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A unified strategy toward the construction of the [5.7.6]tricyclic skeleton of liphagal is reported, featuring InCl;—

mediated intramolecular Friedel-Crafts-type cyclization.
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1 Introduction

The tetracyclic meroterpenoid natural product (+)-liphagal
(1, Figure 1) was isolated in 2006 by Andersen and co-
workers from the Caribbean sponge Aka coralliphaga [1],
and is one of a number of natural product inhibitors of
phosphatidylinositol 3-kinase (PI3K). The other two repre-
sentative natural product inhibitors include staurosporine
and wortmannin (Figure 1) [2].

(+)-liphagal (1) wortmanin (3)

staurosporine (2)

Figure 1 Natural product inhibitors of PI3K.
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The hosphatidylinositol 3-kinase (PI3K) family of en-
zymes participates in the regulation of numerous biological
functions and has been directly implicated in the pathogen-
esis of diabetes and cancer [3]. Liphagal (1) inhibited
PI3KR with an ICsy of 100 nM and showed an approxi-
mately 10—fold selectivity for PI3Ka over PI3Ky [1]. This
isoform selectivity and potency of liphagal (1) make it an
attractive natural product starting point for the development
of synthetic PI3K inhibitors that would represent potential
drug candidates or cell biology tools.

The unprecedented [6-7-5-6] tetracyclic skeleton of
liphagal (1), together with its considerable therapeutic po-
tential as an inhibitor against PI3Ka, makes it an attractive
target in organic synthesis. Numerous efforts have been
devoted to the total syntheses of this novel class of natural
products, culminating in the total synthesis of liphagal (1)
by five laboratories around the world [4].

Our aim is to identify a concise approach to quickly con-
struct its tetracyclic scaffold, which provides a foundation
for the total synthesis of liphagal, as well as its library of
analogs for further medicinal chemistry studies. Herein we
report our effort to develop a concise method by using the
InCls-mediated intramolecular cyclization as a key step for
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Figure 2 Retrosynthetic analysis.

the synthesis of the core structure of liphagal.

InCl;-mediated cyclization has become a useful method
in the construction of functionalized carbocyclic molecules
during last decade [5].In this regard, In(IIl) catalysts have
been widely used in organic synthesis due to their unique
n-acidity and alkynophilicity [6], relatively low toxicity, air
and water stability, and recyclability.

During the development of effective methods for the
synthesis of the core structure of liphagal, we envisaged that
the tetracyclic core 4, endowed with suitable functionalities
for further elaboration into the final target liphagal (1),
could be formed from 5 via intramolecular Friedel-Crafts
cyclization (Figure 2) [7]. Intermediate S could be generated
from 6 and 7 through coupling reaction. Benzofuran 6 in
turn could be prepared via the Pd-catalyzed cross-coupling
reaction of phenyl iodide 8 and enantiomerically enriched
acetylene 9, followed by base-induced intramolecular
o-alkynylphenol annulations [8].

2 Results and discussion

Our study began with the synthesis of key intermediate 8
(Scheme 1). In the event, the hydroxyl group in phenol 10
was protected as its MOM ether by reacting with MOMCI
with DIPEA as a base. The protected MOM ether 11 was
obtained in 92% yield.

Intermediate 11 was then elaborated to benzoaldehyde 12
by treating 11 with n-BuLi in Et,O, followed by reacting
with DMF to regioselectively afford 12 in 85% yield. Sub-
sequent removal of the MOM group with TMSBr in CH,Cl,
at 0 °C yielded phenol 13 in 93% yield. Regioselective io-
dination of 13 was achieved by reacting phenol 13 with ICI
in the presence of pyridine to afford the key intermediate 8
in 83% combined yield.
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Scheme 1 Synthesis of compound 8.

Intermediate 9 was synthesized following the literature
method [9]. The synthesis commenced with a mono-MPM
ether protection of the readily available 1,3-propanediol 14
to afford a mono alcohol (Scheme 2). Exposure of this al-
cohol to the Swern oxidation conditions resulted in the for-
mation of an aldehyde, which was then reacted with the
Wittig reagent Ph;P=CHCO,Me to exclusively afford
E-olefin 15. Reduction of the ester group in 15 with DIBAL
afforded the allylic alcohol 16 in 86% yield, which was then
subjected to Sharpless epoxidation to give 17 in 90% yield
with good enantioselectivity. Further treatment of 17 with
Me;Al gave the desired methylated diol, which then un-
derwent oxidative cleavage with NalO,4 to afford an alde-
hyde, which without further purification was treated imme-
diately with CBr,/Ph;P (Corey-Fuch’s protocol) to give a
dibromoolefin, which upon treatment with n-BuLi yielded
alkyne 9 in 87% yield in two steps.

