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The absolute stereochemistry of fostriecin (1, CI-920), a potent antitumor antibiotic presently in
Phase I clinical trials at NCI, was determined to be 5R,8R,9R,11R. 2D 1H-1H NMR NOE
experiments conducted on the cyclic phosphate derivative 2 and acetonide 4 revealed a syn-diol
stereochemical relationship between C8 and C9 and an anti-diol stereochemical relationship between
C9 and C11, respectively. The 5R absolute configuration assignment was confirmed by synthesis
of the degradation product 8 previously disclosed. Additional degradation studies of 1 to provide
7 and chiral-phase HPLC comparison with a sample of known chirality established the absolute
stereochemistry of C11 to beR. This, along with the relative stereochemical assignments established
the full set of absolute stereochemistry assignments for 1.

Fostriecin (1, CI-920)1 is a structurally novel phosphate
ester produced by Streptomyces pulveraceus active in
vitro against leukemia (L1210, IC50 0.46 µM), lung,
breast, and ovarian cancer and displays efficacious in vivo
antitumor activity against L1210 leukemia in mice.2 It
is currently being investigated in phase I clinical trials
at NCI. Fostriecin inhibits DNA topoisomerase II (IC50

40 µM) in vitro3 through a novel, non-DNA-strand cleav-
ing mechanism, but does not induce G2 arrest like other
topoisomerase II inhibitors.4 Instead, it inhibits the
mitotic entry checkpoint,5 potentially through inhibition
of protein phosphatases 1 and 2A (IC50 4 µM and 40 nM,
respectively).6-9 Inhibition of the mitotic entry check-
point and protein phosphatase are novel properties for a
potential clinical antitumor agent. Despite these proper-

ties and the clinical potential of 1, the complete relative
and absolute stereochemistry of the molecule is un-
known.10,11 Herein, we detail studies that provide the
relative and absolute stereochemistry of fostriecin (Figure
1).
Although the 5R absolute stereochemistry of 1 was

established in the work leading to the basic tenants of
the structure determination,10 the relative and absolute
stereochemistry at C8, C9, and C11 are unknown. The
relative stereochemistry between C8 and C9 was deter-
mined as follows (Scheme 1). The natural product 1 was
converted to the five-membered cyclic phosphodiester 2
(p-bromobenzoyl chloride, pyridine, 0 °C, 70%).12 The
closure to 2 was established by 31P NMR (D2O, 161 MHz,
δ) with the observance of a signal at 14.69 characteristic
of a five-membered (10-15) versus six-membered (-0.5
to -5.0) cyclic phosphodiester.13 Upon examination of
the 2D 1H-1H ROESY NMR spectrum (D2O, 400 MHz,
δ), NOEs were found between H6,7 (5.93-6.00) and H9

(4.34), as well as between the C8-CH3 (1.40) and H10
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Figure 1.

Scheme 1. Preparation of the Cyclic Phosphate
Diester
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(1.75-1.90), establishing the cis relationships of the C5-
C8 vinyl side chain with H9 and C8-CH3 with the C9 side
chain on the five-membered cyclic phosphodiester and a
syn-1,2-diol relationship between C8 and C9.
The relative stereochemistry between C9 and C11 was

determined as follows (Scheme 2). The free alcohol 3was
prepared from 1 (alkaline phosphatase, H2O, 37 °C,
100%) according to the procedure of Hokanson and
French10 and was converted to the acetonide 4 (Me2C-
(OMe)2, p-TsOH, THF, 25 °C, 10-15 min, 40%). The
preferential formation of 4was anticipated and controlled
by use of short reaction times (10-15 min) favoring the
kinetic six-membered 1,3-diol acetonide.14 The alterna-
tive possibility of five-membered acetonide formation
between C8 and C9 was excluded by the subsequent clean
conversion of 4 to monoacetate 514 (excess Ac2O, Et3N,
CH2Cl2, 25 °C, 2 h) versus a diacetate diagnostic of the
1,2-diol acetonide and ultimately confirmed spectroscopi-
cally. Extending the reaction time to 1 h led to the
generation of small amounts of the five-membered 1,2-
diol acetonide (9%) without improving the conversion to
4 (42%).
The acetonide methyl groups of 4 (1.35 and 1.39)

displayed similar 13C NMR chemical shifts of 24.49 and
24.89 (CDCl3, 100 MHz, δ) within the range characteristic
of an anti-1,3-diol acetonide (23.96-25.22) and different
from the distinct chemical shifts observed with syn-1,3-
diol acetonides (18.67-19.98 and 29.74-30.16).15 In
addition, diagnostic cross-peaks observed in the 2D 1H-
1H NOESY NMR spectrum of 4 were observed between
one acetonide methyl group (1.35) and H9 (3.72) and
between the other acetonide methyl group (1.39) and H11

(4.73) (A, Figure 2). This agrees with the existence of
an anti-1,3-diol derived acetonide adopting a twist boat
conformation. Consistent with this assignment, H9 (J(H10)
) 6.3, 9.6 Hz) and H11 (J(H10) ) 6.3, 9.5 Hz) exhibit 1H
NMR coupling constants expected with the twist boat
conformation and the observed NOEs. Additionally, the
alternative syn-1,3-diol-derived acetonide B would be
supported by the observance of three other diagnostic
NOEs, one between H9 and H11 and those between the

one axial methyl group of the acetonide and both H9 and
H11. These cross-peaks were not observed in the 2D 1H-
1H NOESY NMR spectrum. From these results which
further confirmed the structure of the 1,3- versus 1,2-
acetonide, we assigned the relative stereochemistry of the
C8-C9 and C9-C11 stereocenters of fostriecin as a syn-
1,2 and an anti-1,3-diol relationship, respectively.
This proved to be consistent with the adoption of a

rigid, hydrogen-bonded cyclic structure for 1 and 3 (D2O,
400 MHz) involving the C9 oxygen substituent and the
C11 alcohol which is disrupted upon O-acetylation.10 Our
examination of the coupling constants of H9, H10A, H10B,
and H11 in 3 had provided us with a preliminary assess-
ment of the anti-1,3-diol relationship of C9/C11 adopting
a twist boat for the hydrogen-bonded structure (Figure
3).
The final task was the determination of the absolute

stereochemistry at C11, which when coupled with the
relative stereochemistry detailed above and the prior
work of Hokanson and French assigning the C5 R
configuration,10 would establish the complete absolute
stereochemistry of fostriecin (Scheme 3). The free alcohol
3 was cleanly monosilylated (TBDPSCl, imidazole, DMF,
25 °C, 72%) and subjected to oxidative cleavage of the
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Scheme 2. Preparation of the Six-Membered Ring
Acetonide

Figure 2.

