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Mevalolactone, the biosynthetic percursor of most ter-
penoids and steroids, was discovered, had its structure
elucidated, and was synthesized and resolved by Folkers
and co-workers.! Eberle and Arigoni? showed that the
naturally occurring (-) isomer has the R configuration by
correlation of the (+) enantiomer with (-)-quinic acid.
Cornforth et al.? synthesized both enantiomers in essen-
tially 100% enantiomeric excess (ee) from (+)- and (~)-
linalool. Since then several enzymatic syntheses starting
from achiral precursors have been published.*” Chemical
transformation of (S)-glutamic acid yields mevalolactone
in essentially 100% ee® but two nonenzymatic asymmetric
syntheses from achiral starting materials®'© produced
material in only 17 and 58% ee, respectively.'® One of us,
in a preliminary publication,!! has disclosed the synthesis
of (R)-(-)-mevalolactone in high enantiomeric purity, but
attempts to improve the yield in this preparation found-
ered because the last step (hydroboration—-oxidation of a
vinyl to a 8-hydroxyethyl compound) could not be made
to proceed cleanly.!?

We have now developed an asymmetric synthesis of both
(R)-(-)- and (S)-(+)-mevalolactone in over 98% ee through
the common intermediate (R)-(-)-3-hydroxy-3-methyl-4-
phenylbutanonitrile (5, Scheme I). This compound is
available in three steps from the previously synthesized!!
(2R,4aS,7R,8aR)-2-acetyl-4,4,7-trimethyl-4a,5,6,7,8,8a-
hexahydrobenzoxathiane (1). The intermediate is con-
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verted into (S)-(+)-mevalolactone in three steps as shown
in Scheme II (overall yield from 1 38%) or in three steps
into (R)-(-)-mevalolactone as shown in Scheme III (overall
vield 41%). The enantiomeric purity of each isomer was
estimated to be in excess of 98% using the chiral shift
reagent method described by Wilson et al.!> with controls
to check its sensitivity.

Experimental Section

Proton and carbon-13 NMR spectra were recorded on a Bruker
WM-250 (250 MHz or 62.89 MHz) spectrometer equipped with
an Aspect 2000 computer. Chemical shifts are expressed as parts
per million dowfield from internal tetramethylsilane (Me,Si);
coupling patterns are designated s (singlet), d (doublet), t (triplet),
q (quartet), or m (multiplet).

IR spectra were obtained as dilute (1-5%) solutions in 0.5-mm
sodium chloride cavity cells, as neat liquid films, or as Nujol muls
between sodium chloride plates on a Beckman 4250 spectrometer
and were calibrated with the 1601-cm™ band of polystyrene.

(15) Wilson, W. K.; Scallen, T. J.; Morrow, C. J. J. Lipid Res. 1982,
23, 645.
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Notes

Intensities are reported as a (strong), m (medium), w (weak), and
b (broad).

Optical rotations were measured on a Perkin-Elmer 141 po-
larimeter equipped with sodium and mercury light sources by
using a 1-dm thermostated cell; reported temperatures are un-
corrected.

Melting points were observed on an Electrothermal melting
point apparatus and are uncorrected.

Acyloxathiane 1. To the optically pure parent oxathiane!4
(1 g, 5 mmol) in absolute THF (10 mL) at -78 °C under N, was
added, dropwise, 1.6 M n-BuLi (3.25 mL, 5.2 mmol) in hexane.
After being stirred for 3 min, the solution was allowed to warm
to 0 °C and was immediately recooled to —78 °C. Acetaldehyde
(440 mg, 10 mmol) in THF (5 mL) was then added dropwise over
1 h. After being stirred at ~78 °C 2 h longer, the solution was
allowed to stand overnight at -25 °C. Water (1 mL) and saturated
NH,CI (1 mL) were then added, the layers separated, and the
organic layers dried (MgSO,) and concentrated to give a clear oil
(1.21 g, 100% crude). Next, to a cold (-78 °C) solution of dry
Me,SO (450 mg, 5.75 mmol) in dry CH,Cl, (5 mL) under N, was
added, dropwise, TFAA (1.20 g, 5.70 mmol) in dry CH,Cl, (7 mL),
and the resulting solution stirred for 0.5 h. The carbino! obtained
above was dissolved in dry CH,Cl, (10 mL) and added dropwise
to the oxidant solution, the reaction was allowed to stir for 2 h,
triethylamine (1.21 g, 12 mmol) added, and the solution was
allowed to warm to 0 °C. It was then poured into 5% aqueous
HC! (50 mL) and shaken thoroughly; the organic layer was washed
with saturated NaHCO, (20 mL), dried (MgSO,), concentrated
and flash chromatographed (8% EtOAc/hexane) to give a clear
oil (970 mg, 80%) which crystallized on standing. Recrystallization
from EtOH/pentane provided an analytical sample: mp 45.0-45.5
°C; [a]?p +91.7° (¢ 3.05, 95% EtOH); 'H NMR (CDCl,) 8 5.44
(s, 1 H), 3.42 (m, 1 H), 2.28 (s, CHj), and others; *C NMR (CDCl,)
8 203.4, 82.8, 716.9, 50.4, 43.9, 41.6, 34.7, 31.4, 29.4, 25.6, 24.3, 22.5,
22.1; IR (CH,Cly) em™ 2920, 2860, 1735, 1354, 1146, 1090, 1070,
1015. Anal. Calced for C;3Hg0,S: C, 64.42; H, 9.15; S, 13.23.
Found: C, 64.60; H, 9.34; S, 13.20.

