude material was purified by
flash column chromatography (petroleum ether/EtOAc 8:1) to give
compound 14.
Yield: 200 mg (93%); colorless oil; []D

20 –10.3 (c 1.0, CHCl3).
1H NMR (400 MHz, CDCl3):  = 5.72 (ddd, J = 17.2, 10.5, 5.0 Hz, 1 H),
5.35 (dt, J = 17.1, 1.6 Hz, 1 H), 5.22 (dt, J = 10.5, 1.5 Hz, 1 H), 4.47–4.42
(m, 2 H), 2.53 (ddd, J = 17.8, 10.5, 7.2 Hz, 1 H), 2.39 (ddd, J = 17.8, 10.5,
6.0 Hz, 1 H), 2.27–2.19 (m, 1 H), 2.07–1.97 (m, 1 H), 0.86 (s, 9 H), 0.05
(s, 3 H), 0.02 (s, 3 H).
13C NMR (100 MHz, CDCl3):  = 177.4, 135.9, 117.2, 81.8, 73.8, 28.4,
25.7 (3C), 20.2, 18.0, –4.9, –5.1.
HRMS (ESI-TOF): m/z [M + H]+ calcd for C13H25O3Si: 257.1573; found:
257.1564.

(2R,3S)-3-((tert-Butyldimethylsilyl)oxy)pent-4-en-2-ol (15)
A stirred solution of 6 (220 mg, 1.01 mmol) in THF (10 mL) was treat-
ed with sodium hydride (81.5 mg, 2.03 mmol) at 0 °C, then the mix-
ture was stirred at r.t. for 2 h. Upon completion of the reaction (TLC),
the reaction was neutralized with saturated NH4Cl solution and ex-
tracted with EtOAc (3 × 20 mL). The combined organic phase was
dried over Na2SO4, and concentrated under reduced pressure. The
crude material was purified by flash column chromatography (petro-
leum ether/EtOAc 100:1) to give 15.
Yield: 103 mg (47%); colorless oil; []D

20 –6.4 (c 0.05, CHCl3).
1H NMR (400 MHz, CDCl3):  = 5.80 (ddd, J = 17.3, 10.4, 6.8 Hz, 1 H),
5.24–5.17 (m, 2 H), 3.98 (ddt, J = 6.7, 4.0, 1.2 Hz, 1 H), 3.72 (qd, J = 6.4,
4.0 Hz, 1 H), 1.09 (d, J = 6.4 Hz, 3 H), 0.89 (s, 9 H), 0.06 (s, 3 H), 0.04 (s,
3 H).
13C NMR (100 MHz, CDCl3):  = 137.0, 117.0, 78.0, 70.6, 25.8 (3C),
18.1, 17.4, –4.3, –5.0.
HRMS (ESI-TOF): m/z [M + Na]+ calcd for C11H24O2SiNa: 239.1443;
found: 239.1451.

(2R,3S)-3-((tert-Butyldimethylsilyl)oxy)pent-4-en-2-yl Butyrate 
(16)
To a stirred solution of 15 (110 mg, 0.51 mmol) in pyridine (5 mL), n-
butyric anhydride (0.26 mL, 1.78 mmol) and a catalytic amount of
DMAP was added, and the mixture was stirred at r.t. for 4 h. Upon
completion of the reaction (TLC), the reaction was quenched by the
addition of MeOH (0.5 mL). The mixture was concentrated with tolu-
ene and poured into saturated aqueous NaHCO3 and then extracted
with EtOAc (2 × 15 mL). The combined organic phase was washed
with saturated aqueous CuSO4, water, and dried over Na2SO4, and con-
centrated under reduced pressure. The crude material was purified by
flash column chromatography (petroleum ether/EtOAc 25:1) to give
16.
Yield: 131 mg (90%); colorless oil; []D

20 +2.8 (c 0.5, CHCl3).
1H NMR (400 MHz, CDCl3):  = 5.77 (ddd, J = 17.1, 10.4, 5.7 Hz, 1 H),
5.28–5.13 (m, 2 H), 4.86 (qd, J = 6.4, 3.7 Hz, 1 H), 4.18 (ddt, J = 5.5, 3.5,
1.5 Hz, 1 H), 2.26 (td, J = 7.3, 1.3 Hz, 2 H), 1.69–1.60 (m, 2 H), 1.15 (d,
J = 6.4 Hz, 3 H), 0.94 (t, J = 7.4 Hz, 3 H), 0.91 (s, 9 H), 0.06 (s, 3 H), 0.02
(s, 3 H).
13C NMR (100 MHz, CDCl3):  = 173.3, 137.9, 116.3, 75.6, 73.2, 36.7,
26.0 (3C), 18.6, 18.4, 14.2, 13.9, –4.3, –4.7.
HRMS (ESI-TOF): m/z [M + H]+ calcd for C15H31O3Si: 287.2042; found:
287.2035.