With compounds 8 and 9 in hand, we then started to pre-
pare our model 4 (Scheme 3). To this end, substrates 8 and
9 were coupled via the Pd-catalyzed Sonogashira reaction to

1. PMBCI, NaH, DMF, THF PMBO
0 °C to rt (62%)

CO;Me
HO_~_-OH - C02
2. Swern [O] (80%)
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Scheme 2 Syntheses of compound 9.
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Scheme 3 Completion synthesis of the model 4.

provide 19 in 85% yield. Subsequent reduction of the alde-
hyde group in 19 with NaBH, resulted in a primary alcohol,
which was protected as its MOM ether via the reaction with
MOMCI/DIPEA in the presence of catalytic amount of
DMAP to give 20 in 87% yield for two steps. The forward
synthesis commenced with removal of the PMB group of
substrate 20 via the palladium-catalyzed hydrogenation, and
the resulting primary alcohol was converted to its corre-
sponding aldehyde 6 via DMP oxidation. To accomplish the
coupling of aldehyde 6 with vinyl bromide 7, the vinyl
bromide 7 was first treated with ~BuLi in THF at —78 °C,
and the formed vinyl lithium reacted with aldehyde 6 to
result in a formation of a secondary alcohol, which after
oxidation with DMP yielded ketone 5 in 42% yield for two
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steps.

With ketone 5 in hand, we set out to test the key
InCl;-mediated annulation reaction. To our delight, we were
able to isolate the annulated product 4 in 53% yield using a
stoicmetric amount of InCl; in CH,Cl, at room temperature,
with in situ removal of its ketal group, followed by ketone
enolization. The structure of 4 was determined by its NMR
and HRMS studies, and verified by comparison with its
analog 21, whose structure was confirmed by X-ray crys-
tallography.

In summary, we developed a concise approach for the
construction of the core structure of liphagal via the
InCl;-mediated annulations as the key step, which paves the
way for the total synthesis of liphagal.

3 Experimental
3.1 Materials and methods

All reactions were carried out under a nitrogen atmosphere
with dry solvents under anhydrous conditions, unless
otherwise noted. All the chemicals were purchased
commercially, and used without further purification. Yields
refer to chromatographically pure compounds, unless
otherwise stated. Reactions were monitored by thin layer
chromatography (TLC) carried out on 0.25 mm Tsingdao
silica gel plates (60F-254) using UV light as visualizing
agent and an ethanolic solution of phosphomolybdic acid
and cerium sulfate, and heated as developing agents.
Tsingdao silica gel (60, particle size 0.040-0.063 mm) was
used for flash column chromatography.

Reagents were purchased at the highest commercial
quality and used without further purification, unless
otherwise stated. NMR spectra were recorded on either a
Briiker Advance 300 (‘H: 300 MHz, "*C: 75 MHz), or
Briiker Advance 500 (‘H: 500 MHz, *C: 125 MHz). Mass
spectrometric data were obtained using a Quadrupole
time-of-flight (QqTOF) mass spectrometer. The following
abbreviations were used to explain the multiplicities: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, b
= broad.

3.2 [Experimental procedures

Synthesis of 1,2-dimethoxy-4-(methoxymethoxy)-benzene (11)
To a solution of phenol 10 (1.54 g, 10 mmol) in CH,Cl,
(100 mL) were added DIPEA (15 mmol), DMAP (147 mg,
1.2 mmol) and MOMCI (12 mmol) at 0 °C, and the resulting
mixture was stirred at room temperature overnight. The
reaction was worked up by addition of water (20 mL), and
extracted with EtOAc (3 x 100 mL). The combined organic
layers were washed with brine (2 x 20 mL), and dried over
Na,SO,. The solvent was removed under vacuum, and the
residue was purified by flash column chromatography on
silica gel (petroleum ether/ethyl acetate = 10/1) to give
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product 11 (1.82 g) in 92% yield as a colorless oil.

'H NMR (500 MHz, CDCl;) 6 7.78 (d, J = 8.8 Hz, 1H),
6.64 (d, J = 2.7 Hz, 1H), 6.59 (dd, J; = 8.8 Hz, J, = 2.7 Hz,
1H), 5.12 (s, 2H), 3.86 (s, 3H), 3.84 (s, 3H), 3.49 (s, 3H);
3C NMR (125 MHz, CDCly) d 151.8, 149.7, 144.3, 111.9,
106.9, 102.1, 95.2, 56.4, 55.8; HRMS (ESI) calcd for
Cy0H4NaO, [M+Na]* 221.0790; found: 221.0782.

Synthesis of 2,3-dimethoxy-6-(methoxymethoxy) benzalde-
hyde (12)

To a solution of 11 (9.9 g, 50 mmol) in Et,O (500 mL) was
added TMEDA (55 mmol), and the resulting mixture was
cooled to 0°C. To this solution was added n-BuLi (22 mL,
2.5 N in hexane), and the formed mixture was stirred at the
same temperature for 5 h. To this solution was added DMF
(7.7 mL, 100 mmol), and the formed mixture was stirred
overnight. The reaction was worked up by addition of a
saturated NH4Cl1 solution (200 mL), and the formed mixture
was extracted with EtOAc (3 x 100 mL). The combined
organic layers were washed with saturated aqueous Na-
HCO;, and dried over Na,SO,. The solvent was removed
under vacuum, and the residue was purified by flash column
chromatography on silica gel (petroleum ether/ethyl acetate
= 10/1) to give product 12 (9.6 g) in 85% yield as a color-
less oil (9.6 g, 85%).

