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a b s t r a c t

A convergent and highly stereoselective total synthesis of the Z-isomer of cytospolide E has been
achieved via Evan’s aldol reaction, Sharpless kinetic resolution and RCM cyclisation.

� 2012 Elsevier Ltd. All rights reserved.
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Figure 1. Structure of cytospolide A–E.
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The genus Cytospora sp. is a rich source of biologically active
secondary metabolites such as antibiotic grahamimycins,1 antibac-
terial cytoskyrins2 and cytotoxic cytosporinols.3 Of these, cytospo-
lides A–E (Fig. 1) are of immense interest because of their potent
anticancer activity. These cytotoxic nonanolides were isolated
from the endophytic fungus Cytospora sp.4 The structure was
established by spectroscopic, chemical and single-crystal X-ray
analyses. The C-2 methyl group plays an important role in growth
inhibition of tumour cell lines. Due to their fascinating biological
profiles and structural features, cytospolides have become highly
attractive synthetic targets. Of these, cytospolide E shows high
cytotoxic activity, which encouraged us to take up its total synthe-
sis. In continuation of our interest on the total synthesis of biolog-
ically active molecules,5 herein, we report the synthesis of
cytospolide E.

Our retrosynthetic analysis of cytospolide E, 1 reveals that it
could be synthesised by means of RCM cyclisation of precursor
14, which in turn could be prepared through the esterification of
acid 6 with alcohol 13. The intermediates 6 and 13 could easily
be prepared from a commercially available acrolein 2 and n-hex-
anal 7 ‘respectively’ (Scheme 1).

Accordingly, we began the synthesis of cytospolide E by means
of asymmetric aldol reaction between acrolein 2 and imide 3 to af-
ford the Evans’ syn-aldol product 4 in 88% yield (de >95:5).6 Protec-
tion of the resulting alcohol 4 with MOMCl in the presence of
Hunig’s base afforded the MOM ether 5 in 92% yield. Hydrolysis
ll rights reserved.
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Scheme 1. Retrosynthetic analysis of cytospolide E.
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Scheme 2. Synthesis of fragment 6 via Evan’s aldol reaction. Reagents and
conditions: (a) n-Bu2BOTf, i-Pr2NEt, CH2Cl2, �78–0 �C, 1 h, 88%; (b) DIPEA, MOMCl,
CH2Cl2, 0 �C, 2 h, 92%; (c) LiOH, 35% aq H2O2, THF/H2O (4:1) 0 �C, 5 h, 90%.
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Figure 2. Characteristic nOe’s of the Z-isomer of cytospolide E.
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of the 5 with LiOH/H2O2
7 afforded the corresponding acid 6 in 90%

yield (Scheme 2).
Next we attempted the synthesis of compound 13 from a com-

mercially available n-hexanal. Initially, n-hexanal was converted
into allylic alcohol 8 in 92% yield using vinyl magnesium bromide.
The Sharpless kinetic resolution8 of allylic alcohol 8 using Ti(OiPr)4,
(�)-DIPT and TBHP in dichloromethane gave the enantiomerically
pure epoxy alcohol 9 in 42% yield (ee 97%). Protection of secondary
hydroxyl group with TBSCl in the presence of imidazole afforded
the TBS ether 10 in 91% yield. The regioselective opening of epox-
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Scheme 3. Synthesis of fragment 13. Reagents and conditions: (a) vinyl magnesium brom
TBSCl, imidazole, DCM, 1 h, 91%; (d) Mg, allyl chloride, CuCN, THF, 0 �C, 95%; (e) DIPEA,
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Scheme 4. Synthesis of the Z-isomer of cytospolide E. Reagents and conditions: (a) DCC,
CeCl3�7H2O, CH3CN, reflux, 3 h, 88%.
ide 10 with allyl magnesium bromide in the presence of CuCN gave
the secondary alcohol 11 in 95% yield. Protection of secondary
alcohol with MOMCl in the presence of diisopropylethylamine
gave the MOM ether 12 in 90% yield. Desilylation of compound
12 with TBAF gave the alcohol 13 in 92% yield (Scheme 3).
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DMAP, CH2Cl2, 0 �C to rt, 6 h, 85%; (b) Grubb’s catalyst-II, CH2Cl2, reflux, 3 h, 70%; (c)
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Finally, we attempted the coupling of 6 with 13 so as to con-
struct a 10-membered ring via the RCM reaction. Accordingly,
the coupling of acid 6 with alcohol 13 under Steglich conditions
gave the ester 14 in 85% yield.9 Upon treatment of 14 with the
Grubbs’ second generation catalyst10 in CH2Cl2 at reflux tempera-
ture for 3 h gave the Z-isomer of cytospolide E 15 in 70% yield.
The structure of 15 was ascertained by its NMR spectrum. The
geometry of the olefin in 15 was determined as ‘Z’ from its coupling
constants, while one of the olefinic proton signals appears at d
5.71 ppm as a dt (J = 3.0, 12.0 Hz) and another signal for the olefinic
proton appears at d 5.14 ppm as a triplet (J = 9.8 Hz) which clearly
reveals the Z geometry of the olefin. Deprotection of MOM ethers of
15 using CeCl3�7H2O11 in refluxing CH3CN gave the Z-isomer of
cytospolide E 16 in 88% yield (Scheme 4).