Figure 3.

Scheme 3. Degradation of Fostriecin
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C8,C9-diol (NaIO4, CH3OH-H2O). Immediate reduction
(NaBH4, 65% for two steps) of the resulting aldehyde to
the diol, and its protection as the dibenzoate (BzCl, Et3N,
DMAP, CH2Cl2, 65%) gave 6. The dibenzoate was
subjected to ozonolysis followed by reductive workup (O3,
CH3OH; NaBH4) and benzoylation (BzCl, Et3N, DMAP,
THF, 65%) to yield the tribenzoate 7. This material was
identical (NMR, IR, MS) to the (R)-(+)-tribenzoate 7 and
the (()-tribenzoate prepared from commercially available
R-(+)-1,2,4-butanetriol and (()-1,2,4-butanetriol, respec-
tively, and eluted on an analytical Chiracel OD-H HPLC
column (0.46 × 20 cm, 20% 2-PrOH/hexane, 0.6 mL/min)
with the same retention time as (2R)-7 (11.4 min) versus
(2S)-7 (18.4 min). This, combined with the relative
configuration assignments, provided the complete rela-
tive and absolute stereochemical determination of fos-
triecin as 5R,8R,9R,11R.16

Finally, in conjunction with our synthetic efforts on 1
we have conducted a correlation (Scheme 4) that confirms
the C5 absolute stereochemical assignment of Hokanson
and French.10 The absolute configuration at C5 was
introduced through Sharpless asymmetric dihydroxyla-
tion of a terminal olefin.19 Thus, conversion of hex-5-
enoic acid20 (9) to the corresponding p-methoxybenzyl

ester 10 followed by asymmetric dihydroxylation (3 equiv
of K3Fe(CN)6, 3 equiv of NaHCO3, 3 equiv of K2CO3, 0.05
equiv of (DHQD)2-AQN,21 t-BuOH/H2O 1:1, 0 °C, 48 h,
79%, 88−92% ee) provided the diol 11. Enrichment to
>98% ee was accomplished by one recrystallization
(>50% overall, Et2O)22 and conveniently monitored by 1H
NMR analysis (CDCl3, 400 MHz) of the corresponding
bis-Mosher ester (2.3 equiv of (R)-MTPA-Cl, 3 equiv of
DMAP, THF, 25 °C, 6 h). Subsequent selective protection
of the primary alcohol 11 (1.1 equiv of TBDPSCl, 2.2
equiv of imidazole, DMF, 25 °C, 15 h, 89-92%) cleanly
provided 12 and acid-catalyzed lactonization (4 equiv of
CF3CO2H, 5 equiv of anisole, 25 °C, 0.5 h, 75%) afforded
13. Formation of the R-phenylselenyl lactone 14 (1.1
equiv of LDA; 1.2 equiv of PhSeBr, THF, -78 °C, 1 h,
50%), deprotection of the TBDPS ether (1.9 equiv of Bu4-
NF, 5.8 equiv of HOAc, THF, 25 °C, 3 h, 68%) and
oxidation of 15 to the selenoxide (4 equiv of H2O2, CH2-
Cl2-H2O, 25 °C, 2 h, 85%) followed by elimination
provided the unsaturated lactone alcohol 16, [R]20D +160
(c 0.85, CHCl3), lit.23 [R]26D +175 (c 0.92, CHCl3). The
correlation of our synthetic 16 with authentic 1623 of
known absolute configuration established that the Sharp-
less asymmetric dihydroxylation proceeded with the
expected enantioselectivity. Swern oxidation of 16 (10
equiv of (COCl)2, 12 equiv of DMSO, 35 equiv of Et3N,
CH2Cl2, -78 °C) followed by in situ reaction of 17 with
the stabilized Wittig reagent (15 equiv, 0 °C, 30 min, 52%
overall) provided 8 ([R]20D +201 (c 0.110, CHCl3), identical
in all respects with the degradation product 810 ([R]D
+217 (c 1.16, CHCl3) obtained from fostriecin. This latter
correlation confirmed the C5 stereochemical assignment
of Hokanson and French and provided an advanced
synthetic intermediate in our approach to fostriecin.
These and related efforts will be disclosed in due time.

