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Total Synthesis of (ÿ)-Mucocin**
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The acetogenins of Annonaceae are characterized by their
variety in structure and their potent biological features, for
example, as antitumor agents or immunosuppressants.[1]

Therefore, this class of compounds is subject to intensive
synthetic efforts.[2] Within the acetogenins a group of com-
pounds exists that also bear a tetrahydropyran (THP) ring
additional to the usual tetrahydrofuran rings in the molecular
scaffold. A representative member of that group is (ÿ)-
mucocin, which was isolated from Rollinia Mucosa.[3] The
molecule shows a highly selective inhibitory effect against
A-549 (lung cancer) and PACA-2 (pancreatic cancer) cell
lines with a selectivity up to 10 000 times that of the known
antitumor agent adriamycin. A blockage of the mitochondrial
complex I is discussed as the mode of action.[1]

Here we report on a total synthesis of (ÿ)-mucocin that
follows a highly convergent synthetic strategy.[4] According to
our retrosynthetic analysis (disconnection at C16ÿC17) mu-
cocin could be constructed by the addition of a THP
organometallic compound 1 to a THF aldehyde 2 (Scheme 1).

1H NMR (200 MHz, [D8]THF, 298 K): d� 7.78 (4 H), 7.12 (4H), 6.93 (2H),
2.20 (6H); 13C NMR (50 MHz, [D8]THF, 298 K): d� 154.6, 128.0, 127.6,
125.2, 94.3,[16] 39.7.
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Scheme 1. Retrosynthetic analysis of (ÿ)-mucocin. TBDS� tert-butyl-
dimethylsilyl.

The compatibility of the butenolide with the reaction
conditions in regard to a possible epimerization as well as
the stereocontrol of the coupling reaction were considered as
critical to the strategy.

The synthesis of the left part of the molecule (Scheme 2)
started with the diol 3. After monosilylation[5] and subsequent
bromination to 4, the sequence of dihydroxylation/aceto-
nide[6] protection gave the bromide 5. The alkylation to 6,
followed by an E-selective reduction[7] of the resulting alkyne
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Scheme 2. a) NaH (1.0 equiv), TBDMSCl (1.0 equiv), THF, 0 8C, 1 h, 54%;
b) 1. p-TsCl (2.0 equiv), Py (10 equiv), CH2Cl2, 0 8C, 12 h; 2. LiBr
(4.0 equiv), acetone, 12 h, 85 %; c) AD-mix a, MeSO2NH2, H2O/tBuOH
(1/1), 0 8C!RT, 24 h; d) p-TsOH (5 mol %), 3,3-dimethoxypropane
(4.0 equiv), CH2Cl2, 1 h, 92 % over two steps; e) propargylic alcohol
(3.0 equiv), nBuLi (6.0 equiv), NH3/THF/DMPU (5/5/2),ÿ40 8C, 6 h, 91%;
f) Red-Al (2.0 equiv), THF, 0 8C, 4 h, 95 %; g) TBHP (2.0 equiv), (ÿ)-DIPT
(12 mol %), Ti(OiPr)4 (10 mol %), CH2Cl2, ÿ20 8C, 3.5 h, 85 %; h) Dess ±
Martin periodinane (2.0 equiv), Py (10 equiv), CH2Cl2, 0 8C, 3 h, 89%. p-
Ts�p-toluenesulfonyl, Py�pyridine, DMPU�N,N'-dimethylpropylene
urea, TBHP� tert-butylhydroperoxide, DIPT�diisopropyl tartrate.

to the alkene 7 opened the way for the elaboration of the THP
ring. A 6-endo attack of the C20 oxygen atom on a C23ÿC24
epoxide by an activation of the C24 position by a C25ÿC26
double bond was envisaged for the construction of the THP
ring.[8] Sharpless epoxidation[9] of the allylic alcohol 7 afforded
an epoxy alcohol that was oxidized to the aldehyde 8 by using
the Dess ± Martin protocol.[10]