Carbinol 2. To magnesium turnings (100 mg, 4 mmol) in
absolute ether (2 mL) at 0 °C under N, was added, dropwise,
benzyl bromide (340 mg, 2 mmol) in ether (3 mL). This mixture
was sonicated for 0.5 h and then added via a double-ended needle
to a cold (-78 °C) solution of acyloxathiane 1 (100 mg, 0.4 mmol)
in absolute THF (10 mL) under N;. The resulting solution was
stirred overnight and allowed to warm to room temperature at
which time H,O (5 mL) and saturated NH,Cl (5 mL) were added,
and the mixture was stirred until two clear layers formed. The
organic layer was washed with brine (15 mL), the combined
aqueous layers were extracted with ether (20 mL), and the com-
bined organic solution was dried (MgSO,) and concentrated, giving
2 as an oil, 130 mg (97%). Distillation (Kugelrohr, bp ca. 200
°C/0.1 mm) provided an analytical sample: 'H NMR (CDCl;)
0 7.23 (m, 5 H), 4.61 (s, 1 H), 3.28 (dt, J = 4, 11 Hz, 1 H), 2.90
(d, J =13 Hz, 1 H), 2.81 (d, J = 13 Hz, 1 H), 2.66 (s, 1 H), 1.29
(s, CHy), 1.26 (s, CHj), 1.23 (s, CH3), 0.91 (d, J = 6 Hz, 3H), and
others; 1*C NMR (CDCl,) 6 136.9, 130.6, 127.6, 126.2, 83.9, 77.3,
74.1, 50.8, 44.3, 43.0, 41.6, 34.6, 31.3, 29.7, 24.2, 23.5, 22.6, 22.0.
No signals due to the diastereomer? were observed. Anal. Caled
for CyH3,0,S: C, 71.81; H, 9.04. Found: C, 71.63; H, 9.09.

