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Abstract: (-)-Muricatacin, a potent cytotoxic (4R,5R)-5-
hydroxyheptadecan-4-olide, has been synthesized through
R-C-H hydroxyalkylation and R′-C-H oxidation of tetrahy-
drofuran. This study presents a novel method for C-H bond
functionalization as a means for preparing γ-(hydroxyalkyl)-
γ-butyrolactones.

Functionalization of unreactive carbon-hydrogen
(C-H) bonds of organic molecules has attracted consider-
able attention.1-3 Carbon-carbon (C-C) bond formation
via C-H functionalization is particularly important in
the construction of molecular frameworks. Radical trans-
location reactions4 as well as the photolysis of carbonyl
compounds5 have been generally applied to this type of
chemical transformation,6 while metal-mediated C-H
activation reactions have significant potential for trans-
forming C-H to C-C bonds.7,8

Recently, we established a novel R-C-H hydroxyalkyl-
ation of tetrahydrofuran (THF) with aldehydes, in which
triethylborane-air9 or triethylborane-tert-butyl hydro-
peroxide (TBHP)10 as the radical source is used (Scheme

1).11 The synthesis of (-)-muricatacin (6) in this study
presents a novel route to γ-(hydroxyalkyl)-γ-butyrolac-
tones via R-C-H hydroxyalkylation and R′-C-H oxida-
tion of THF.

(-)-Muricatacin (6) was isolated as a quasi-racemic
constituent (ca. 25% ee) from seeds of the tropical fruit,
Annona muricata L.12 This simple acetogenin has been
shown to exert cytotoxicity toward human tumor cell
lines and accordingly has prompted intense synthetic
studies.13-15

The present synthesis was initiated with R-substituted
tetrahydrofuran 1a, prepared by the direct assembly of
THF with tridecanal via R-hydrogen abstraction from
THF under triethylborane-TBHP condition (Scheme
2).10,16,17 R-C-H hydroxyalkylation of THF with trideca-
nal using triethylborane-TBHP provided alcohols 1a and
2a (64% yield) whose subsequent acetylation gave
acetates 3 and 4 in 84% yield (3/4 65:35). Acetate 4 was
transformed into 3 in 75% overall yield via reduction with
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lithium aluminum hydride in THF followed by Mitsunobu
reaction [DEAD, Ph3P, AcOH, toluene, -15°C].18 Enzy-
matic resolution of racemic acetate 3 with PLE (porcine
liver esterase) in acetonitrile-phosphate buffer (pH 8.0)
at 25 °C afforded enantiomerically enriched acetate (+)-3
(79% ee, 49% yield) and alcohol (-)-1a (90% ee, 47%
yield). R′-C-H oxidation of (+)-3 with ruthenium tetrox-
ide under a modified Sharpless condition19 gave (-)-acetyl
muricatacin (5) (66%) along with 4-keto-5-acetoxyhepta-
decanoic acid (32%). Ethanolysis of 5 followed by acid
treatment of the crude mixture produced (-)-muricatacin
(6) in 94% yield and subsequent recrystallization from
diethyl ether/pentane provided optically pure (-)-(6): mp
71-73°C [lit.20 mp 73-74°C, lit.14a mp 72°C], [R]28

D -23.2
(c 1.5, CHCl3) [lit.20 [R]28

D -23.1 (c 2.36, CHCl3), lit.14a

[R]28
D -22.8 (c 1.0, CHCl3)].

Alternatively, (-)-muricatacin (6) (>97% ee) was ob-
tained via chromatographic separation of diastereomeric
carbonates 7 and 8 derived from (()-1a (Scheme 3): (()-
1a was transformed into 7 and 8 upon treatment with
(+)-menthyl chloroformate in pyridine. Oxidation of 7
with ruthenium tetroxide19 and subsequent removal of
the menthoxycarbonyl group of 9 with K2CO3 in MeOH
afforded (-)-6 (>97% ee) in 58% overall yield.

In conclusion, the present mode of functionalization of
THF makes possible the unprecedented chemical trans-
formation of the common cyclic ether into (-)-muricatacin
(6). In considering the availability of starting materials
and simple transformations, this synthesis should con-
stitute an efficient alternative to the previous ones which
require rather functionalized substrates and reagents.
The strategy presented in this study should prove ap-
plicable to the synthesis of various γ-(hydroxyalkyl)-γ-
butyrolactones that may serve as bioactive compounds
as well as useful building blocks in organic synthesis.