The precursor for the cyclization to the THP ring was
obtained after Wittig reaction of 8 with the C25ÿC34
phosphonium ylide (Scheme 3). This reaction (9!10) de-
serves further comments: an acid-catalyzed intramolecular
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Scheme 3. a) H19C9PPh3Br (1.4 equiv), NaHMDS (1.2 equiv), THF,
ÿ78 8C, 5 min, 85%, E :Z� 1:1; b) CSA (8 mol %), CH2Cl2/iPrOH (30/1),
ÿ40!0 8C, 3.5 h, 89%; c) 5 % Pt/C, H2 (1 bar), EtOAc, 0 8C, 5 h, 95%;
d) TBDMSOTf (3.0 equiv), 2,6-lutidine (5.0 equiv), CH2Cl2, 0 8C, 1 h,
92%; e) CSA (0.25 equiv), CH2Cl2/MeOH (2/1), 0 8C, 30 min, 73 %; f) I2

(1.2 equiv), PPh3 (1.1 equiv), imidazole (3.0 equiv), CH2Cl2, 0 8C, 3 h, 80%;
g) 12 (1.2 equiv), tBuLi (2.2 equiv), Et2O, ÿ105 8C, 5 min; then MgBr2 ´
OEt2 (2.4 equiv), ÿ100!ÿ 35 8C, 1.5 h;!ÿ78 8C, 2 (1.0 equiv),!ÿ15 8C,
1.5 h, 56%, 34 % of 2 was also recovered; h) HF (5 equiv), CH3CN/CH2Cl2,
20 8C, 1 h, 91 %. NaHMDS� sodium hexamethyldisilazide, CSA� cam-
phersulfonic acid.

6-endo attack on the alkenyl epoxide of the acetonide had to
occur, while possible intermolecular side reactions at the
epoxide[11] and cleavage of the silyl group had to be sup-
pressed. Only when isopropyl alcohol was used as a weak
nucleophilic protic cosolvent was a clean conversion accom-
plished.[12] The cleavage of the acetonide and the opening of
the epoxide could possibly happen in a concerted manner
without the free diol as an intermediate. After the selective
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opening of the epoxide the double bond at C25ÿC26 was
removed. A standard sequence (10!11!12) led to the
iodide 12, the precursor to the convergent final step of the
synthesis. An iodine ± lithium exchange in 12 was realized at
ÿ105 8C[13] followed by a transmetalation to magnesium. The
precise choice of temperature and time was crucial for the
success of the reaction. If the transmetalation did not take
place within five minutes after the halogen ± metal exchange
and if the temperature rose above ÿ100 8C a retro-Brook
migration[14] from the silyl group at OÿC19 to C17 was
observed as a side reaction. Treatment of the aldehyde 2 with
the organomagnesium compound and subsequent warming to
ÿ15 8C gave the desired product 13. Noteworthy, only
1.2 equivalents of iodide 12 to 1 equivalent of aldehyde 2
were necessary. The stereoselectivity of the reaction was 4:1 in
favor of the desired epimer 13. The synthetically undesired,
but pharmacologically interesting, C16 minor epimer could be
separated by chromatography. Cleavage of the silyl protecting
groups provided (ÿ)-mucocin ([a]D�ÿ12.7, c� 0.27 in
CH2Cl2), which was found to be identical to the naturally
occurring product in respect to the spectroscopical data
(Table 1).

The synthesis of aldehyde 2 began with a stereocontrolled
addition of the functionalized diorganozinc compound 15 to
the aldehyde 14 by using the chiral ligand 16 (Scheme 4) to
give the alcohol 17 (diastereoselectivity 95:5).[15] A subse-
quent TBAF-induced intramolecular Williamson reaction
afforded the 2,5-disubstituted THF-derivative 18, which could
be transformed into the phosphonium salt 19. A Wittig
reaction of 19 with the aldehyde 20 gave olefin 21, and
completed the construction of the right half of the molecule.
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Scheme 4. a) 15 (1.8 equiv), 16 (0.1 equiv), Ti(OiPr)4 (2.0 equiv), xylene,
ÿ25 8C, 16 h, 65%; b) p-TsCl (4.0 equiv), Py/CH2Cl2 (1/1), RT, 12 h, 93%;
c) TBAF (3.0 equiv), THF, RT, 45 min, 95 %, trans :cis� 95:5 (HPLC);
d) 1. TESCl (1.2 equiv), imidazole (2.0 equiv), CH2Cl2, RT, 2 h, 86%;
2. DIBAH (2.5 equiv), THF, ÿ20 8C, 1 h, 93%; 3. I2 (1.2 equiv), PPh3