'H NMR (500 MHz, CDCl3) § 10.43 (s, 1H), 7.03 (d, J =
9.1 Hz, 1H), 6.86 (d, J = 9.1 Hz, 1H), 5.15 (s, 2H), 3.89 (s,
3H), 3.82 (s, 3H), 3.47 (s, 3H); *C NMR (125 MHz, CDCl;)
0189.5,152.1, 151.5, 147.9, 121.0, 118.8, 111.2, 95.6, 61.9,
56.6, 56.3; HRMS (ESI) calcd for C;;H4NaOs [M+Na]*
249.0739; found: 249.0732.

Synthesis of 6-hydroxy-2,3-dimethoxybenzaldehyde (13)

To a solution of 12 (1.13 g, 5 mmol) in CH,Cl, (50 mL)
was added TMSBr (12.5 mmol) at 0 °C, and the formed
mixture was stirred at the same temperature for 30 min. The
reaction was worked up by addition of a saturated solution
of NaHCOQ;, and the mixture was extracted with EtOAc (3 x
50 mL). The combined organic phases were washed with
brine (2 x 20 mL), and dried over Na,SQ,. The solvent was
removed under vacuum, and the residue was purified by
flash column chromatography on silica gel (petroleum
ether/ethyl acetate = 10/1) to give product 13 (840 mg) in
93% yield.

"HNMR (300 MHz, CDCl5) § 11.16 (s, 1H), 10.30 (s, 1H),
7.16 (d, J = 9.0 Hz, 1H), 6.61 (d, J = 9.0 Hz, 1H), 3.99 (s,
3H), 3.83 (s, 3H); "C NMR (75 MHz, CDCl;) & 195.0,
156.3, 152.0, 144.3, 1244, 114.7, 111.7, 62.2, 57.3; HRMS
(ESI) calcd for CoH,,0,4 [M+H]* 183.0657; found: 183.0652.

Synthesis of 2—hydroxyl-3-iodo-5,6-dimethoxybenzaldehyde
(8)

To a solution of 13 (2.93 g, 16 mmol) in dioxane (50 mL)
were added ICl (19.4 mmol) and pyridine (9.2 mL, 113
mmol) at 0 °C, and the formed mixture was stirred for 80 h.
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The reaction was quenched by addition of saturated NH,ClI
solution (50 mL), and the mixture was extracted with
EtOAc (3 x 50 mL). The combined organic phases were
dried over Na,SO,. The solvent was removed under vacuum,
and the residue was purified by flash column chromatog-
raphy on silica gel (petroleum ether/ethyl acetate = 10/1) to
give product 8 (4.46 g mg) in 90% yield.

'H NMR (300 MHz, CDCl5) ¢ 11.96 (s, 1H), 10.20 (s,
1H), 7.58 (s, 1H), 4.02 (s, 3H), 3.85 (s, 3H); °C NMR (75
MHz, CDCl3) 6 194.4, 155.2, 152.7, 145.3, 132.4, 1244,
111.3, 111.7, 76.1, 62.3, 57.4; HRMS (ESI) calcd for
CoH 0104 [M+H]* 308.9624; found: 308.9624.

Synthesis of (E)-methyl 5-(4-methoxybenzyloxy)pent-2-enoate
(15)

To a solution of NaH (8.4 g) in THF (300 mL) and DMF
(210 mL) was added PMBCI (200 mmol) at 0 °C. To this
solution was added diol 14 (200 mmol), and the formed
mixture was stirred overnight at room temperature. The
reaction was quenched by addition of a saturated solution of
NH4CI1 (100 mL), and the formed mixture was extracted
with EtOAc (3 x 100 mL). The combined organic phases
were washed with brine (2 x 30 mL), and dried over
Na,SO,. The solvent was removed under vacuum, and the
residue was purified by flash column chromatography on
silica gel (petroleum ether/ethyl acetate = 2/1) to give the
mono-protected alcohol (26.3 g) in 62% yield.

To a solution of DMSO (2.8 mL, 40 mmol) in CH,Cl,
(50 mL) was added oxyl chloride (1.9 mL, 20 mmol) at
78 °C, and the mixture was stirred at the same temperature
for 1 h. To this solution was added Et;N (100 mmol), and
the mixture was stirred at room temperature for 2 h. The
reaction was worked up by addition of saturated solution of
NH,Cl (100 mL), and the mixture was extracted with
CH,Cl, (3 x 100 mL), and the combined organic phases
were dried over Na,SO,. The solvent was removed under
vacuum, and the residue was purified by flash column
chromatography on silica gel (petroleum ether/ethyl acetate
= 5/1) to give the aldehyde (1.55 g) in 80% yield.

To a solution of BrCH,COOEt (0.5 mol) in EtOAc (1000
mL) was added PPh; (165.3 g, 0.63 mol), and the mixture
was stirred at room temperature for 1 h. The formed solid
was filtered off, and the solid was dissolved in CH,Cl,
(1000 mL). To this solution was added NaOH (1000 mL, 1
N), and the formed mixture was stirred for 20 min at room
temperature. The organic layer was separated, and water
phase was extracted with CH,Cl, (3 x 50 mL). The com-
bined organic phases were washed with brine (2 x 15 mL),
and dried over Na,SO,. The solvent was removed under
vacuum to give the Wittig reagent Ph;P=CHCOOE:t.