Experimental Section

(1E,3R,4R,6R,7Z,9Z,11E)-1-[(6R)-2-Oxo-5,6-dihydro-2H-
pyran-6-yl]-3,4,6,13-tetrahydroxy-3-methyl-1,7,9,11-tri-
decatetraene 3,4-Cyclophosphate, Sodium Salt (2). A
solution of fostriecin (1, 2 mg, 4.4 mmol) in pyridine (500 µL)
was treated at 0 °C (ice bath) with p-bromobenzoyl chloride
(1.9 mg, 8.5 µmol), and the mixture was allowed to stir for 45
min at 0 °C. The reaction mixture was concentrated and
purified by chromatography on reverse phase silica (0-10%
CH3CN-H2O) to yield 2 (1.34 mg, 1.8 mg theoretical, 70%):
1H NMR (D2O, 400 MHz) δ 7.12 (1H, ddd, J ) 3.1, 5.6, 9.8
Hz), 6.79 (1H, dd, J ) 11.0, 15.3 Hz), 6.64 (1H, t, J ) 11.0
Hz), 6.35 (1H, t, J ) 11.0 Hz), 6.19 (1H, t, J ) 11.0 Hz), 6.08
(1H, dd, J ) 5.9, 15.3 Hz), 6.03 (1H, ddd, J ) 1.2, 2.3, 9.8 Hz),
6.00-5.93 (2H, m), 5.56 (1H, t, 9.4 Hz), 5.12 (1H, ddd, J )
5.3, 5.4, 10.2 Hz), 4.34 (1H, dd, J ) 3.4, 9.3 Hz), 4.18 (2H, d,
J ) 5.9 Hz), 2.65-2.58 (1H, ddd, J ) 5.1, 5.2, 18.8 Hz), 2.56-
2.52 (1H, dddd, J ) 3, 3, 10.7, 18.8 Hz), 1.90-1.75 (2H, m),
1.43 (s, 3H); 13C NMR (D2O, 125 MHz) δ 170.4, 151.8, 137.1,
136.7, 135.7, 133.8, 132.0, 128.7, 127.9, 126.5, 122.2, 87.4, 83.2,
80.9, 66.4, 64.8, 39.6, 31.6, 21.8; 31P NMR (161 MHz, D2O) δ
14.69; IR (neat) νmax 3358, 2920, 1709, 1383, 1247, 1221, 1109,
1054, 972, 942, 876, 820 cm-1; FABHRMS (NBA-NaI) m/z
435.1197 (M + Na+, C19H25O8P requires 435.1185).
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Scheme 4. Preparation of Methyl Ketone Derived
from Fostriecin
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The 2D 1H-1H ROESY NMR spectrum (D2O, 400 MHz) of
2 displayed the following diagnostic NOE cross-peaks: H2/H3,
H3/H4, H4/H5, H6,7/H9, H6,7/H15, H6,7/H16, H6,7/H17, H6,7/H19, H9/
H10, H9/H12, H9/H17, H10/H19, H12/H13, H12/H14, H13/H16, H14/H15,
H14/H16.
(R)-6-[(1E,3R,4R,6R,7Z,9Z,11E)-3,4,6,13-Tetrahydroxy-

4,6-O-isopropylidene-3-methyl-1,7,9,11-tridecatetraen-1-
yl]-5,6-dihydro-2H-pyran-2-one (4). A suspension of 3 (1.0
mg, 2.9 µmol) in THF (1.0 mL) was treated with 2,2-dimeth-
oxypropane (15 µL, 0.12 mmol), followed by a catalytic amount
of anhydrous p-TsOH at 25 °C. After 10 min of stirring, 3
drops of Et3N was added, and the mixture was concentrated
in vacuo. PTLC (SiO2, 50% EtOAc-hexane) gave 4 (0.4 mg,
1.1 mg theoretical, 40%) as a colorless oil: 1H NMR (CDCl3,
600 MHz) δ 6.87 (1H, ddd, J ) 3.1, 5.4, 12.7 Hz, H3), 6.71 (1H,
dd, J ) 11.4, 15.2 Hz, H16), 6.52 (1H, t, J ) 11.4 Hz, H13), 6.20
(1H, t, J ) 11.4 Hz, H14), 6.09 (1H, t, J ) 11.4 Hz, H15), 6.05
(1H, d, J ) 12.7 Hz, H2), 5.96-5.85 (3H, m, H6, H7 and H17),
5.51 (1H, rough dd, H12), 4.96 (1H, dt, J ) 10.3, 4.7 Hz, H5),
4.75-4.70 (1H, m, H11), 4.24 (2H, br s, H18), 3.72 (1H, dd, J )
6.3, 9.6 Hz, H9), 2.50-2.38 (2H, m, H4), 2.30 (1H, s, C8-OH),
1.99 (1H, ddd, J ) 6.3, 9.6, 12.9 Hz, H10), 1.64 (1H, ddd, J )
6.3, 9.5, 12.9 Hz, H10), 1.39 (3H, s, acetonide CH3), 1.35 (3H,
s, acetonide CH3), 1.21 (3H, s, CH3); 13C NMR (CDCl3, 125
MHz) δ 163.9, 144.5, 138.0, 134.5, 131.8, 130.4, 126.1, 125.7,
124.9, 123.9, 121.7, 100.8, 77.3, 73.6, 71.7, 63.6, 63.3, 33.2, 29.9,
24.9, 24.5, 22.3; IR (neat) νmax 3440, 2985, 2930, 1715, 1380,
1225, 1060, 1020 cm-1; FABHRMS (NBA-NaI)m/z 413.1952
(M + Na+, C22H30O6 requires 413.1940).
The 2D 1H-1H NOESY NMR spectrum (CDCl3, 600 MHz)

of 4 displayed the following diagnostic NOE cross-peaks: H2/
H3, H3/H4, H4/H5, H4/H6, H5/H6, H7/H9, H7/H19, H9/H10, H9/H19,
H9/acetonide methyl (δ 1.35), H10/H11, H10/H12, H10/H19, H11/
H14, H11/acetonide methyl (δ 1.39), H12/H13, H13/H14, H13/H16,
H14/H15, H15/H17, H16/H18, H17/H18.
The 2D 1H-1H COSY (CDCl3, 600 MHz) of 4 displayed the

following diagnostic cross-peaks: H2 (δ 6.05)/H3 (δ 6.87), H3

(δ 6.87)/H4 (δ 2.38-2.50), H4 (δ 2.38-2.50)/H5 (δ 4.96), H5 (δ
4.96)/H6 (δ 5.85-5.89), H9 (δ 3.72)/H10 (δ 1.64 and 1.99), H10

(δ 1.64 and 1.99)/H11 (δ 4.70-4.75), H11 (δ 4.70-4.75)/H12 (δ
5.51), H12 (δ 5.51)/H13 (δ 6.52), H13 (δ 6.52)/H14 (δ 6.20), H14 (δ
6.20)/H15 (δ 6.09), H15 (δ 6.09)/H16 (δ 6.71), H16 (δ 6.71)/H17 (δ
6.90-6.96), H17 (δ 6.90-6.96)/H18 (δ 4.24).
Alternatively, a suspension of 3 (4.9 mg, 14 µmol) in THF