Studies on the synthesis of more complex acetogenins,
in which the uniqueness of the C-H functionalization
strategy will become more imposing, are presently un-
derway.

Experimental Section

General. For details, see the Supporting Information.
threo-r-Dodecyltetrahydrofurfuryl Acetate (3)/erythro-

r-Dodecyltetrahydrofurfuryl Acetate (4). To a solution of
tridecanal (2.0 g, 10.0 mmol) in THF (57 mL, 700 mmol) at 0 °C
was added Et3B (8.7 mL, 5.88 g, 60.0 mmol). At 8 min, 6.24 M
tert-butyl hydroperoxide in nonane (12.8 mL, 80.0 mmol) was
added dropwise to the reaction mixture over a period of 30 min.
[Caution: Triethylborane, a liquid pyrophoric toward oxygen,
should be handled so as to avoid exposure to air. The addition
of tert-butyl hydroperoxide to the reaction mixture results in
exothermic reaction and gas evolution. No violent reaction by
the present procedures has occurred but still, special care is
advised.] After being stirred at room temperature for 1 h, the
reaction mixture was allowed to cool to 0 °C and treated with
28% NH4OH and then sat. Na2S2O3. The mixture was extracted
with Et2O and washed with brine, and the organic extracts were
dried over MgSO4. Following solvent evaporation in vacuo, the
residue was purified by silica gel chromatography (AcOEt/
hexane 1:4) to give alcohols 1a/2a (1.47 g, 64% based on
tridecanal (0.3 g recovery)) as colorless oil. Spectroscopic data
(1H and 13C NMR, IR, mass) of 1a and 2a were identical with
those reported (see ref 10). To a solution of 1a/2a (1.47 g, 5.44
mmol) in CH2Cl2 (15 mL) at room temperature were added Et3N
(2.3 mL, 16.2 mmol), Ac2O (0.76 mL, 8.1 mmol), and DMAP (131
mg, 1.08 mmol). After being stirred at room temperature for 13
h, the mixture was extracted with Et2O and washed with water
and the extracts were dried over MgSO4. The solvent was
removed in vacuo and the residue was filtered through silica
gel pad (Et2O/hexane 1:3) to provide acetates 3/4 (1.43 g, 84%)
as a colorless oil. The ratio 3/4 was determined to be 65:35 by
1H NMR analysis. Further purification of the acetates by silica
gel chromatography afforded pure threo-acetate 3 and erythro-
acetate 4. threo-Acetate 3: IR (neat) νmax 2930, 1738, 1464,
1373, 1244 cm-1; 1H NMR (300 MHz, CDCl3) δ 4.88 (dt, 1H, J )
6.8, 5.8 Hz), 3.93-3.70 (m, 3H), 2.08 (s, 3H), 1.98-1.81 (m, 3H),
1.61-1.50 (m, 3H), 1.35-1.20 (m, 20H), 0.87 (t, 3H, J ) 6.7 Hz);
13C NMR (100 MHz, CDCl3) δ 170.8, 79.6, 75.3, 68.2, 31.9, 31.2,
29.68, 29.65, 29.59, 29.55, 29.52, 29.4, 28.0, 26.0, 25.4, 22.7, 21.2,
14.1; HRMS (FAB) calcd for C19H37O3 (MH+) 313.2744, found
313.2752. erythro-Acetate 4: IR (neat) νmax 2926, 2855, 1744,
1464, 1371, 1238, 1076 cm-1; 1H NMR (400 MHz, CDCl3) δ 4.95
(m, 1H), 3.93-3.73 (m, 3H), 2.06 (s, 3H), 1.96-1.79 (m, 3H),
1.75-1.66 (m, 1H), 1.60-1.53 (m, 2H), 1.35-1.20 (m, 20H), 0.88
(t, 3H, J ) 6.7 Hz); 13C NMR (100 MHz, CDCl3) δ 170.4, 79.8,
75.0, 68.5, 31.9, 30.7, 29.6, 29.58, 29.52, 29.48, 29.45, 29.3, 27.3,
25.7, 25.3, 22.6, 21.1, 14.0; HRMS (FAB) calcd for C19H37O3
(MH+) 313.2744, found 313.2736.
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SCHEME 2a