(2R,3S)-3-Hydroxypent-4-en-2-yl Butyrate (17)
To a cooled (0 °C) solution of compound 16 (70 mg, 0.24 mmol) in
THF (3 mL), HF-pyridine complex (0.5 mL, 3.6 mmol) was added drop-
wise and the solution was stirred at r.t. for 24 h. After completion of
reaction (TLC), it was neutralized with saturated sodium bicarbonate
solution, and the mixture was extracted with EtOAc (3 × 15 mL),
washed with saturated aqueous CuSO4 and dried over Na2SO4. The or-
ganic phases was evaporated under reduced pressure and purified by
flash column chromatography (petroleum ether/EtOAc 12:1) to give
17.
Yield: 21 mg (52%); colorless oil; []D

20 +2.7 (c 0.3, CHCl3).
1H NMR (400 MHz, CDCl3):  = 5.84 (ddd, J = 16.9, 10.5, 6.0 Hz, 1 H),
5.37–5.22 (m, 2 H), 4.97 (qd, J = 6.5, 3.4 Hz, 1 H), 4.20 (ddt, J = 6.0, 3.3,
1.4 Hz, 1 H), 2.29 (t, J = 7.4 Hz, 2 H), 1.70–1.60 (m, 2 H), 1.20 (d, J =
6.5 Hz, 3 H), 0.95 (t, J = 7.4 Hz, 3 H).
13C NMR (100 MHz, CDCl3):  = 173.5, 135.7, 117.4, 74.9, 73.1, 36.4,
18.5, 14.5, 13.6.
HRMS (ESI-TOF): m/z [M + Na]+ calcd for C9H16O3Na: 195.0997; found:
195.0991.

(S)-5-((5R,8S,9R,E)-8-Hydroxy-2,2,3,3,9,11,11,12,12-nonamethyl-
4,10-dioxa-3,11-disilatridec-6-en-5-yl)dihydrofuran-2(3H)-one 
(18)
Hoveyda–Grubbs second generation catalyst (7 mg, 0.011 mmol) was
added to a mixture of 14 (58 mg, 0.226 mmol) and 6 (244 mg, 1.13
mmol) in anhydrous DCM (10 mL) and the mixture was heated at re-
flux for 48 h. After completion of reaction (TLC), the solution was con-
centrated and purified by flash column chromatography (petroleum
ether/EtOAc 6:1) to give 18.
Yield: 81 mg (81%); colorless oil; []D

20 –30.6 (c 0.4, CHCl3).
1H NMR (400 MHz, CDCl3):  = 5.79 (dd, J = 15.7, 5.6 Hz, 1 H), 5.65 (dd,
J = 15.6, 5.1 Hz, 1 H), 4.53–4.51 (m, 1 H), 4.46 (ddd, J = 8.3, 4.8, 2.4 Hz,
1 H), 4.07–4.05 (m, 1 H), 3.88 (qd, J = 6.3, 3.2 Hz, 1 H), 2.55 (ddd, J =
17.8, 10.5, 7.2 Hz, 1 H), 2.41 (ddd, J = 17.8, 10.5, 6.0 Hz, 1 H), 2.29–
2.21 (m, 1 H), 2.08–1.98 (m, 1 H), 1.03 (d, J = 6.3 Hz, 3 H), 0.89 (s,
18 H), 0.081 (s, 3 H), 0.076 (s, 3 H), 0.07 (s, 3 H), 0.04 (s, 3 H).
13C NMR (100 MHz, CDCl3):  = 177.5, 130.9, 129.6, 82.0, 75.3, 73.2,
71.1, 28.5, 25.8 (3C), 25.7 (3C), 20.3, 18.1, 18.0, 17.7, –4.4, –4.7, –4.9,
–5.0.
HRMS (ESI-TOF): m/z [M + K]+ calcd for C22H44O5Si2K: 483.2364;
found: 483.2360.