(1.0 mL) was treated with 2,2-dimethoxypropane (30 µL, 0.24
mmol), followed by catalytic anhydrous p-TsOH at 25 °C. After
1 h, 3 drops of Et3N were added and the mixture was
concentrated in vacuo. PTLC (SiO2, 33% EtOAc-hexane,
elution 2×) gave 4 (2.3 mg, 42%), the corresponding primary
alcohol acetal (1.2 mg, 19%), the five-membered ring 1,2-diol
acetonide (0.48 mg, 8.8%), and its corresponding primary
alcohol acetal (0.30 mg, 4.6%), as colorless oils.25
(R)-6-[(1E,3R,4R,6R,7Z,9Z,11E)-13-[tert-Butyldiphenyl-

silyl)oxy]-3,4,6-trihydroxy-3-methyl-1,7,9,11-tridecatet-
raen-1-yl]-5,6-dihydro-2H-pyran-2-one. A solution of 3 (6.3
mg, 18 µmol) in DMF (0.5 mL) was treated with imidazole (3.7
mg, 54 µmol) and TBDPSCl (7.0 µL, 27 µmol), and the mixture
was stirred at 25 °C for 30 min. This sequence was repeated
twice. The reaction mixture was diluted with EtOAc (3 mL),
washed successively with H2O (3 × 1 mL) and saturated
aqueous NaCl (1 mL), dried (Na2SO4), filtered, and concen-
trated in vacuo. Chromatography (SiO2, 50% EtOAc-hexane)
provided the TBDPS ether (7.6 mg, 10.6 mg theoretical, 72%)
as a colorless oil: 1H NMR (CDCl3, 400 MHz) δ 7.70-7.65 (4H,
m), 7.45-7.32 (6H, m), 6.87 (1H, ddd, J ) 3.1, 5.3, 9.7 Hz),
6.77 (1H, m), 6.45 (1H, t, J ) 11.5 Hz), 6.20 (1H, t, J ) 11.5
Hz), 6.08 (1H, t, J ) 11.5 Hz), 6.03 (1H, d, J ) 9.7 Hz), 5.93
(1H, d, J ) 15.7 Hz), 5.88 (1H, dd, J ) 4.8, 15.7 Hz), 5.84 (1H,
m), 5.58 (1H, t), 5.00-4.92 (2H, m), 4.28 (2H, d, J ) 3.7 Hz),
3.82 (1H, dd, J ) 6.2, 6.7 Hz), 3.00 (1H, br s), 2.55-2.35 (2H,
m), 1.80-1.55 (4H, m), 1.25 (3H, s), 1.06 (9H, s); IR (neat) νmax
3410, 2930, 2855, 1710, 1665, 1430, 1385, 1250, 1110, 1060,

970, 825, 740, 705 cm-1; FABHRMS (NBA-CsI)m/z 721.1942
(M + Cs+, C35H44O6Si requires 721.1962).
(3R,4Z,6Z,8E)-10-[(tert-Butyldiphenylsilyl)oxy]-4,6,8-

decatriene-1,3-diol. A solution of the TBDPS ether (6.9 mg,
12 µmol) described above in CH3OH (2.0 mL) was treated with
a solution of NaIO4 (100 mg) in H2O (10.0 mL, 385 µL, 18 µmol)
at 25 °C. After 4 h, NaBH4 (5 mg, 0.1 mmol) was added at 0
°C, and the mixture was stirred for 30 min (0 °C) and 3 h (25
°C). The reaction mixture was diluted with CHCl3 (12 mL),
washed with saturated aqueous NaCl (2 mL), dried (Na2SO4),
filtered, and concentrated in vacuo. Chromatography (SiO2,
67% EtOAc-hexane) gave the diol (3.2 mg, 65%) as a colorless
oil: 1H NMR (CD3OD, 500 MHz) δ 7.68-7.65 (4H, m), 7.43-
7.37 (6H, m), 6.79 (1H, dd, J ) 11.5, 15.0 Hz), 6.43 (1H, t, J )
11.5 Hz), 6.28 (1H, t, J ) 11.5 Hz), 6.06 (1H, t, J ) 11.5 Hz),
5.83 (1H, dt, J ) 15.0, 5.0 Hz), 5.44 (1H, dd, J ) 9.0, 11.5 Hz),
4.79-4.74 (1H, m), 4.29 (2H, d, J ) 5.0 Hz), 3.67 (1H, dt, J )
12.5, 6.5 Hz), 3.61 (1H, dt, J ) 12.5, 6.5 Hz), 1.83-1.76 (1H,
m), 1.68-1.61 (1H, rough dq), 1.06 (9H, s); IR (neat) νmax 3345,
2930, 2860, 1470, 1430, 1110, 1060, 700 cm-1; FABHRMS
(NBA-CsI) m/z 555.1344 (M + Cs+, C26H34O3Si requires
555.1332).
(2E,4Z,6Z,8R)-8,10-Bis(benzoyloxy)-1-[(tert-butyldiphen-

ylsilyl)oxy]-2,4,6-decatriene (6). A solution of the diol (2.8
mg, 6.6 µmol) described above in CH2Cl2 (2.0 mL) was treated
with Et3N (36 µL, 0.26 mmol), BzCl (10 µL, 86 µmol) and a
catalytic amount of DMAP, and the mixture was stirred at 25
°C overnight under N2. CH3OH (1.0 mL) was added and after
30 min, the reaction mixture was diluted with EtOAc (10 mL),
washed with saturated aqueous NaHCO3 (2 mL), saturated
aqueous NaCl (2 mL), dried (Na2SO4), filtered, and concen-
trated in vacuo. Chromatography (SiO2, 9% EtOAc-hexane)
afforded 6 (2.9 mg, 4.5 mg theoretical, 65%) as a colorless oil:
1H NMR (CD3CN, 400 MHz) δ 8.10-7.95 (4H, m), 7.70-7.55
(6H, m), 7.50-7.41 (10H, m), 6.80 (1H, m), 6.61 (1H, t, J )
11.5 Hz), 6.43 (1H, t, J ) 11.5 Hz), 6.18-6.09 (2H, m), 5.90
(1H, dt, J ) 15.0, 4.9 Hz), 5.61 (1H, m), 4.45 (1H, ddd, J )
5.1, 7.1, 11.3 Hz), 4.38 (1H, ddd, J ) 5.3, 6.9, 11.3 Hz), 4.32
(2H, d, J ) 4.9 Hz), 2.41-2.30 (1H, m), 2.22-2.13 (1H, m),
1.05 (9H, s); IR (neat) νmax 3070, 2930, 2855, 1720, 1450, 1430,
1315, 1275, 1110, 1070, 1025, 710 cm-1; FABHRMS (NBA-
CsI) m/z 763.1836 (M + Cs+, C40H42O5Si requires 763.1856).
(2R)-1,2,4-Tris(Benzoyloxy)butane (7). A stream of O3/