To a solution of the aldehyde prepared above (14.8 g,
76.3 mmol) in toluene (600 mL) was added the Wittig rea-
gent (40 g) at room temperature, and the formed mixture
was stirred at the same temperature overnight. The reaction
was worked up by addition of NH4Cl (100 mL), and the
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formed mixture was extracted with EtOAc (3 x 300 mL).
The combined extracts were washed with brine, and dried
over Na,SO,. The solvent was removed under vacuum, and
the residue was purified by flash column chromatography
on silica gel (petroleum ether/ethyl acetate = 10/1) to give
product 15 (19.18 g) in 95% yield.

Synthesis of (E)-5-(4-methoxybenzyloxy)pent-2-en-1-ol (16)
To a solution of ester 15 (10.2 g, 75.5 mmol) in CH,Cl,
(500 mL) was added DIBAL-H (1 N in toluene, 190 mL,
0.19 mol) at =78 °C, and the mixture was stirred at the same
temperature for 1.5 h. The reaction was quenched by slow
addition of MeOH (50 mL) at —78 °C, and the formed mix-
ture was then warmed up to room temperature, and stirred
for 30 min. To this solution was added a saturated solution
of sodium potassium tartrate (100 mL), and the formed
mixture was stirred at room temperature until a clear solu-
tion was obtained. The mixture was extracted with EtOAc
(3 x 300 mL), and the combined organic phases were dried
over Na,SO,. The solvent was removed under vacuum, and
the residue was purified by flash column chromatography
on silica gel (petroleum ether/ethyl acetate = 3/1) to give
product 16 (14.4 g) in 86% yield.

Synthesis of ((2S,3S)-3-(2-(4-methoxybenzyloxy)ethyl) oxiran-2-
yl)methanol (17)

To a mixture of molecular sieves (17.5 g), Ti(O'Pr)4 (5.5
mL, 18.2 mmol), and CH,Cl, (500 mL) was added L-
(+)DIPT (4.5 mL, 21.5 mL), and the mixture was stirred at
—40 °C for 2 h. To this solution was added a solution of
TBHP (28 mL, 153.5 mmol) by thringer pump, and the
formed mixture was stirred at —20 °C for 2 h.

To the above solution was added a solution of 16 (14.5 g,
65 mmol) in CH,Cl, (200 mL) at —20 °C, and the mixture
was stirred at the same temperature for 16 h. The reaction
was quenched by slow addition of a saturated solution of
Na,S,03; (20 mL), and the formed mixture was filtrated
through a silica gel pad, and the filtrate was extracted with
EtOAc (3 x 300 mL). The combined extracts were washed
with brine, and dried over Na,SO,. The solvent was re-
moved under vacuum, and the residue was purified by flash
column chromatography on silica gel (petroleum ether/ethyl
acetate = 3/1) to give product 17 (13.86 g) in 90% yield.

Synthesis of (R)-4-(4-methoxybenzyloxy)-2-methy-butanal (18)

To a solution of epoxide 17 (13.8 g, 58.2 mmol) in a mixed
solvent of CH,Cl, (100 mL) and hexane (200 mL) was add-
ed AIMe; (1.0 N in hexane, 175 mL, 0.175 mol) at 0 °C,
and the mixture was stirred at room temperature for 2 d. The
reaction was quenched by slow addition of water (20 mL),
followed by addition of a NaOH solution (10% in water)
until a clear solution was obtained. The mixture was ex-
tracted with EtOA (3 x 300 mL), and the combined organic
phases were dried over Na,SO,4. The solvent was removed
under vacuum, and the residue was purified by flash column
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chromatography on silica gel (petroleum ether/ethyl acetate
=1/1) to give a diol (11.8 g) in 80% yield.

To a solution of the diol made above (6.23 g, 24.5 mmol)
in a mixed solvent of THF (125 mL) and water (125 mL)
was added NalO, (6.29 g) at room temperature, and the
mixture was stirred at room temperature for 10 min. The
reaction was first quenched by addition of EtOAc (200 mL),
and then the mixture was washed with brine (2 x 15 ml),
and finally dried over Na,SO,. The solvent was removed
under vacuum, and the residue was filtered through a pad of
silica gel to give the crude aldehyde 18 in 72% yield with-
out further purification.

Synthesis of (R)-1-methoxy-4-((3-methylpent-4-ynyloxy)me-
thyl)benzene (9)
To a solution of CBr; (16.9 g, 51 mmol) and PPh; (26.7,
102 mmol) in CH,Cl, (100 mL was added a solution of the
crude aldehyde 18 made above (3.77 g, 16.9 mmol) and 2,6-
dimethyl pyridine (9.9 mL, 68 mmol) in CH,Cl, (70 mL) at
0 °C, and the mixture was stirred at the same temperature
for 90 min. The reaction was worked up by filtration of the
reaction mixture through a pad of silica gel, and washed
with CH,Cl, (3 x 50 mL). The filtrate was concentrated
under vacuum, and the resulting crude dibromide was uti-
lized in the next step without further purification.