(1.1 equiv), imidazole (3.0 equiv), CH2Cl2, 0 8C!RT, 1.5 h, 84 %; 4. PPh3

(5.0 equiv), CH3CN/toluene (1/1), 70 8C, 20 h; e) NaHMDS (1.0 equiv),
THF, 0 8C, 30 min, then 20, ÿ70!0 8C, 20 min, 60%; f) 1. [(PPh3)3RhCl]
(0.15 equiv), H2 (1 atm), benzene, RT, 3 h, 95%; 2. CSA (0.08 equiv),
CH2Cl2/MeOH (5/1), ÿ20 8C, 10 min, 76%; 3. Dess ± Martin periodinane
(2.0 equiv), Py (10 equiv), CH2Cl2, 0 8C!RT, 4.5 h, 91%. TBAF� tetra-
butylammonium fluoride, TES� triethylsilyl, DIBAH� diisobutylalumi-
num hydride.

Aldehyde 2 was obtained by hydrogenation of the iso-
lated double bond of compound 21,[16] selective cleavage of
the primary silylether, and subsequent Dess ± Martin oxida-
tion.

The synthesis of the butenolide aldehyde 20Ðwhich should
be interesting for other acetogenin syntheses as wellÐis
summarized in Scheme 5. The hydroxyl function was prepared
from the b-ketoester 22 by dianion alkylation and subsequent
Noyori reduction with BINAP[17] (22!23, ee� 97 %). The b-
hydroxyester 23 was transformed via the benzylether 24 to the
carboxylic acid 25. Treatment of 25 with (S)-propene oxide
afforded the butyrolactone 26. After introduction of the
C2ÿC35 double bond (26!27) the desired butenolide
aldehyde 20 was obtained by selective deprotection of the
primary siloxy function and Dess ± Martin oxidation.

The distinctive features of this synthesis of mucocin are the
high convergence and the modular way of construction. New
variations of mucocin with pharmacological importance

Table 1. Selected analytical and spectroscopic data of 13 and (ÿ)-mucocin.

13 : HPLC: Rt� 10.3 min (Rainin Si 60, iPrOH/n-hexane (1/99),
1.0 mL minÿ1); [a]22

D �ÿ19.28 (c� 0.60, CHCl3); 1H NMR (300 MHz,
CDCl3): d� 7.09 (d, J� 1.1 Hz, 1H), 4.98 (dq, J� 6.8, 1.1 Hz, 1H), 3.94
(m, 1 H), 3.88 ± 3.79 (m, 1H), 3.75 (dt, J� 14.2, 6.7 Hz, 1H), 3.62 (dt, J�
10.5, 5.3 Hz, 1 H), 3.38 ± 3.27 (m, 1 H), 3.27 ± 3.14 (m, 2 H), 2.98 (m, 1H),
2.43 (d, J� 2.7 Hz, 1 H), 2.40 (d, J� 5.3 Hz, 2 H), 2.04 ± 1.88 (m, 3 H), 1.76 ±
1.15 (m, 47H), 1.39 (d, J� 6.8 Hz, 3H), 0.85 (br s, 30 H), 0.02 (br s, 18H);
13C NMR (75 MHz, CDCl3): d� 174.0 (C1), 151.6 (C35), 130.8 (C2), 82.4
(C24), 82.0 (C15), 79.9 (C20), 79.2 (C12), 77.4 (C36), 74.6 (C16), 74.1 (C19),
71.0 (C23), 70.1 (C4), 36.9, 35.7, 33.5, 32.7, 32.4, 31.9, 29.8, 29.7, 29.6, 29.5,
29.3, 28.8, 28.7, 28.4, 26.2, 25.5, 25.1, 22.7 (C3, C5 ± C11, C13, C14, C17, C18,
C21, C22, C25 ± C33), 25.9, 25.9, 25.8, (3 SiC(CH3)3), 19.0 (C37), 18.2, 18.0,
18.0 (3SiC(CH3)3), 14.1 (C34),ÿ4.0,ÿ4.4,ÿ4.5,ÿ4.6,ÿ4.8, (6SiCH3); HR-
MS (EI): calcd (found) for C55H109O8Si3 [M��H]: 981.7430 (981.7441).