O2 was bubbled through a solution of 6 (0.73 mg, 1.16 µmol)
in CH3OH (1.2 mL) at -78 °C for 3 min. After stirring for 15
min, NaBH4 (5 mg, 0.1 mmol) was added, and the mixture was
allowed to warm to 25 °C over 30 min. The reaction mixture
was diluted with EtOAc (10 mL), washed with H2O (2 mL)
and saturated aqueous NaCl (2 mL), dried (Na2SO4), filtered,
and concentrated in vacuo. The residue was dissolved in THF
(0.5 mL), and Et3N (18 µL, 0.13 mmol), BzCl (5.0 µL, 43 µmol),
and a catalytic amount of DMAP were added to the solution
at 25 °C. After stirring for 8 h, H2O (1 mL) was added, and
the reaction mixture was stirred for 30 min. The mixture was
diluted with EtOAc (10 mL), washed with saturated aqueous
NaHCO3 (1 mL) and saturated aqueous NaCl (1 mL), dried
(Na2SO4), filtered, and concentrated in vacuo. PTLC (SiO2,
17% EtOAc-hexane) gave 7 (0.30 mg, 62%) as a colorless oil:
1H NMR (CDCl3, 500 MHz) δ 8.04-7.98 (6H, m), 7.56-7.49
(3H, m), 7.42-7.35 (6H, m), 5.74-5.69 (1H, m), 4.64 (1H, dd,
J ) 3.5, 13.5 Hz), 4.553 (1H, dd, J ) 7.5, 13.5 Hz), 4.548 (1H,
dt, J ) 11.5, 6.0 Hz), 4.45 (1H, ddd, J ) 5.5, 7.5, 11.5 Hz),
2.38-2.27 (2H, m); IR (neat) νmax 1720, 1600, 1450, 1315, 1270,
1175, 1110, 1070, 1025 cm-1; FABHRMS (NBA-NaI) m/z
441.1334 (M + Na+, C25H22O6 requires 441.1314).
Chiral phase HPLC analysis on an analytical Chiralcel

OD-H column (0.46 × 20 cm, 20% 2-PrOH/hexane, 0.6 mL/
min) revealed that 7 (tR ) 11.4 min) derived from 1 eluted
with the same retention time as authentic (2R)-7, tR ) 11.4
min, and not (2S)-7, tR ) 18.4 min (R ) 1.61).
(R)- and (()-1,2,4-Tris(benzoyloxy)butane (7). A stirred

solution of (R)- or (()-1,2,4-butanetriol (25.0 mg, 0.236 mmol)
in THF (3.0 mL) was treated with Et3N (656 µL, 4.71 mmol),
BzCl (328 µL, 2.83 mmol), and a catalytic amount of DMAP,
and the mixture was stirred at 25 °C overnight. H2O (1.0 mL)
was added and after 2 h, the reaction mixture was diluted with

(24) Taylor, R. J. K.; Wiggins, K.; Robinson, D. H. Synthesis 1990,
589.

(25) Characterization is provided in the Supporting Information.

Relative and Absolute Stereochemistry of Fostriecin (CI-920) J. Org. Chem., Vol. 62, No. 6, 1997 1751



EtOAc (20 mL), washed with saturated aqueous NaHCO3 (5
mL) and saturated aqueous NaCl (5 mL), dried (Na2SO4),
filtered, and concentrated in vacuo. Chromatography (SiO2,
10% EtOAc-hexane) afforded (R)- or (()-7 (98.8 mg, 98.7 mg
theoretical, 100%) as a colorless oil: both compounds displayed
identical 1H NMR (CDCl3, 500 MHz) and IR (neat) with 7
derived from 1; FABHRMS (NBA-NaI) m/z 441.1325 (M +
Na+, C25H22O6 requires 441.1314); (R)-1,2,4-butanetriol [R]20D
+49.6 (c 0.500, CHCl3).
(4-Methoxyphenyl)methyl Hex-5-enoate (10). Method

A. A suspension of hex-5-enoic acid (9,20 38.00 g, 0.333 mol),
4-methoxybenzyl chloride (57.38 g, 0.366 mol), and NaHCO3

(55.96 g, 0.666 mol) in DMF (190 mL) was stirred at 45 °C for
2 days. Additional 4-methoxybenzyl chloride (5.21 g, 0.0333
mol) was added, and stirring was continued for another 1 day.
The reaction mixture was cooled to 25 °C, diluted with EtOAc
(300 mL), washed with H2O (2×100 mL) and saturated
aqueous NaCl (100 mL), dried (Na2SO4), filtered, and concen-
trated in vacuo. Chromatography (SiO2, 0-5% EtOAc-hexane
gradient elution) afforded 10 (69.55 g, 89%) as a clear colorless
oil.
Method B. A solution of hex-5-enoic acid (9,20 11.4 g, 0.1