a Reagents and conditions: (i) (a) tridecanal, Et3B, tert-butyl
hydroperoxide, 0 °C to room temperature, 64%, (b) Ac2O, Et3N,
DMAP, CH2Cl2, rt, 84% (3/4 65/35). (ii) (a) LAH, THF, 0 °C to room
temperature, 99%, (b) DEAD, Ph3P, acetic acid, toluene, -15 °C,
76%. (iii) PLE, MeCN, phosphate buffer (pH 8), rt, (+)-3 (49%,
79% ee), (-)-1a (47%, 90% ee). (iv) RuCl3‚nH2O, NaHCO3, NaIO4,
CCl4, MeCN, H2O, rt, 66%. (v) K2CO3, EtOH, rt, then PPTS,
benzene, reflux, 94%, recrystallization.

SCHEME 3a

a Reagents and conditions: (i) (+)-menthyl chloroformate, py-
ridine, 0°C to room temperature, 7 (50%), 8 (50%). (ii) RuCl3‚nH2O,
NaHCO3, NaIO4, NaHCO3, CCl4, MeCN, H2O, rt, 61%. (iii) K2CO3,
MeOH, rt, then PPTS, benzene, reflux, 95%.
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Transformation of erythro-Acetate 4 into threo-Acetate
3. To a solution of erythro-acetate 4 (1.86 g, 5.96 mmol) in THF
(40 mL) at 0 °C was added LAH (248 mg, 6.55 mmol). The
mixture was stirred at 0 °C for 10 min and additionally at room
temperature for 1 h. The mixture, cooled to 0 °C, was treated
with 28% NH4OH and stirred at room temperature for 30 min.
Following Celite addition, the mixture was stirred at room
temperature for 30 min and filtered. Subsequent solvent evapo-
ration and purification of the residue by silica gel chromatog-
raphy (AcOEt/hexane 1:4) afforded erythro-alcohol 2a (1.6 g,
99%) as a colorless waxy solid. To a solution of 2a (1.03 g, 3.82
mmol) in toluene (130 mL) at -15 °C were added Ph3P (5.0 g,
19.1 mmol) and diethyl azodicarboxylate (8.3 mL, 19.1 mmol).
At 15 min, AcOH (0.22 mL, 3.82 mmol) was added and the
mixture was stirred at the same temperature for 7 h during
which time additional AcOH (0.11 mL, 1.91 mmol) was added
three times. The mixture was poured into sat. NaHCO3, ex-
tracted with Et2O and the extracts were dried over MgSO4.
Solvent evaporation in vacuo and purification of the residue by
silica gel chromatography (AcOEt/hexane 1:7) gave acetate 3
(0.91 g, 76%) as a colorless oil.

Enzymatic Resolution of (±)-3. To a solution of (()-acetate
3 (98 mg, 0.31 mmol) in MeCN-0.1 M pH 8 phosphate buffer
(1:4 v/v, 4.4 mL) at 25 °C was added PLE (65 mg; 41 units/mg
solid; SIGMA). The mixture was stirred at 25 °C for 12 days
and filtered through Celite pad to remove solid materials. The
filtrate was extracted with Et2O and washed with water and
the organic extracts were dried over MgSO4. Following solvent
evaporation in vacuo, the residue was purified by silica gel
chromatography (AcOEt/hexane 1:6) to give (+)-3 (48 mg, 49%
yield, 79% ee) and (-)-1a (40 mg, 47% yield, 90% ee). Enantio-
meric excess was determined by 1H NMR of MTPA esters derived
from (+)-3 and (-)-1a. Optical rotation for (+)-3: [R]28

D +5.5 (c
0.766, CHCl3) (79% ee). Optical rotation for (-)-1a: [R]28

D -11
(c 0.146, CHCl3) (90% ee).