To a solution of the crude dibromide in THF (150 mL)
was added n - BuLi (2.5 N in THF, 17 mL, 42.5 mmol) at

—40 °C, and the mixture was stirred at the same temperature
under N, for 40 min. The reaction was quenched by addi-
tion of saturated NH,Cl solution, and the mixture was ex-
tracted with EtOAc (3 x 200 mL). The combined organic
phases were washed with brine, and dried over Na,SO,. The
solvent was removed under vacuum, and the residue was
purified by flash column chromatography on silica gel (pe-
troleum ether/ethyl acetate = 30/1) to give acetylene 9 (3.22
g) in 87% yield over three steps.

Synthesis of (R)-2-(4-(benzyloxymethoy)butan-2-yl)-5,6-di-
methoxybenzofuran-7-carbaldehyde (19)

To a mixture of PdCl,(PPh;), (210 mg, 0.3 mmol) and Cul
(57 mg, 0.3 mmol) were added iodide 8 (616 mg, 2 mmol),
acetylene 9 (651 mg, 3 mmol) and Et;N (20 mL), and the
mixture was stirred at 80 °C for 8 h. After cooling back to
room temperature, the reaction was worked up by filtration
of the reaction mixture through a pad of celite, and washed
with EtOAc (3 x 50 mL). The filtrate was concentrated un-
der vacuum, and the residue was purified by flash column
chromatography on silica gel (petroleum ether/ethyl acetate
= 10/1) to give product 19 (677 mg) in 85% yield.

'H NMR (500 MHz, CDCls): § 10.6 (s, 1H), 7.25-7.23
(m, 3H), 6.86 (d, J = 8.6 Hz, 2H), 6.28 (s, 1H), 4.42 (s, 2H),
3.99 (s, 3H), 3.92 (s, 3H), 3.80 (s, 3H), 3.51 (m, 2H), 3.21
(m, 1H), 2.11 (m, 1H), 1.90 (m, 1H), 1.35 (d, J = 7.0 Hz,
3H), 2.89 (t, J = 7.5 Hz, 2H), 2.02 (m, 2H); "C NMR (125
MHz, CDCl;): ¢ 188.2, 165.5, 159.2, 150.0, 149.4, 146.4,
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130.7, 129.2, 125.3, 115.7, 113.8, 109.8, 100.2, 72.6, 67.7,
62.9, 56.8, 55.3, 35.4, 30.6, 19.1.

Synthesis of (R)-2-(4-(benzyloxymethoxy)butan-2-yl)-5,6-
dimethoxy-7-((methoxymethoxy)methyl)benzofuran (20)

To a solution of 19 (350 mg, 0.89 mmol) in MeOH (20 mL)
was added NaBH, (50 mg, 1.33 mmol) at 0 °C, and the
formed reaction mixture was stirred at the same temperature
for 2 h. The reaction was quenched by addition of a satu-
rated solution of NH,CIl (5 mL). Methanol was removed
under vacuum, and the residue was extracted with EtOAc (3
x 10 mL), and the combined organic layers were washed
with brine and dried over Na,SO,. The solvent was removed
under vacuum, and the residue was purified by flash column
chromatography on silica gel (petroleum ether/ethyl acetate
= 5/1) to give an alcohol 20 (340 mg) as a colorless oil in
97% yield.

'H NMR (500 MHz, CDCly): 6 7.24 (d, J = 8.7 Hz, 2H),
6.92 (s, 1H), 6.86 (dd, J = 6.7, 1.9 Hz, 2H), 6.27 (s, 1H),
4.98 (s, 2H), 4.41 (s, 2H), 3.92 (s, 3H), 3.90 (s, 3H), 3.80 (s,
3H), 3.48 (m, 2H), 3.13 (q, J = 7.0 Hz, 1H), 2.07 (m, 1H),
1.89 (m, 1H), 1.32 (d, J = 7.0 Hz, 3H), 2.89 (t, J = 7.5 Hz,
2H), 2.02 (m, 2H); *C NMR (125 MHz, CDCLy): 6 163.8,
159.2, 149.6, 147.1, 144.9, 130.7, 129.2, 124.0, 117.9,
113.8, 102.8, 101.0, 72.6, 67.7, 61.7, 56.5, 56.0, 55.3, 35.4,
30.6, 19.1.

To a solution of the alcohol synthesized above (340 mg,
0.85 mmol) were added DIPEA (0.71 mL), DMAP (30 mg,
0.26 mmol) and MOMCI (0.2 mL, 2.6 mmol), and the
formed mixture was stirred at room temperature for 8 h. The
reaction was quenched by addition of water (5 mL), and the
mixture was extracted with EtOAc (3 x 20 mL). The com-
bined organic layers were washed with brine and dried over
Na,SO,. The solvent was removed under vacuum, and the
residue was purified by flash column chromatography on
silica gel (petroleum ether/ethyl acetate = 5/1) to give prod-
uct 20 (345 mg) in 90% yield.

'H NMR (500 MHz, CDCl5): d 7.24 (d, J = 8.6 Hz, 2H),
6.97 (s, 1H), 6.87 (dd, J = 6.7, 1.9 Hz, 2H), 6.27 (s, 1H),
4.89 (s, 2H), 4.78 (s, 2H), 4.41 (s, 2H), 3.91 (s, 3H), 3.89 (s,
3H), 3.80 (s, 3H), 3.49 (m, 2H), 3.42 (s, 3H), 3.15 (q, J =
7.0 Hz, 1H), 2.07 (m, 1H), 1.88 (m, 1H), 1.32 (d, J/ = 7.0 Hz,
3H), 2.89 (t, J = 7.5 Hz, 2H), 2.02 (m, 2H); °C NMR (125
MHz, CDCl;): 6 163.6, 159.2, 149.8, 148.2, 145.7, 130.7,
129.2, 123.9, 115.2, 113.8, 103.3, 101.0, 96.2, 72.6, 67.8,
62.0, 59.0, 56.5, 55.3, 55.2, 35.4, 30.6,19.1.