mol) in CH2Cl2 (250 mL, 0.4 M) was treated sequentially with
saturated aqueous NaHCO3 (167 mL), Bu4NI (48.0 g, 0.13 mol),
and 4-methoxybenzyl chloride (18.8 g, 0.12 mol), and the
mixture was stirred at 25 °C for 28 h. The layers were
separated, and the aqueous layer was extracted with CH2Cl2
(4 × 50 mL). The organic layers were combined, dried
(MgSO4), filtered, and concentrated in vacuo giving a white
solid. This material was triturated with hexanes and filtered,
washing the solid with hexanes (4 × 50 mL). The filtrate was
concentrated in vacuo. Chromatography (SiO2, 3.5 × 15 cm,
0-10% EtOAc-hexane gradient elution) afforded 10 (11.5 g,
22.1 g theoretical, 52%) as a clear oil: Rf 0.45 (10% EtOAc-
hexane); 1H NMR (CDCl3, 250 MHz) δ 7.28 (2H, d, J ) 8.6
Hz), 6.87 (2H, d, J ) 8.6 Hz), 5.74 (1H, dddd, J ) 6.8, 6.8,
10.2, 17.2 Hz), 5.03 (3H, m), 4.97-4.92 (1H, m), 3.79 (3H, s),
2.32 (2H, t, J ) 7.5 Hz), 2.06 (2H, q, J ) 7.2 Hz), 1.71 (2H, p,
J ) 7.5 Hz); 13C NMR (CDCl3, 100 MHz) δ 173.4, 159.5, 137.6,
130.0, 128.1, 115.3, 113.9, 65.9, 55.2, 33.6, 33.1, 24.0; IR (neat)
νmax 2943, 1733, 1610, 1512, 1246, 1164 cm-1; FABHRMS
(NBA-NaI) m/z 257.1159 (M + Na+, C14H18O3 requires
257.1154).
(4-Methoxyphenyl)methyl (R)-5,6-Dihydroxyhexanoate

(11). A solution of K3Fe(CN)6 (19.76 g, 60 mmol), K2CO3 (8.3
g, 60 mmol), NaHCO3 (5.04 g, 60 mmol), and (DHQD)2-AQN
(857 mg, 1 mmol) in t-BuOH (100 mL) and H2O (100 mL) was
stirred at 25 °C, warmed slightly to dissolve the materials,
and recooled to 25 °C. The mixture was treated with K2OsO2-
(OH)2 (134 mg, 0.4 mmol) and immediately cooled to 0 °C.
When precipitates appeared, 10 (4.68 g, 20 mmol) was added
at once, and the reaction mixture was stirred at 0 °C for 48 h.
Solid Na2SO3 (16 g) was added slowly over 10 min at 0 °C.
The mixture was warmed to 25 °C and stirred for 45 min. The
mixture was extracted with EtOAc (3 × 100 mL). The
combined organic layers were dried (MgSO4) and filtered, and
the solvent was removed in vacuo. Chromatography (SiO2, 3.5
× 15 cm, EtOAc) afforded 11 (3.95 g, 5.00 g theoretical, 79%)
as a white solid which was 88% ee as determined by prepara-
tion of the bis-(R)-Mosher ester described below. One recrys-
tallization (Et2O) provided enantiomerically pure (>98% ee)
11 (2.55 g, 5.00 g theoretical, 51%) as a white solid: Rf 0.5
(EtOAc); mp 57-59 °C (white plates, Et2O); [R]22D +2.1 (c 0.06,
CHCl3); 1H NMR (CDCl3, 400 MHz) δ 7.29 (2H, d, J ) 8.6 Hz),
6.89 (2H, d, J ) 8.6 Hz), 5.05 (2H, s), 3.81 (3H, s), 3.72-3.66
(1H, m), 3.65-3.60 (1H, m), 3.46-3.40 (1H, m), 2.39 (2H, dt,
J ) 3.0, 7.3 Hz), 2.24 (1H, d, J ) 4.3 Hz, CHOH), 1.89 (1H, t,
J ) 5.7 Hz, CH2OH), 1.84-1.66 (2H, m), 1.48-1.43 (2H, m);
13C NMR (CDCl3, 100 MHz) δ 173.7, 159.6, 130.1, 128.0, 113.9,
71.6, 66.6, 66.1, 55.3, 34.0, 32.3, 20.7; IR (neat) νmax 3372, 2933,
2871, 1728, 1610, 1518, 1463, 1254 cm-1; FABHRMS (NBA-
NaI) m/z 291.1212 (M + Na+, C14H20O5 requires 291.1208).
Anal. Calcd for C14H20O5: C, 62.67; H, 7.51. Found: C, 62.78;
H, 7.39.
(4-Methoxyphenyl)methyl (R)-5,6-Bis[[(S)-r-methoxy-

r-(trifluoromethyl)phenyl]acetoxy]hexanoate (bis-Mosh-

er ester of 11). A solution of 11 (5.8 mg, 21.6 µmol) and
DMAP (7.9 mg, 64.9 µmol) in THF (108 µL, 0.2 M) was treated
with (R)-Mosher’s chloride ((R)-MTPA-Cl, 12.6 mg, 49.8 µmol,
9.4 µL) at 25 °C, and the reaction mixture was stirred for 4 h.
The reaction solvent was removed in vacuo. Chromatography
(SiO2, 0.5 × 5 cm, 25-50% EtOAc-hexane gradient elution)
afforded the bis-Mosher ester of 11 (6.0 mg, 15.1 mg theoreti-
cal, 40%): Rf 0.4 (25% EtOAc-hexane); 1H NMR (CDCl3, 400
MHz) δ 7.48 (2H, d, J ) 7.7 Hz), 7.43 (2H, d, J ) 7.1 Hz),
7.40-7.31 (6H, m), 7.28 (2H, d, J ) 8.7 Hz), 6.88 (2H, d, J )
8.7 Hz), 5.31-5.30 (1H, m), 5.04 (2H, s), 4.53 (1H, dd, J ) 2.9,
12.4 Hz), 4.24 (2H, dd, J ) 5.1, 12.4 Hz), 3.80 (3H, s), 3.43
(3H, d, J ) 1.1 Hz), 3.41 (3H, d, J ) 1.0 Hz), 2.29 (2H, t, J )
6.9 Hz), 1.73-1.57 (m, 4H); 19F NMR (CDCl3, 376 MHz) δ
-68.10, -68.13; 19F NMR for racemic material (CDCl3, 376
MHz) δ -67.70, -67.93, -68.10, -68.13; FABHRMS (NBA-
CsI) m/z 833.1169 (M + Cs+, C34H34F6O9 requires 833.1161).
(4-Methoxyphenyl)methyl (R)-6-[(tert-Butyldiphenyl-