(-)-Acetyl Muricatacin (5). To a solution of acetate (+)-3
(312 mg, 1.0 mmol, 79% ee) in CCl4-MeCN-H2O (1:1:1 v/v, 18
mL) at room temperature were added NaHCO3 (546 mg, 6.5
mmol), NaIO4 (855 mg, 4.0 mmol), and RuCl3‚nH2O (83 mg, 0.4
mmol). After 3.5 h of stirring, the mixture was poured into aq
Na2S2O3 and extracted with AcOEt. The aqueous layer was
acidified with 1 N HCl and extracted with AcOEt. The organic
extracts were combined and dried over MgSO4. Following solvent
evaporation in vacuo, the residue was purified by column
chromatography on silica gel (AcOEt/hexane 1:2) to give 5 (214
mg, 66%) as a colorless waxy solid along with 4-keto-5-acetoxy-
heptadecanoic acid (108 mg, 32%; methanol as eluent); [R]28

D
-3.0 (c 0.202, CHCl3) (79% ee); IR (neat) νmax 2924, 2855, 1784,
1744, 1464, 1371, 1236, 1171 cm-1; 1H NMR (300 MHz, CDCl3)
δ 4.98 (m, 1H), 4.58 (m, 1H), 2.53 (dd, 1H, J ) 7.5, 1.5 Hz), 2.50
(d, 1H, J ) 7.5 Hz), 2.28 (ddd, 1H, J ) 16, 13, 7.8 Hz), 2.09 (s,
3H), 2.02-1.87 (m, 1H), 1.70-1.60 (m, 2H), 1.30-1.25 (m, 20H),
0.87 (t, 3H, J ) 6.7 Hz); 13C NMR (75 MHz, CDCl3) δ 176.5,
170.3, 79.8, 74.2, 31.8, 30.4, 29.51, 29.50, 29.47, 29.39, 29.28,
29.23, 29.21, 28.1, 25.0, 23.9, 22.5, 20.8, 14.0; HRMS (FAB) calcd
for C19H35O4 (MH+) 327.2537, found 327.2515.

(-)-Muricatacin (6). To a solution of 5 (93 mg, 0.284 mmol,
79% ee) in EtOH (5 mL) at room temperature was added K2-
CO3 (117 mg, 0.85 mmol). The mixture was stirred for 3.5 h and
concentrated in vacuo. The residue was poured into 1 N HCl.
The mixture was extracted with Et2O and the organic extracts
were dried over MgSO4. Following solvent evaporation in vacuo,
the residue was dissolved in benzene (3 mL). To this was added
PPTS (10.6 mg, 0.042 mmol) at room temperature and the
mixture was heated under reflux with Dean-Stark apparatus
for 35 min. The reaction mixture was poured into sat. NaHCO3,
extracted with Et2O and the organic extracts were dried over
MgSO4. The solvent was removed in vacuo to give the crude
product, which was purified by column chromatography on silica
gel (AcOEt/hexane 2:3) to give (-)-muricatacin 6 (76 mg, 94%)

as a colorless solid. Enantiomerically pure (-)-6 was obtained
by recrystallization from Et2O/pentane. Mp 71-73 °C (Et2O/
pentane). Spectroscopic data of the synthetic 6 were in agree-
ment with those reported;14,20 [R]28

D -23.2 (c 1.5, CHCl3) (>99%
ee determined by 1H NMR of MTPA ester); IR (neat) νmax 3402,
2918, 2847, 1745, 1470, 1190 cm-1; 1H NMR (400 MHz, CDCl3)
δ 4.41 (dt, 1H, J ) 7.3, 4.6 Hz), 3.57 (m, 1H), 2.66-2.49 (m,
2H), 2.30-2.20 (m, 1H), 2.17-2.07 (m, 1H), 1.81 (m, 1H), 1.60-
1.45 (m, 2H), 1.45-1.20 (m, 20H), 0.88 (t, 3H, J ) 6.8 Hz); 13C
NMR (100 MHz, CDCl3) δ 177.3, 82.9, 73.4, 32.9, 31.9, 29.6,
29.54, 29.48, 29.3, 28.6, 25.5, 24.0, 22.6, 14.1; HRMS (EI) calcd
for C17H32O3 (M+) 284.2353, found 284.2358.