(R)-(+)-2-Methyl-3-phenyl-1,2-propanediol (3). Carbinol
2 (830 mg, 2.5 mmol) in CHyCN (6 mL) and ether (3 mL) was
added to 80% CH3;CN/H,0 (30 mL) which contained AgNO; (850
mg, 5.0 mmol) and N-chlorosuccinimide (670 mg, 5.0 mmol). A
grey-white precipitate (AgCl) formed immediately and the mixture
was stirred for 5 min and quenched by addition of Na,SOj,,
NayCO3, and NaCl (3 mL each, all saturated solutions) at ca. 2-min
intervals. The material was then filtered, the filter cake was
washed with CH3;CN (20 mL), the combined solutions were placed
in a flash, and NaBH, (500 mg, 13 mmol) was added slowly with
vigorous foaming and black precipitate (Ag) formation. The
mixture was stirred for 1 h and acetone (5 mL) was added. The
material was then filtered through Celite, ether (10 mL) was
added, the layers were separated, and the organic solutions were
dried (MgSO,), concentrated, and flash chromatographed (50%
EtOAc/hexane) to give, in order of elution, the sultine and diol
3 (325 mg, 80%). The diol 3 crystallized upon standing and
recrystallization from 10% ether/pentane provided an analytical
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sample: mp 66.5-67.5 °C; [«]®p +17.3° (¢ 1.121, 95% EtOH);
'H NMR (CDCly) 6 7.23 (m, 5 H), 3.44 (d, J = 11 Hz, 1 H), 3.39
(d, J = 11 Hz, 1 H), 2.78 (s, 3 H), 1.10 (s, CHy). A chiral shift
experiment!® (Eu(hfc);) with the optically active diol 3 (before
recrystallization) and with the racemic diol 3 (prepared by con-
densation of CgH;CH,MgBr with acetol) as a control did not show
the minor enantiomer, suggesting 295% ee. *C NMR (CDCl,)
§137.1, 130.4, 128.2, 126.5, 73.1, 69.1, 44.7, 23.4. Anal. Calcd for
C1oH140,: C, 72.26; H, 8.49. Found: C, 71.96; H, 8.62.
(R)-(-)-3-Hydroxy-3-methyl-4-phenylbutanonitrile (5).
TsCl (900 mg, 4.7 mmol) in pyridine (3 mL) was added to the
recrystallized optically active diol 3 (630 mg, 3.8 mmol) in pyridine
(2mL) at 0 °C under N,. This solution was stirred for 0.5 h and
then placed in a refrigerator overnight. Next the solution was
poured into ice water (20 mL), the water was extracted with ether
(4 X 15 mL), and the combined ether layers were washed with
4 N HCI (2 X 20 mL), dried (MgSO,), concentrated, and flash
chromatographed (40% EtOAc/hexanes) to give 1.12 g (95%) of
tosylate 4 and 20 mg of recovered diol 3. The tosylate 4 was
dissolved in 60% EtOH/H,0 (10 mL) at 0 °C, KCN (1.14 g, 17
mmol) was added and the solution was allowed to warm to room
temperature. After being stirred for 10 h, the solution was con-
centrated, brine was added (10 mL), the liquid was extracted with
CHCI; (5 X 15 mL), and the combined organic extracts were dried
(MgSO,) and concentrated to give 586 mg (92% from the diol
3) of the hydroxy nitrile 5§ which crystallized on standing. Re-
crystallization from 10% ether/pentane provided an analytical
sample: mp 101.5-103.0 °C; [«]*°p —9.69° (c 1.481, 95% EtOH).
[The corresponding racemic nitrile (prepared by condensation
of the lithium salt of acetonitrile with phenylacetone) had mp
77.8-78.5 °C after three recrystallizations and is very probably
a conglomerate.!”]); 'H NMR (CDCl,) 6 7.23 (m, 5 H), 2.90 (d, J
=11Hz,1H),2.87(d,J =11 Hz, 1 H), 2.46 (d, J = 15 Hz, 1 H),
2.44 (d, J = 15 Hz, 1 H), 1.37 (s, CHy); **C NMR (CDCl,) 8 136.0,
130.5, 128.7, 127.3, 117.9, 71.9, 47.5, 30.7, 27.0; IR (Nujol) cm™
3500-3300 (s), 2900 (m), 2250 (m), 1600 (m). Anal. Calcd for
C;1HsNO: C, 75.40; H, 7.48. Found: C, 75.37; H, 7.44.
(8)-(-)-3-Acetoxy-4-cyano-3-methylbutanoic Acid (6).
Hydroxy nitrile 5 (230 mg, 1.3 mmol) was added to Ac,0 (10 mL)
containing 4-(dimethylamino)pyridine (DMAP, 50 mg, 30 mol %),
the resulting solution was heated to 95 °C, and the reaction was
followed by TLC (30% EtOAc/hexanes). After 6.5 h the reaction
was complete (two spots on TLC, R; 0.7 product, R;0.1 DMAP)
so the solution was cooled to 0 °C, poured into ice water (20 mL),
stirred for 1 h, and extracted with CH,Cl, (5 X 25 mL). The
combined extracts were washed with saturated NaHCO, (50 mL),
dried (MgS0O,), and concentrated, eventually at 50 °C/0.1 mm
to give 280 mg (99%) of the acetylated hydroxy nitrile. This oil
was dissolved in a mixture of CH3CN (5 mL), CCl, (56 mL), and
H,0 (12 mL), and NalO, (5.6 g, 26 mmol) and RuCl, (50 mg, 15
mol %) were added sequentially. The mixture was heated at 70
°C for 14 h, cooled, and filtered through Celite, the filter pad was
washed with CH,Cl; (10 mL), the layers were separated, and the
aqueous layer was extracted with CH,Cl, (5 X 10 mL). The
combined organic solutions were then dried (MgSO,), concen-
trated, diluted with ether (which precipitates dissolved Ru com-
plexes), filtered through silica, and concentrated to give 250 mg
(95%) of the acid 6 as a strong smelling yellow oil: [«]%}, -6.85°
(c 4.461, 95% EtOH); H (CDCl3) 69.25 (s, 1 H), 3.27(d, J = 15
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Hz, 1 H), 3.13 (d, J = 15 Hz, 1 H), 3.08 (m, 2 H), 2.09 (s, CH3),
1.72 (s, CHy); IR (neat) cm™ 3600-2800 (mb), 2950 (s), 2250 (m),
1740 (s), 1400 (m), 1260 (s), 1100-1000 (s).