silyl)oxy]-5-hydroxyhexanoate (12). A solution of 11 (500
mg, 1.86 mmol) in DMF (3.7 mL, 0.5 M) was treated sequen-
tially with imidazole (279 mg, 4.1 mmol) and TBDPSCl (564
mg, 2.05 mmol, 534 µL), and the mixture was stirred at 25 °C
under Ar for 15 h. The reaction mixture was poured into H2O
(40 mL) and extracted with Et2O (3 × 50 mL). The combined
organic layers were washed with H2O (50 mL), dried (MgSO4),
and filtered, and the solvent was removed in vacuo. Chroma-
tography (SiO2, 2 × 10 cm, 10-25% EtOAc-hexane gradient
elution) afforded 12 (840 mg, 941 mg theoretical, 89%) as a
clear oil: Rf 0.5 (25% EtOAc-hexane); [R]22D -0.92 (c 2.1,
CHCl3); 1H NMR (CDCl3, 400 MHz) δ 7.72-7.67 (4H, m), 7.48-
7.39 (6H, m), 7.30 (2H, d, J ) 8.6 Hz), 6.89 (2H, ddd, J ) 2.9,
2.9, 8.6 Hz), 5.06 (2H, s), 3.80 (3H, s), 3.77-3.72 (1H, m), 3.67
(1H, dd, J ) 3.5, 10.1 Hz), 3.51 (1H, dd, J ) 7.4, 10.1 Hz),
2.54 (1H, br s), 2.36 (2H, t, J ) 7.4 Hz), 1.85-1.67 (2H, m),
1.48-1.41 (2H, m), 1.10 (9H, s); 13C NMR (CDCl3, 100 MHz) δ
173.3, 159.5, 135.5, 133.0, 130.0, 129.8, 128.1, 127.7, 113.8,
71.4, 67.8, 65.8, 55.1, 34.1, 31.9, 26.8, 20.9, 19.1; IR (neat) νmax
3503, 3070, 2931, 2857, 1734, 1612, 1516, 1428, 1248, 1112
cm-1; FABHRMS (NBA-CsI)m/z 639.1546 (M + Cs+, C30H38O5-
Si requires 639.1543).
(R)-6-[[(tert-Butyldiphenylsilyl)oxy]methyl]-3,4,5,6-tet-

rahydro-2H-pyran-2-one (13). A solution of 12 (100 mg,
0.198 mmol) in anisole (107 mg, 107 µL, 1.9 M) was treated
with CF3CO2H (90 mg, 80 µL), and the mixture was stirred at
25 °C for 30 min. The CF3CO2H was evaporated under a N2

stream (30 min) and in vacuo (30 min). Chromatography
(SiO2, 2.5 × 15 cm, 10-25% EtOAc-hexane gradient elution)
afforded 13 (55.0 mg, 72.9 mg theoretical, 75%) identical in
all respects with authentic racemic material:24 Rf 0.5 (25%
EtOAc-hexane); [R]22D -12.5 (c 1.6, CHCl3); 1H NMR (CDCl3,
250 MHz) δ 7.70-7.60 (6H, m), 7.50-7.35 (9H, m), 4.45-4.35
(1H, dddd, J ) 4.7, 4.8, 5.1, 9.4 Hz), 3.90-3.70 (2H, m), 2.70-
2.40 (2H, m), 2.05-1.70 (4H, m), 1.05 (9H, s); 13C NMR (CDCl3,
100 MHz) δ 171.2, 135.5, 132.9, 129.8, 127.7, 80.2, 65.6, 26.8,
24.4, 19.2, 18.3; IR (neat) νmax 3070, 2930, 2857, 1737, 1241,
1108 cm-1; FABHRMS (NBA-NaI) m/z 391.1696 (M + Na+,
C22H28O3Si requires 391.1705).
(3RS,6R)-6-[[(tert-Butylphenylsilyl)oxy]methyl]-3-(phen-

ylselenyl)-3,4,5,6-tetrahydro-2H-pyran-2-one (14). A solu-
tion of 13 (350 mg, 0.95 mmol) in THF (3 mL) was added slowly
to a solution of freshly prepared LDA (1.05 mmol, 3.0 mL THF)
at -78 °C, and the mixture was stirred at -78 °C for 1 h.
PhSeBr (269 mg, 1.14 mmol) in THF (2 mL) was added, and
the solution was stirred at -78 °C for 5 h. The reaction
mixture was poured into saturated aqueous NaHCO3 (50 mL)
and extracted with EtOAc (3 × 25 mL). The combined organic
layers were washed with H2O (2 × 20 mL) and saturated
aqueous NaCl (20 mL), dried (MgSO4), and concentrated in
vacuo. Chromatography (SiO2, 2.5× 15 cm, 10-50% CH2Cl2-
benzene) provided 14 (249 mg, 498 mg theoretical, 50%) as a
2:1 mixture of diastereomers: 83 mg of the less polar isomer;
Rf 0.29 (50% CH2Cl2-benzene); 1H NMR (CDCl3, 250 MHz) δ
7.70-7.62 (6H, m), 7.45-7.32 (9H, m), 4.47 (1H, dddd, J )
4.4, 4.6, 4.6, 9.1 Hz), 3.97 (1H, t, J ) 7.4 Hz), 3.75 (2H, d, J )
6.3 Hz), 2.42-2.28 (1H, m), 2.10-1.95 (2H, m), 1.85-1.75 (1H,
m), 1.05 (9H, s); 13C NMR (CDCl3, 100 MHz) δ 170.1, 135.8,