(ÿ)-Mucocin: HPLC: Rt� 8.9 min (Rainin Si 60, iPrOH/n-hexane (30/70),
1.5 mL minÿ1); [a]25

D �ÿ12.78 (c� 0.27, CH2Cl2); 1H NMR (300 MHz,
CDCl3): d� 7.16 (d, J� 1.5 Hz, 1H), 5.04 (dq, J� 6.8, 1.5 Hz, 1H), 3.95 ±
3.67 (m, 3H), 3.52 ± 3.34 (m, 2 H), 3.32 ± 3.18 (m, 1 H), 3.18 ± 3.08 (m, 1H),
3.02 (dt, J� 8.8, 2.2 Hz, 1H), 2.84 (br s, 1H), 2.71 (br s, 1H), 2.50 (d, J�
15.1 Hz, 1H), 2.37 (dd, J� 15.1, 8.3 Hz, 1H), 2.30 (br s, 1 H), 2.14 ± 2.05 (m,
1H), 2.05 ± 1.89 (m, 2 H), 1.88 ± 1.76 (m, 1H), 1.75 ± 1.13 (m, 41 H), 1.41 (d,
J� 6.8 Hz, 3H), 0.85 (t, J� 6.8 Hz, 3 H); 13C NMR (75 MHz, CDCl3): d�
174.6 (C1), 151.8 (C35), 131.2 (C2), 82.0 (C24), 81.9 (C15), 80.1 (C20), 79.3
(C12), 78.0 (C36), 73.8 (C16), 73.5 (C19), 70.5 (C23), 70.0 (C4), 37.4, 35.6,
33.3, 32.6, 32.4, 32.0, 31.9, 29.7, 29.6, 29.5, 29.4, 29.4, 29.3, 28.8, 28.7, 28.3,
26.9, 26.2, 25.5, 25.5, 22.7 (C3, C5 ± C11, C13, C14, C17, C18, C21, C22,
C25 ± C33), 19.1 (C37), 14.1 (C34); HR-MS (EI): calcd (found) for
C37H67O8 [M��H]: 639.4836 (639.4838).
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Scheme 5. a) NaH (1.5 equiv), nBuLi (1.5 equiv), THF, ÿ30!ÿ 15 8C,
15 min, then Br(CH2)2OBn (0.85 equiv), ÿ10 8C, 2.5 h, 75%; b) H2 (5 bar),
RuII-(S)-(ÿ)-BINAP (0.6 mol %), 95 8C, 18 h, 90%, ee� 97% (HPLC:
Chiralcel OD-H, 10% iPrOH/hexane (1/9)); c) BH3 ´ Me2S (2.2 equiv),
THF, 60 8C, 30 min, 83%; d) TBDMSCl (2.4 equiv), imidazole (3.0 equiv),
DMAP (0.1 equiv), CH2Cl2, RT, 16 h, 88%; e) H2 (1 atm), 10%Pd/C
(5 mass %), EtOAc, 98%; f) 1. (COCl)2 (2.0 equiv), DMSO (4.0 equiv),
NEt3 (5.0 equiv), CH2Cl2, ÿ78!ÿ 40 8C, 1.5 h, 2. NaClO2 (3.0 equiv),
NaH2PO4 ´ 2 H2O (4.0 equiv), methyl-2-butene (20 equiv), tBuOH/H2O
(1/1), 3 h, 95%; g) 1. LDA (2.5 equiv), THF, 0 8C, 45 min, then (S)-(ÿ)-
propene oxide (3.0 equiv), RT, 3 h, 2. PivCl (1.1 equiv), NEt3 (2.0 equiv),
CH2Cl2, RT, 10 min, 73 %; h) 1. KHMDS (3.0 equiv), THF, 0 8C, 30 min,
then PhSeCl (3.0 equiv), 1 h, 2. MMPP (4.0 equiv), THF/MeOH (1/1), RT,
30 min, 88%; i) CSA (0.25 equiv), CH2Cl2/MeOH (1/1), 0 8C, 30 min, 79%;
j) Dess ± Martin periodinane (1.5 equiv), Py (10 equiv), CH2Cl2,
0 8C!RT, 4.5 h, 90%. BINAP� 2,2'-bis(diphenylphosphanyl)-1,1'-bina-
phyl, DMAP� 4-dimethylaminopyridine, DMSO� dimethylsulfoxide,
LDA� lithium diisopropylamide, Piv� pivaloyl ((H3C)3CCO),
KHDMS� potassium hexamethyldisilazanide, MMPP�magnesium
monoperoxophthalate.

should be easily available by a combination of different
modules. The butenolide fragment proved to be compatible
with the metalloorganic coupling reaction. This strategy
should be applicable to the synthesis of other annonaceous
acetogenins and presents a new, efficient, and flexible
approach to this biologically important class of com-
pounds.
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