The relative stereochemistry of 16 was deduced from the 1H–1H
coupling constants and NOESY data. The geometry of the D4 double
bond was assigned as Z based on the proton coupling constant
(3JH4,H5 = 11.1 Hz) and nOe studies. The presence of nOe between
H-2 and H-4, H-5 and H-7b, indicates the b-orientation of these
protons. The nOe between H-3 and H-10, H-3 and H-6a indicates
the a-orientation of H-3, H6a and H10 (Fig. 2). The above observa-
tion reveals the Z stereochemistry of the cytospolide E.12

In summary, we have developed an efficient synthetic route for
the stereoselective total synthesis of the Z-isomer of cytospolide E
starting from a readily available acrolein and n-hexanal. The syn-
thetic strategy involves asymmetric Aldol reaction, Sharpless ki-
netic resolution and RCM cyclisation as key steps. The total
synthesis of 16 was accomplished in 12 steps, with 15% overall
yield.
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D �12.6 (c = 2.3, CHCl3); 1H NMR
(300 MHz, CDCl3): d 5.88–5.78 (m, 1H), 5.04 (d, J = 16.8 Hz, 1H), 4.97 (d,
J = 9.8 Hz, 1H), 3.64–3.56 (m, 2H), 2.30–2.20 (m, 1H), 2.15–2.04 (m, 1H), 1.65
(brs, 1H), 1.56–1.17 (m, 10H), 0.91–0.85 (m, 12H), 0.06 (s, 6H); 13C NMR (CDCl3,
75 MHz): d 138.5, 114.7, 75.3, 73.9, 32.0, 30.9, 30.7, 30.3, 25.8, 25.3, 22.5, 18.0,
14.0, �4.4; IR (neat): vmax 3480, 3078, 2931, 2858, 1641, 1465, 1362, 1255,
1081, 836, 775 cm�1. MS (ESI): m/z 323 [M+Na]+. (5S,6R)-5-(But-3-enyl)-8,8,9,9-
tetramethyl-6-pentyl-2,4,7-trioxa-8-siladecane (12): ½a�20

D ½a�
20
D �33.6 (c = 2.2,

CHCl3); 1H NMR (500 MHz, CDCl3): d 5.87–5.76 (m, 1H), 5.02 (d, J = 15.0 Hz,
1H), 4.96 (d, J = 10.3 Hz, 1H), 4.69 (q, J = 6.9 Hz, 2H), 3.69–3.63 (m, 1H), 3.54–
3.48 (m, 1H), 3.38 (s, 3H), 2.28–2.13 (m, 1H), 2.12–2.02 (m, 1H), 1.67–1.17 (m,
10H), 0.91–0.84 (m, 12H), 0.06 (s, 6H); 13C NMR (CDCl3,75 MHz): d 138.6,
114.5, 96.0, 79.9, 74.5, 55.7, 32.9, 32.0, 30.2, 29.8, 25.9, 25.5, 22.5, 18.1, 14.0,
�4.2, �4.6; IR (neat): vmax 3078, 2951, 2859, 1641, 1465, 1382, 1253, 1147,
1096, 1038, 915, 835, 775 cm�1; MS (ESI): m/z 367 [M+Na]+. (5S,6R)-5-
(Methoxymethoxy)undec-1-en-6-ol (13): ½a�20