Synthesis of (R)-3-(5,6-dimethoxy-7-((methoxymethoxy)me-
thyl)benzofuran-2-yl)butanal (6)

To a solution of 20 (160 mg, 0.36 mmol) in EtOAc (30 mL)
was added Pd/C (50 mg, 10% on charcoal), and the result-
ing mixture was stirred under H, (1 atm) for 2 h. The reac-
tion was worked up by filtration of the mixture through a
pad of celite, and washed with EtOAc (3 x 10 mL). The
solvent was removed under vacuum, and the residue was
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purified by flash column chromatography on silica gel (pe-
troleum ether/ethyl acetate = 4/1) to give an alcohol (60 mg)
in 53% yield (90% based on recovery of the starting materi-
al).

'H NMR (500 MHz, CDCl;): 6 6.97 (s, 1H), 6.31 (d, J =
0.4 Hz, 1H), 4.89 (s, 2H), 4.76 (s, 2H), 3.89 (s, 3H), 3.88 (s,
3H), 3.71 (m, 2H), 3.46 (s, 3H), 3.14 (q, J = 7.0 Hz, 1H),
1.99 (m, 1H), 1.84 (m, 1H), 1.34 (d, J = 7.0 Hz, 3H); "*C
NMR (125 MHz, CDCly): ¢ 163.5, 149.7, 147.9, 145.5,
123.7, 114.9, 103.0, 100.9, 95.8, 62.0, 60.6, 58.7, 56.4, 55.2
38.5,30.2, 19.1.

To a solution of the alcohol made above (60 mg, 0.18
mmol) in CH,Cl, (5 mL) was added DMP (110 mg, 0.27
mmol) under N,, the formed mixture was stirred at room
temperature for 1 h. The reaction was quenched by addition
of saturated solutions of Na,S,0; (1 mL) and NaHCO; (1
mL), and the mixture was extracted with EtOAc (3 x 10
mL). The combined organic phases were washed with brine
(5 mL), and dried over Na,SO,. The solvent was removed
under vacuum, and the residue was purified by flash column
chromatography on silica gel (petroleum ether/ethyl acetate
= 3/1) to give aldehyde 6 (50 mg) in 90% yield.

'H NMR (500 MHz, CDCl5): 6 9.80 (t, J = 1.7 Hz, 1H),
6.97 (s, 1H), 6.33 (d, J = 0.4 Hz, 1H), 4.88 (s, 2H), 4.77 (s,
2H), 3.89 (s, 3H), 3.88 (s, 3H), 3.55 (q, J = 7.0 Hz, 1H),
2.90 (ddd, J = 17.0, 6.4, 1.8 Hz, 1H), 2.66 (ddd, J = 17.0,
6.4, 1.8 Hz, 1H), 1.39 (d, J = 7.0 Hz, 3H); °C NMR (125
MHz, CDCl;): 6 200.9, 161.5, 149.8, 148.1, 145.8, 123.5,
115.1, 103.1, 101.5, 96.1, 62.0, 58.7, 56.3, 55.2, 48.8, 28.2,
18.8.

Synthesis  of (R)-3-(5,6-dimethoxy-7-((methoxymethoxy)
methyl)benzofuran-2-yl)-1-(1,4-dioxaspiro[4.5 ]dec-6-en-6-
yl)butan-1-one (5)

To a solution of 6-bromo-1,4-dioxaspiro[4.5]dec-6-ene (480
mg, 2.2 mmol) (7) in THF (25 mL) was added #-BuLi (0.85
mL, 5.5 mmol, 1.6 N in hexane) at —78 °C, and the mixture
was stirred at the same temperature for 3 h. To this solution
was added a solution of aldehyde 6 (310 mg, 1.1 mmol) in
THF (10 mL) at —78 °C, and the mixture was stirred at the
same temperature for additional 2 h. The reaction was
worked up by addition of a saturated solution of NH,CI (5
mL), and the mixture was extracted with EtOAc (3 x 20
mL). The combined organic phases were washed with brine
and dried over Na,SO,. The solvent was removed under
vacuum, and the residue was purified by flash column
chromatography on silica gel (petroleum ether/ethyl acetate
= 10/1) to give the coupling product as a secondary alcohol
(317 mg) in 63% yield.

To a solution of the alcohol (290 mg, 0.63mmol) made
above in CH,Cl, (25 mL) was added DMP (320 mg, .075
mmol) at room temperature, and the mixture was stirred
under N, for 1 h. The reaction was quenched by addition of
the saturated solutions of Ns,S,05; (5 mL) and NaHCO; (5
mL), and the mixture was extracted with Et,OAc (3 x 20
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mL). The combined organic extracts were dried over
Na,SO,. The solvent was removed under vacuum, and the
residue was purified by flash column chromatography on
silica gel (petroleum ether/ethyl acetate = 8/1) to give ke-
tone 5 (200 mg) in 70% yield.