Chromatographic Separation of Carbonates 7 and 8
Derived from (±)-1a. To a solution of (()-1a (2.45 g, 9.07 mmol)
in pyridine (50 mL) at 0 °C was added (+)-menthyl chloroformate
(2.9 mL, 13.6 mmol). The mixture was stirred at 0 °C for 10
min and then at room temperature for 3 h. The mixture was
extracted with Et2O and washed with 1 N HCl and sat. NaHCO3,
and the extracts were dried over MgSO4. The solvent was
removed in vacuo and the residue was purified by silica gel
chromatography (Et2O/hexane 1:7) to give 7 (2.04 g, 50%) and 8
(2.04 g, 50%) as a colorless oil. 7: [R]28

D +41 (c 1.042, CHCl3);
IR (neat) νmax 2926, 1738, 1464, 1261 cm-1; 1H NMR (400 MHz,
CDCl3) δ 4.68 (m, 1H), 4.53 (dt, 1H, J ) 10.7, 4.1 Hz), 3.93 (m,
1H), 3.84 (m, 1H), 3.74 (m, 1H), 2.07-1.83 (m, 5H), 1.70-0.86
(m, 39H), 0.80 (d, 3H, J ) 7.1 Hz); 13C NMR (100 MHz, CDCl3)
δ 155.2, 79.6, 79.3, 78.1, 68.2, 47.1, 40.8, 34.2, 32.0, 31.5, 31.0,
29.7, 29.67, 29.6, 29.5, 29.49, 29.4, 27.8, 26.2, 25.7, 25.5, 23.5,
22.7, 22.0, 20.7, 16.4, 14.2; HRMS (FAB) calcd for C28H53O4
(MH+) 453.3946, found 453.3949. 8: [R]28

D +27.4 (c 1.01, CHCl3);
IR (neat) νmax 2926, 1738, 1458, 1261 cm-1; 1H NMR (400 MHz,
CDCl3) δ 4.70 (ddd, 1H, J ) 9.5, 5.9, 4.1 Hz), 4.53 (dt, 1H, J )
11, 4.4 Hz), 3.92 (m, 1H), 3.86 (m, 1H), 3.78-3.72 (m, 1H), 2.10-
2.04 (m, 1H), 2.03-1.80 (m, 4H), 1.70-0.86 (m, 39H), 0.79 (d,
3H, J ) 6.8 Hz); 13C NMR (100 MHz, CDCl3) δ 155.2, 79.7, 79.2,
78.1, 68.2, 47.1, 40.8, 34.2, 32.0, 31.5, 31.1, 29.7, 29.68, 29.6,
29.55, 29.5, 29.4, 27.9, 26.2, 26.0, 25.4, 23.5, 22.7, 22.0, 20.7,
16.3, 14.2; HRMS (FAB) calcd for C28H53O4 (MH+) 453.3946,
found 453.3949.

Transformation of Carbonate 7 into (-)-Muricatacin (6).
With the procedure similar to that used for the transformation
of (+)-3 into 5, R′-C-H oxidation of 7 (300 mg, 0.664 mmol, >97%
ee) was carried out to afford 9 (189 mg, 61%) as a colorless solid
along with 4-keto-5-menthoxycarbonyloxyheptadecanoic acid
(106 mg, 33%). (+)-Menthoxycarbonyl muricatacin (9): mp
34-35 °C; [R]28

D +39.5 (c 0.876, CHCl3) (>97% ee); IR (neat)
νmax 2924, 1790, 1738, 1462, 1259 cm-1; 1H NMR (400 MHz,
CDCl3) δ 4.81 (m, 1H), 4.59 (ddd, 1H, J ) 9.8, 5.9, 3.9 Hz), 4.52
(dt, 1H, J ) 10.7, 4.4 Hz), 2.61-2.44 (m, 2H), 2.35-2.26 (m, 1H),
2.07-1.88 (m, 3H), 1.78-0.86 (m, 38H), 0.80 (d, 3H, J ) 6.8 Hz);
13C NMR (100 MHz, CDCl3) δ 176.1, 154.7, 79.7, 78.7, 78.1, 46.9,
40.6, 34.0, 31.9, 31.4, 30.3, 29.6, 29.57, 29.55, 29.4, 29.36, 29.3,
29.2, 27.9, 26.3, 25.1, 23.8, 23.4, 22.6, 21.9, 20.6, 16.3, 14.1;
HRMS (FAB) calcd for C28H51O5 (MH+) 467.3738, found 467.3730.
Methanolysis of 9 (189 mg, 0.406 mmol) with K2CO3 (224 mg,
1.62 mmol) in MeOH (5 mL) at room temperature for 11 h and
subsequent lactonization as described above provided (-)-6
(109 mg, 95% yield, >97% ee).
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