(5R,6S,9R,E)-2,2,3,3,5,11,11,12,12-Nonamethyl-9-((S)-5-oxotetra-
hydrofuran-2-yl)-4,10-dioxa-3,11-disilatridec-7-en-6-yl (E)-But-2-
enoate (4)
To a stirred solution of 18 (440 mg, 0.99 mmol) in pyridine (10 mL),
crotonic anhydride (0.74 mL, 4.95 mmol) and a catalytic amount of
DMAP were added, and the mixture was stirred at r.t. for 4 h. The re-
action was quenched by the addition of MeOH (2 mL). The solution
was concentrated with toluene and poured into saturated aqueous
NaHCO3 (20 mL) and then extracted with EtOAc (2 × 20 mL). The com-
bined organic phase was washed with saturated aqueous CuSO4, wa-
ter, dried over Na2SO4, and concentrated under reduced pressure. The
crude material was purified by flash column chromatography (petro-
leum ether/EtOAc 7:1) to give 4.
Yield: 425 mg (84%); colorless oil; []D

20 –5.8 (c 0.3, CHCl3).
1H NMR (400 MHz, CDCl3):  = 6.98 (dq, J = 15.6, 6.9 Hz, 1 H), 5.93
(ddd, J = 15.6, 7.4, 1.6 Hz, 1 H), 5.83 (dq, J = 15.5, 1.7 Hz, 1 H), 5.65
(ddd, J = 15.6, 5.0, 1.0 Hz, 1 H), 5.14 (dd, J = 7.4, 2.6 Hz, 1 H), 4.53 (dt,
© 2020. Thieme. All rights reserved. Synthesis 2020, 52, A–I
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J = 4.7, 2.0 Hz, 1 H), 4.45 (ddd, J = 8.4, 4.9, 2.4 Hz, 1 H), 4.00 (qd, J = 6.5,
2.8 Hz, 1 H), 2.56 (ddd, J = 17.8, 10.6, 7.2 Hz, 1 H), 2.41 (ddd, J = 17.7,
10.5, 5.9 Hz, 1 H), 2.31–2.23 (m, 1 H), 2.07–1.97 (m, 1 H), 1.89 (dd, J =
6.9, 1.8 Hz, 3 H), 1.08 (d, J = 6.4 Hz, 3 H), 0.88 (s, 18 H), 0.07 (s, 3 H),
0.05 (s, 3 H), 0.04 (s, 3 H), 0.03 (s, 3 H).
13C NMR (100 MHz, CDCl3):  = 177.5, 165.6, 145.0, 132.3, 127.4,
122.7, 81.8, 77.6, 72.9, 69.5, 28.5, 25.8 (3C), 25.7 (3C), 20.2, 19.9, 18.1,
18.03, 17.98, –4.7, –4.8 (2C), –5.1.
HRMS (ESI-TOF): m/z [M + Na]+ calcd for C26H48O6Si2Na: 535.2887;
found: 535.2891.

(2R,3S,6R,E)-3,6-Dihydroxy-6-((S)-5-oxotetrahydrofuran-2-yl)hex-
4-en-2-yl (E)-But-2-enoate (19)
To a solution of 4 (65 mg, 0.12 mmol) in MeOH (3.5 mL) was added
PTSA (11 mg, 0.06 mmol) as a solid. The reaction mixture was stirred
at r.t. for 6 h, then the reaction was directly concentrated under re-
duced pressure. The crude material was purified by flash column
chromatography (hexane/EtOAc, 1:2) to give 19.
Yield: 15 mg (43%); colorless oil; []D

20 –2.1 (c 0.1, CHCl3).
1H NMR (400 MHz, CDCl3):  = 7.01 (dq, J = 15.6, 6.9 Hz, 1 H), 5.92
(ddd, J = 15.6, 5.7, 1.4 Hz, 1 H), 5.86 (dq, J = 15.5, 1.8 Hz, 1 H), 5.77
(ddd, J = 15.6, 5.0, 1.3 Hz, 1 H), 5.02 (qd, J = 6.5, 3.4 Hz, 1 H), 4.58–4.48
(m, 2 H), 4.29 (t, J = 4.5 Hz, 1 H), 2.60 (ddd, J = 17.8, 10.1, 6.0 Hz, 1 H),
2.48 (ddd, J = 17.9, 10.2, 7.6 Hz, 1 H), 2.26–2.17 (m, 1 H), 2.16–2.06
(m, 1 H), 1.89 (dd, J = 6.9, 1.6 Hz, 3 H), 1.24 (d, J = 6.6 Hz, 3 H).
13C NMR (101 MHz, CDCl3):  = 178.2, 166.3, 145.5, 131.0, 129.5,
122.4, 82.1, 73.8, 73.0, 71.6, 28.4, 20.9, 17.9, 14.8.
HRMS (ESI-TOF): m/z [M + Na]+ calcd for C14H20O6Na: 307.1158;
found: 307.1159.