D 8.3 (c = 2.7, CHCl3). 1H NMR
(500 MHz, CDCl3): d 5.89–5.74 (m, 1H), 5.09–4.95 (m, 2H), 4.70 (q, J = 6.8 Hz,
2H), 3.65–3.50 (m, 2H), 3.43 (s, 3H), 2.30–2.16 (m, 1H), 2.15–2.00 (m, 1H),
1.74–1.17 (m, 10H), 0.90 (t, J = 6.8 Hz, 3H); 13C NMR (CDCl3,75 MHz): d 138.2,
114.9, 97.2, 83.4, 73.0, 55.8, 31.9, 31.5, 29.3, 25.8, 25.6, 22.6, 14.0; IR (neat):
vmax 3456, 3077, 2931, 2858, 1736, 1642, 1455, 1378, 1150, 1098, 1036,
914 cm-1; MS (ESI): m/z 253 [M+Na]+. (2S,3R)-((5S,6R)-5-(Methoxymethoxy)
undec-1-en-6-yl) 3-(methoxymethoxy)-2-methylpent-4-enoate (14): ½a�20

D �54.2
(c = 1.0, CHCl3). 1H NMR (300 MHz, CDCl3): d 5.88–5.67 (m, 2H), 5.31–5.20 (m,
2H), 5.08–4.94 (m, 3H), 4.70 (dd, J = 9.0, 6.8 Hz, 2H), 4.55 (dd, J = 12.8, 6.8 Hz,
2H), 4.18 (t, J = 7.5 Hz, 1H), 3.66–3.59 (m, 1H), 3.38 (s, 3H), 3.36 (s, 3H), 2.64 (t,
J = 6.8 Hz, 1H), 2.31–2.00 (m, 2H), 1.70–1.46 (m,3H), 1.38–1.16 (m, 10H), 0.88
(t, J = 6.8 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d 173.7, 138.1, 135.7, 119.1, 115.0,
95.9, 93.9, 78.4, 77.2, 74.9, 55.7, 55.6, 45.2, 31.6, 29.8, 29.6, 29.2, 25.3, 22.5,
13.9, 13.1; IR (neat): vmax 3079, 2930, 2857, 1733, 1641, 1458, 1377, 1153,
1034, 920, 768 cm�1; MS (ESI): m/z 409 [M+Na]+. (3S,4R,9S,10R,Z)-4,9-
Bis(methoxymethoxy)-3-methyl-10-pentyl-3,4,7,8,9,10-hexahydrooxecin-2-one
(15): ½a�20

D �37.5 (c = 1.2, CHCl3); 1H NMR (300 MHz, CDCl3): d 5.73 (dt, J = 12.0,
3.0 Hz, 1H), 5.17 (t, J = 9.8 Hz, 1H), 5.08–5.00 (m, 1H), 4.73 (d, J = 6.8 Hz, 1H),
4.62 (q, J = 6.8 Hz, 2H), 4.51 (t, J = 6.8 Hz, 2H), 3.62 (t, J = 5.2 Hz, 1H), 3.42 (s,
3H), 3.38 (s, 3H), 2.67–2.51 (m, 2H), 2.19-2.00 (m, 2H), 1.70-1.46 (m, 3H), 1.43-
1.22 (m, 10H), 0.90 (t, J = 6.8 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d 172.7, 135.8,
127.0, 94.5, 93.9, 77.2, 74.9, 72.5, 55.7, 47.5, 31.5, 31.3, 30.3, 29.7, 24.9, 24.7,
22.5, 15.4, 13.9; IR (neat): vmax 2931, 2857, 1740, 1456, 1370, 1252, 1152,
1099, 1035, 920, 745 cm�1; MS (ESI): m/z 381 [M+Na]+. (3S,4R,9S,10R,Z)-4,9-
Dihydroxy-3-methyl-10-pentyl-3,4,7,8,9,10-hexahydrooxecin-2-one (16): White
solid, mp 136–140�C; ½a�20

D 26.6 (c = 0.8, CHCl3); 1H NMR (500 MHz, CDCl3): d
5.75 (ddd, J = 11.1, 4.5, 1.1 Hz, 1H), 5.37 (dt, J = 9.9, 2.2 Hz, 1H), 5.12 (dt, J = 9.5,
3.7 Hz,1H), 4.64 (t, J = 9.9 Hz, 1H), 3.81 (dt, J = 4.6, 3.7 Hz, 1H), 2.73 (dq, J = 12.9,
3.9 Hz, 1H), 2.51 (qd, J = 9.9, 6.9 Hz, 1H), 2.13–1.90 (m, 2H), 1.67–1.49 (m, 2H),
1.44–1.20 (m, 10H), 0.88 (t, J = 6.8 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d 174.6,
133.8, 129.9, 77.6, 74.3, 69.5, 49.1, 31.3, 30.8, 29.6, 25.2, 25.1, 22.4, 14.8, 13.8;
IR (KBr): vmax 3236, 2923, 2855, 1729, 1449, 1253, 1039, 766 cm�1; MS (ESI):
m/z 293 [M+Na]+.
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