(R)-(~)-Mevalolactone. A solution of BH+THF (1.2 mL, 1
M) was added to the acid 6 (225 mg, 1.2 mmol) dissolved in THF
(12 mL) under N, at —50 °C. The solution was allowed to warm
to room temperature and stirred for 20 h. Next H,0 (5 mL) and
K,CO; were added, the mixture stirred for a few minutes, the
layers were separated, and the aqueous layer was extracted with
ether (5 X 10 mL). The combined extracts were then washed with
saturated NH,CI (20 mL), dried (MgSO,), and concentrated to
give 210 mg of a mixture of the desired 7 (63% by ‘H NMR) and
other compounds. [The optically active material was carried on
to mevalolactone without purification at this stage; however,
racemic 7, prepared from racemic 5, was purified (flash chro-
matography 50% EtOAc/hexanes) to allow estimation of the yield
in the optically active compound by *H NMR analysis of the
mixture obtained. Purified racemic 7: *H NMR (CDCl,) § 4.29
(t,J = 6 Hz, 2 H), 2.62 (s, 3 H), 2.09 (s, CHy), 2.00 (dt, J = 4 Hz,
7 Hz, 2 H), 1.42 (s, CHy); IR (neat) cm™ 3500 (s), 2950 (m), 2250
(m), 1740 (s), 1400 (m), 1250 (s).] The impure optically active
7 (ca. 0.75 mmol) was hydrolized with a mixture of 3 N NaOH
(5 mL) and 30% H,0, (1.7 mL) by heating at 70 °C for 6 h. The
solution was then cooled to 0 °C, acidified to pH 3 with 6 N HC],
let stir 0.5 h, and continously extracted with CHCl, for 16 h. The
CHCI, extract was dried (MgSO,), concentrated, and flash
chromatographed (100% EtOAc) to give 90 mg (58% from acid
7) of pure (R)-(~)-mevalolactone: [a]®p —21.6° (¢ 1.565, 95%
EtOH) [lit. [«]*°p -23.0° (¢ 6, EtOH)%]. The 'H NMR of this
compound was identical with that of a sample of racemate pur-
chased from the US Biological Corporation. A chiral shift ex-
periment following the method of Wilson, Scallen, and Morrow!?
revealed no S isomer in the material. Addition of 7% of the
racemate and integration of the upfield wing of the AB pattern
from the CH; o to the carbony! following Lorentzian to Gaussian
line-shape transformation indicated =98% ee.

(R)-(+)-3-Hydroxy-3-methyl-4-phenylbutanoic Acid (8).
A mixture of 3 N NaOH (12 mL) and 30% H,0, (4.5 mL) was
added to hydroxy nitrile 5 (330 mg, 1.9 mmol), and the mixture
was heated at 65 °C for 1 h and then at 100 °C for 1 h and allowed
to cool to room temperature over 1 h. Next the solution was cooled
to 0 °C, 8 N HCl was added until the material was acidic, the
resulting aqueous suspension was extracted with ether (4 X 20
mL), and the ether was dried (MgSO,) and concentrated to give
350 mg (95%) of 8, a strong smelling oil, pure by TLC: [«]*’p
+1.89° (c 1.214, 95; EtOH); 'H NMR (CDCl,) 5 7.80 (s, 2 H), 7.23
(m, 5 H), 2.88 (s, 2 H),2.56 (d,J = 15 Hz, 1 H), 248 (d, J = 15
Hz), 1.28 (s, CH;); *C NMR (CDCl,) 4 177.0, 136.6, 180.5, 128.2,
126.7, 71.7, 47.9, 44.2, 26.8; IR (neat) cm™ 3600-2900 (sb), 1710
(s), 1600 (w).

(R)-(+)-3-Methyl-4-phenyl-1,3-butanediol (9). Acid 8 (150
mg, 0.78 mmol) was dissolved in absolute THF (10 mL) under
N,, LiAlH, (ca. 200 mg) was added via a powder addition tube,
and the mixture refluxed for 2.5 h. The material was then cooled
to 0 °C and quenched with saturated NH,CI, the salts were
dissolved with concentrated HCI, the layers were separated, and
the aqueous layer was extracted with ether (4 X 20 mL). The
combined organic solution was washed with saturated NaHCO,
(30 mL), dried (MgSO,), concentrated, and flash chromatographed
(50% EtOAc/hexanes) to give 118 mg (92%) of 9, a clear oil; [«]®p
+1.77° (c 1.811, 95% EtOH); '"H NMR (CDCl,) (as the bis-tri-
fluoroacetate) 6 7.26 (m, 5 H), 4.48 (t, J = 6 Hz, 2 H), 3.28 (d,
J =14 Hz, 1 H), 3.16 (d, J = 14 Hz, 1 H), 2.42 (m, 1 H), 2.27 (m,
1 H), 1.58 (s, CH,).