'H NMR (500 MHz, CDCls): 6 6.95 (s, 1H), 6.85 (t, J =
3.8 Hz, 1H), 6.29 (s, 1H), 4.87 (s, 2H), 4.77 (s, 2H), 4.19
(dd, J = 5.7, 2.2 Hz, 2H), 4.01 (dd, J = 5.7, 3.0 Hz, 2H),
3.89 (s, 3H), 3.84 (s, 3H), 3.57 (q, J = 7.4 Hz, 1H), 3.42 (s,
3H), 3.13 (dd, J = 16.8, 5.1 Hz, 1H), 2.81 (dd, J = 16.8, 5.1
Hz, 1H), 2.20 (m, 2H), 1.74 (m, 4H), 1.37 (d, J = 7.0 Hz,
3H); “C NMR (125 MHz, CDCl;): ¢ 199.0, 163.1, 149.6,
148.0, 145.5, 143.5, 1394, 123.8, 114.9, 106.3, 103.1,
100.9, 96.1, 77.2, 65.0, 64.9, 62.0, 58.8, 56.4, 55.2, 45.5,
34.0,29.3,25.7, 19.6, 18.6.

Synthesis of model compound (4)

To a solution of ketone 5 (33 mg, 0.073 mmol) in CH,Cl, (5
mL) was added InCl; (16 mg, 0.073 mmol), and the mixture
was stirred at 40 °C under N, for 8 h. The reaction mixture
was filtrate through a pad of celite, and washed with EtOAc
(3 x 5 mL). The filtrate was concentrated under vacuum,
and the residue was purified by flash column chromatog-
raphy on silica gel (petroleum ether/ethyl acetate = 30/1) to
give the annulated product 4 (18 mg) in 53% yield. 'H
NMR (500 MHz, CDCls): 6 7.12 (s, 2H), 4.87 (m, 4H), 4.77
(m, 4H), 4.32 (s, 1H), 4.22 (s, 1H), 3.90 (s, 6H), 3.89 (s,
6H), 3.50 (m, 1H), 3.24 3.19 (m, 6H), 2.75 (m, 1H),
2.55 2.33 (m, 8H), 1.45 (d, J = 7.0 Hz, 3H), 1.32 (d, J =
7.0 Hz, 3H). HRMS (ESI) calcd for Cy;HyO; [M+H]*
417.1908; found: 417.1870.

This work was financially supported by the grants of National Basic Re-
search Program (973 Program, 2010CB833201 & 2009CB940904),
the National Science and Technology Major Project “Development of Key
Technology for the Combinatorial Synthesis of Privileged Scaffolds”
(2009ZX09501 -012), and the National Natural Science Foundation of
China (20821062, 20832003 and 20902007 ).

1 Marion F, Williams DE, Patrick BO, Hollander I, Mallon R, Kim SC,
Roll DM, Feldberg L, Soest RV, Andersen RJ. Liphagal, a selective
inhibitor of PI3 kinase o isolated from the sponge Aka coralliphaga:
Structure elucidation and biomimetic synthesis. Org Lett, 2006, 8:
321-324

2 (a) Sundstrom TJ, Anderson AC, Wright DL. Inhibitors of phospho-
inositide-3-kinase: A structure-based approach to understanding po-
tency and selectivity. Org. Biomol. Chem. 2009, 7: 840-850; (b)
Knight ZA, Shokat KM. 3" focused meeting on PI3K signalling and
diseas. Biochem Soc Trans, 2007, 35: 245-249; (¢) Rommel C,
Camps MH, Ji H. PI3K$ and PI3Ky: Partners in ccrime in inflamma-
tion in rheumatoid arthritis and beyond. Nat Rev Immunol, 2007, 8:
191-201; (d) Lu Y, Wang H, Mills GB. Targeting PI3K-AKT path-
way for cancer therapy. Rev Clin Exp Hematol, 2003, 7: 205-228

3 (a) Cantley LC. The phosphoinositide 3-kinase pathway. Science,
2002, 296: 1655-1657; (b) Engelman JA, Luo J. Cantley LC. The
evolution of phosphatidylinositol 3-kinases as regulators of growth
and metabolism. Nat Rev Genet, 2006, 7: 606-619; (¢c) Ward SG,
Finan P. Isoform-specific phosphoinositide 3-kinase inhibitors as
therapeutic agents. Curr Opin Pharmacol, 2003, 3: 426-434; (d)

January (2012) Vol.55 No.1

Ward S, Sotsios Y, Dowden J, Bruce I, Finan P. Therapeutic potential
of phosphoinositide 3-kinase inhibitors. Chem Biol, 2003, 10:
207-213