1752 J. Org. Chem., Vol. 62, No. 6, 1997 Boger et al.



135.6, 135.5, 133.0, 132.8, 129.9, 129.3, 128.9, 127.8, 79.5, 65.4,
26.8, 26.2, 24.0; IR (neat) νmax 3052, 2929, 2856, 1732, 1428,
1244, 1113 cm-1; FABHRMS (NBA-NaI) m/z 525.1379 (M +
H+, C28H32O3SeSi requires 525.1364); and 166 mg of the more
polar isomer; Rf 0.2 (50% CH2Cl2-benzene); 1H NMR (CDCl3,
250 MHz) δ 7.70-7.65 (6H, m), 7.45-7.30 (9H, m), 4.45-4.35
(1H, dddd, J ) 5.0, 5.0, 8.8, 10.4 Hz), 4.03 (1H, t, J ) 4.5 Hz),
3.76 (2H, d, J ) 5.0 Hz), 2.30-2.10 (3H, m), 1.92-1.82 (1H,
m), 1.10 (9H, s); 13C NMR (CDCl3, 100 MHz) δ 170.4, 135.7,
135.6, 135.5, 133.1, 132.9, 129.8, 129.3, 128.7, 127.8, 80.8, 65.5,
39.8, 26.8, 26.6; IR (neat) νmax 3070, 2929, 2856, 1731, 1427,
1240, 1113 cm-1; FABHRMS (NBA-NaI) m/z 525.1380 (M +
H+, C28H32O3SeSi requires 525.1364).
(3RS,6R)-6-(Hydroxymethyl)-3-(phenylselenyl)-3,4,5,6-

tetrahydro-2H-pyran-2-one (15). A solution of 14 (98 mg,
0.187 mmol) in THF (5.0 mL) was treated with HOAc (62 µL,
1.1 mmol) and Bu4NF hydrate (91 mg), and the mixture was
stirred at 25 °C for 3 h. The reaction mixture was diluted with
EtOAc (20 mL), washed with H2O (10 mL), saturated aqueous
NaHCO3 (10 mL), and saturated aqueous NaCl (10 mL), dried
(Na2SO4), filtered, and concentrated in vacuo. Chromatogra-
phy (SiO2, 50% EtOAc-hexane) provided 15 (36.2 mg, 53.2
mg theoretical, 68%) as a colorless oil: 1H NMR (CDCl3, 400
MHz) δ 7.67-7.61 (2H, m), 7.37-7.27 (3H, m), 4.52-4.46 (0.5
H, m), 4.46-4.39 (0.5 H, m), 4.02 (0.5 H, ddd, J ) 1.0, 4.1, 5.2
Hz), 3.95 (0.5 H, t, J ) 7.2 Hz), 3.75 (1H, br d, J ) 12.2 Hz),
3.62 (1H, ddd, J ) 2.3, 5.4, 12.2 Hz), 2.38-1.67 (5H, m); IR
(neat) νmax 3400, 2930, 1720, 1440, 1250, 1190, 1060, 1020,
740, 690 cm-1; FABHRMS (NBA-NaI) m/z 287.0180 (M +
H+, C12H14O3Se requires 287.0186).
(R)-6-(Hydroxymethyl)-5,6-dihydro-2H-pyran-2-one (16).

A stirred solution of 15 (45.4 mg, 0.159 mmol) in CH2Cl2 (5.0
mL) and H2O (100 µL) was treated with 35% H2O2 (30.9 µL,
0.318 mmol). After 1 h at 25 °C, the mixture was treated with
additional 35% H2O2 (30.9 µL, 0.318 mmol) and stirred for 1
h. The organic phase was separated, and the aqueous layer
was extracted with CHCl3 (3 × 15 mL). The organic phase
and the extracts were combined, dried (Na2SO4), filtered, and
concentrated. Chromatography (SiO2, 50% EtOAc-hexane)
provided 16 (17.4 mg, 20.5 mg theoretical, 85%) as a colorless
oil: [R]20D +160 (c 0.850, CHCl3) lit. [R]26D + 175 (c 0.92, CHCl3)
identical in all respects (NMR, IR, MS) with authentic mate-
rial.23

(R)-6-[(E)-3-Oxo-1-buten-1-yl]-5,6-dihydro-2H-pyran-2-
one (8). A solution of oxalyl chloride (28 µL, 0.32 mmol) in
CH2Cl2 (0.5 mL) was treated with DMSO (27 µL, 0.38 mmol)
at -78 °C under Ar, and the mixture was stirred for 15 min.
A solution of 16 (4.0 mg, 32 µmol) in CH2Cl2 (0.5 mL) was
added to the solution, and the mixture was stirred for 15 min.
Et3N (156 µL, 1.12 mmol) was added to the mixture, and
stirring was continued for 10 min at -78 °C and 5 min at 0
°C. The reaction mixture was treated with 1-(triphenylphos-
phoranylidene)-2-propanone at 0 °C for 30 min and passed
through a plug of SiO2 (50% EtOAc-hexane). The material
obtained was further purified by PTLC (SiO2, 60% EtOAc-
hexane) to give 8 (2.7 mg, 5.2 mg theoretical, 52%) as a
colorless oil: [R]20D +201 (c 0.110, CHCl3), lit.10 [R]D +216.8 (c
1.16, CHCl3); 1H NMR (CDCl3, 500 MHz) δ 6.90 (1H, ddd, J )
3.0, 6.0, 10.0 Hz), 6.74 (1H, dd, J ) 4.5, 16.0 Hz), 6.43 (1H,
dd, J ) 1.5, 16.0 Hz), 6.08 (1H, ddd, J ) 1.0, 2.5, 10.0 Hz),
5.12 (1H, dddd, J ) 1.5, 4.0, 4.5, 11.0 Hz), 2.56 (1H, dddd, J
) 1.0, 4.0, 6.0, 18.5 Hz), 2.44 (1H, dddd, J ) 2.5, 3.0, 11.0,
18.5 Hz), 2.28 (3H, s); 13C NMR (CDCl3, 125 MHz) δ 197.5,
163.0, 144.1, 140.7, 130.5, 121.7, 75.6, 29.0, 28.0; IR (neat) νmax
2920, 1720, 1700, 1675, 1360, 1240, 1090, 1060, 805 cm-1;
FABHRMS (NBA-NaI) m/z 189.0532 (M + Na+, C9H10O3

requires 189.0528).
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