(S)-(+)-Mevalolactone. The diacetate of diol 9 (360 mg, 1.4
mmol) was formed in the same fashion as the acetate derivative
of 6 and was dissolved in a mixture of CH;CN (6 mL), CCl, (6
mL), and H,0 (15 mL) and then NalO, (5.7 g, 27 mmol) and RuCl;
(50 mg, 15 mol %) were added sequentially to this mixture. The
material was stirred at 70 °C for 14 h, cooled to room temperature,
and worked up as before to give 317 mg of crude material (95%
pure by *"H NMR). [Racemic material was purified at this stage:
H NMR (CDCl;) 6 9.82 (s, 1 H), 4.18 (m, 2 H), 3.06 (d, J = 15
Hz, 1 H), 2.94 (d, J = 15 Hz, 1 H), 2.37 (m, 1 H), 2.16 (m, 1 H),
2.04 (s, CHy), 2.01 (s, CHjy), 1.58 (s, CHj).] The crude diacetate
of mevalonic acid (ca. 1.3 mmol) obtained above was dissolved

in 90% MeOH (20 mL), K,CO; (1 g, 7 mmol) was added, and the
mixture was stirred overnight at 70 °C. Next the MeOH was
removed, H,O (10 mL) was added, and the solution was cooled
to 0 °C, acidified to pH 3 with 6 N HCl, and continuously ex-
tracted with CHCl,. The CHCl; was dried (MgSO,), concentrated,
and flash chromatographed (100% EtOAc) to give 105 mg (60%
from diol 9) of pure (S)-(+)-mevalolactone: [a]®[ +21.7° (¢ 0.751,
95% EtoH) [lit. [«]%p +22.8° (¢ 10, EtOH)®]; 'H NMR identical
with racemate. A chiral shift experiment (vide supra) indicated
298% ee.
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In 1982 we reported the isolation and crystal structure
determination of (-)-combretastatin (1).1* Isolation of this
substance from the South African tree Combretum caff-
rum (Eckl. Zeyh.) Kuntze was based upon its activity in
reversing the differentiation of AC glioma cells into as-
trocytes; this represented the first isolation of a natural
product guided by bioassay using the U.S. National Cancer
Institute’s (NCI) astrocyte reversal system (9ASK).2
Subsequently, combretastatin was found to inhibit growth
(in vitro) of the NCI P388 lymphocytic leukemia, cause
a significant rise in the mitotic index of 11210 cells (evi-
dence for an effective antimitotic agent), inhibit tubulin
polymerization, stimulate tubulin-dependent GTP hy-
drolysis, and competitively inhibit the binding of colchicine
(2) to tubulin.® The obvious need to obtain larger quan-
tities of combretastatin for evaluation against key NCI in
vivo antineoplastic systems led us to devise a convenient
synthesis? of this interesting isovanillin derivative.

One of the most attractive synthetic routes to combre-
tastatin involves coupling 3,4,5-trimethoxybenzaldehyde
with a suitably substituted benzylic bromide using a

(1) (a) Contribution 113 in the series “Antineoplastic Agents”. Part
112 refer to Pettit, G. R.; Cragg, G. M.; Suffness, M. L. J. Org. Chem., in
press. (b) Pettit, G. R.; Cragg, G. M.; Herald, D. L.; Schmidt, J. M,;
Lohavanijaya, P. Can. J. Chem. 1982, 60, 1374-1376.

(2) (a) Baden, D. G.; Mende, T. J.; Lichter, W.; Wellham, L. Toxicon
1981, 19, 455. (b) Igarashi, K.; Ikeyams, S.; Takeuchi, M.; Sugino, Y. Cell
Struct. Funct. 1978, 3, 103.

(3) Hamel, E.; Lin, C. M. Biochem. Pharmacol. 1983, 32, 3864-3867.

(4) During the course of this investigation an eight-step synthesis
(13% overall yield) was reported: Annapurna, G. S.; Deshpande, V. H.
Synth. Commun. 1983, 13, 1075. We thank Dr. Deshpande for
thoughtfully informing us of his interesting synthesis prior to publication.
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