(a) Pereira AR, Strangman WK, Marion F, Feldberg L, Roll D,
Hollander I, Anderson RJ. Synthesis of phosphatidylinositol 3-kinase
(PI3K) inhibitory analogues of the sponge meroterpenoid liphagal. J
Med Chem, 2010, 53: 8523-8533; (b) Mehta G, Likhite NS, Kumar
CSA. A concise synthesis of the bioactive meroterpenoid natural
product (+)-liphagal, a potent PI3K inhibitor. Tetrahedron Lett, 2009,
50: 5260-5262; (c) Alvarez-Manzaneda E, Chahboun R, Alvarez E,
Cano MJ, Haidour A, AlRachid C, Esteban A, Ma JC, Ali H,
Alvarez-Manzaneda R. Enantioselective total synthesis of the selec-
tive PI3 kinase inhibitor liphagal. Org Lert, 2010, 12: 4450-4453; (d)
Mehta G, Likhite NS, Kumar CSA. A concise synthesis of the bioac-
tive meroterpenoid natural product (+)-liphagal, a potent PI3K inhib-
itor. Tetrahedron Lett, 2009, 50: 5260-5262; (e) George JH, Baldwin
JE, Adington RM. Enantiospecific, biosynthetically inspired formal
total synthesis of (+)-liphagal. Org Lert, 2010, 12: 2394-2397; (f)
Day JJ, McFadden RM, Virgil SC, Kolding H, Alleva JL, Stoltz BM.
The catalytic enantioselective total synthesis of (+)-liphagal. Angew
Chem Int Ed, 2011, 50: 6814-6818

Reviews for indium Lewis acids: (a) Frost CG, Chauhan KK. Ad-
vances in indium-catalysed organic synthesis. J Chem Soc Perkin
Trans 1, 2000, 3015-3019; (b) Fringuelli F, Piermatti O, Pizzo F,
Vaccaro L. A C,-chiral bis(amidinium) catalyst for a Diels-Alder re-
action constituting the key step of the Quinkert-Dane estrone synthe-
sis. Curr Org Chem, 2003, 7: 1661-1664; (c) Frost CG, Hartley JP.
Supramolecular chemistry of carbohydrate clusters with cores having
guest binding abilities. Org Chem, 2004, 1: 1-14

(a) Montaignac B, Vitale MR, Michelet V, Ratovelomanana-Vidal V.
Combined InCl;- and amine- catalyzed intramolecular addition of
a-disubstituted aldehydes onto unactivated alkynes. Org Lett, 2010,
12: 2582-2585; (b) Cook GR, Hayashi R. Atom transfer cyclization
catalyzed by InCl; via halogen activation. Org Lett, 2006, 8:
1045-1048; (c) Hayashi R, Cook, GR. Remarkably mild and efficient
intramolecular Friedel-Crafts cyclization catalyzed by In(IIl). Org
Lett, 2007, 9: 1311-1314; (c) Lavilla R, Bernabeu MC, Carranco I,
Luis Diaz J. Dihydropyridine-based multicomponent reactions. Effi-
cient entry into new tetrahydroquinoline systems through Lewis acid-
catalyzed formal [4+2] cycloadditions. Org Lett, 2003, 5: 717-720;
(d) Miles RB, Davis CE, Coates RM. Syn- and anti—selective prins
cyclizations of §,e-unsaturated ketones to 1,3-halohydrins with Lewis
acids. J Org Chem, 2006, 71: 1493-1501; (e) Yamabe S, Minato T. A
three-center orbital interaction in the Diels-Alder reactions catalyzed
by Lewis acids. J Org Chem, 2000, 65: 1830-1841

(a) Yadav JS, Abraham S, Reddy BVS, Sabitha G. Addition of pyr-
roles to electron deficient olefins employing InCls. Tetrahedron Lett,
2001, 42: 8063-8065; (b) Bandini M, Cozzi PG, Giacomini M,
Melchiorre P, Selva S, Umani-Ronchi A. InBrs-catalyzed Friedel-
Crafts addition of indoles to chiral aromatic epoxides: A facile route
to eenantiopure indolyl derivatives. J Org Chem, 2002, 67: 5386—
5389; (c) Bandini M, Melchiorre P, Melloni A, Umani-Ronchi A. A
practical indium tribromide catalysed addition of indoles to nitroal-
kenes in aqueous media. Synthesis, 2002, 1110-1114; (d) Tsuchimoto
T, Maeda T, Shirakawa E, Kawakami Y. Friedel-Crafts alkenylation
of arenes using alkynes catalysed by metal trifluoromethanesul-
fonates. Chem Commun, 2000, 1573-1574; (e) Giera DS, Schneider
C. InCls-catalyzed allylic Friedel-Crafts reactions toward the stere-
ocontrolled synthesis of 1,2,3,4-tetrahydroquinolines. Org Lett, 2010,
12: 48844887

(a) Hu Y, Zhang Y, Yang Z, Fathi R. Palladium-catalyzed carbonyla-
tive annulation of o-alkynylphenols: Syntheses of 2-substituted-3-
aroyl-benzo[b]furans. J Org Chem, 2002, 67: 2365-2368; (b) Nan Y,
Miao H, Yang Z. A new complex of palladium-thiourea and carbon
tetrabromide catalyzed carbonylative annulation of o-hydroxy—
phenylacetylenes: efficient new synthetic technology for the synthe-
sis of 2,3-disubtituted benzo[b]furans. Org Lett, 2000, 2: 297-300
Oka T, Murai A. synthetic studies on ciguatoxin [1]; Construction of
the spiro acetal part (C46—C55). Tetrahedron, 1998, 54:1-20