Arundinolide A
To a cooled (0 °C) solution of 4 (17 mg, 0.033 mmol) in THF (1 mL),
HF-pyridine complex (0.1 mL, 0.66 mmol) was added dropwise and
the solution was stirred at r.t. for 30 h. After completion of the reac-
tion (TLC), the mixture was neutralized with saturated sodium bicar-
bonate solution, extracted with EtOAc (2 × 10 mL), washed with satu-
rated aqueous CuSO4, and dried over Na2SO4. The organic phases was
evaporated under reduced pressure and purified by flash column
chromatography (petroleum ether/EtOAc 1:2) to give arundinolide A.
Yield: 5 mg (60%); colorless oil; []D

20 –4.2 (c 0.15, CHCl3) {lit.3 []D
20

–3.2 (c 0.15, CHCl3)}.
1H NMR (400 MHz, CDCl3):  = 7.02 (dq, J = 15.4, 6.9 Hz, 1 H), 5.95
(ddd, J = 15.6, 6.8, 1.3 Hz, 1 H), 5.88 (dq, J = 15.5, 1.7 Hz, 1 H), 5.75 (dd,
J = 15.5, 4.6 Hz, 1 H), 5.23 (dd, J = 6.7, 3.9 Hz, 1 H), 4.53–4.49 (m, 2 H),
3.97 (qd, J = 6.5, 4.0 Hz, 1 H), 2.60 (ddd, J = 18, 10.1, 6.1 Hz, 1 H), 2.48
(ddd, J = 17.9, 10.2, 7.6 Hz, 1 H), 2.21 (m, 1 H), 2.11 (m, 1 H), 1.90 (dd,
J = 6.9, 1.6 Hz, 3 H), 1.18 (d, J = 6.4 Hz, 3 H).
13C NMR (100 MHz, CDCl3):  = 177.5, 165.6, 145.9, 131.3, 127.8,
122.3, 81.6, 77.3, 71.7, 69.0, 28.4, 21.0, 18.3, 18.0.
HRMS (ESI-TOF): m/z [M + Na]+ calcd for C14H20O6Na: 307.1158;
found: 307.1162.

Arundinolide B
Method A: To a stirred solution of 19 (13 mg, 0.046 mmol) and cu-
prous chloride (4 mg, 0.046 mmol) in a mixture of THF (0.6 mL) and
EtOH (1.4 mL), NaBH4 (17 mg, 0.46 mmol) was added portionwise at
–40 °C. The reaction mixture was stirred at the same temperature for

1 h, then the reaction mixture was concentrated under reduced pres-
sure, and the residue was diluted with water and extracted with
EtOAc (3 × 10 mL). The organic layer was separated, washed with wa-
ter, brine, dried over Na2SO4, and concentrated under reduced pres-
sure. The crude material was purified by flash column chromatogra-
phy (petroleum ether/EtOAc 1:2) to give arundinolide B (10 mg, 78%)
as a colorless oil.
Method B: Grubbs’ second generation catalyst (7 mg, 0.008 mmol)
was added to a mixture of 5 (40 mg, 0.28 mmol) and 17 (96 mg, 0.56
mmol) in anhydrous DCM (10 mL) and the mixture was heated at re-
flux for 6 h. Upon completion of reaction (TLC), the solution was con-
centrated and purified by flash column chromatography (petroleum
ether/EtOAc 1:2) to give arundinolide B.
Yield: 22 mg (28%); colorless oil; []D

20 +4.8 (c 0.32, CHCl3) {lit.3 []D
20

+15 (c 0.32, CHCl3)}.
1H NMR (400 MHz, CDCl3):  = 5.91 (dd, J = 15.6, 5.7 Hz, 1 H), 5.77 (dd,
J = 15.6, 4.7 Hz, 1 H), 4.98 (qd, J = 6.5, 3.2 Hz, 1 H), 4.50–4.54 (m, 2 H),
4.27 (t, J = 4.4 Hz, 1 H), 2.61 (ddd, J = 18.1, 10.1, 6 Hz, 1 H), 2.49 (ddd,
J = 17.8, 10.2, 7.6 Hz, 1 H), 2.31 (t, J = 7.4 Hz, 2 H), 2.22 (m, 1 H), 2.13
(m, 1 H), 1.66 (dq, J = 4.8, 7.4 Hz, 2 H), 1.21 (d, J = 6.5 Hz, 3 H), 0.96 (t,
J = 7.4 Hz, 3 H).
13C NMR (100 MHz, CDCl3):  = 177.3, 173.6, 131.1, 129.2, 81.7, 73.9,
73.2, 71.8, 36.3, 28.5, 21.0, 18.5, 14.7, 13.6.
HRMS (ESI-TOF): m/z [M + Na]+ calcd for C14H22O6Na: 309.1314;
found: 309.1311.
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