Tetrahedron Vol. 48, No. 48, pp. 10531-10548, 1992 0040-4020/92 $5.00+.00
Printed in Great Britain © 1992 Pergamon Press Ltd

Total Synthesis of Optically Active Monocrotaline,
a Carcinogenic Pyrrolizidine Alkaloid
Possessing an Eleven-Membered Retronecine Dilactone
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Abstract — A total synthesis of the natural enantiomer of monocrotaline (1), a representative of carcinogenic
pyrrolizidine alkaloids having an 11-membered retronecine dilactone was achieved through regioselective coupling of
(+)-retronecine (3) and the optically active protected necic acid 8, the latter being prepared enantioselectively from the
meso-diester 11.

More than 200 pyrrolizidine alkaloids have been found in various plant species belonging to Compositae,
Leguminosae, and Boraginaceae families.] Of those, the pyrrolizidine alkaloids having retronecine (3) or
otonecine (4) as the necine base portion are known to exhibit marked hepatotoxicicty and, in certain cases,
antitumor activity and carcinogenicity.2 In particular, the greatest toxicity is shown by the retronecine- or
otonecine-based macrocyclic dilactones. Monocrotaline (1) and integerrimine (2) are representatives of 11- and
12-membered retronecine dilactones, respectively.2 The unique biological activities coupled with characteristic
chemical structures have made macrocyclic pyrrolizidine alkaloids attractive synthetic targets. During the past
three decades, the results of a number of synthetic studies on pyrrolizidine alkaloids have been published.
However, most of the synthetic studies have been directed towards the necine portions, and only a few 11-
membered> and 12-membered? alkaloids have so far been synthesized. Herein we disclose a full account of the
stereo- and regiocontrolled total synthesis of the natural enantiomer of monocrotaline (1).5
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Monocrotaline (1) found in various species of Crotalaria plants (Leguminosae) is the best-known
carcinogenic alkaloid. Plants containing monocrotaline (1) are often used for certain medicinal herbs and
foodstuffs. There has been concern that chronic intake of monocrotaline (1) may lead to human cancer.
Monocrotaline (1) is also considered to be a poisonous principle of livestock poisoning by Crotalaria plants.2
The structure of monocrotaline (1) including the absolute stereochemistry was determined on the basis of
extensive chemical and spectral studies coupled with the X-ray crystallographic analysis.6 The first synthesis
of monocrotaline (1) was achieved by Vedejs and co-workers in 1987.3d

The crucial step in the synthesis of monocrotaline (1) was considered to be regioselective construction of
the characteristic 11-membered dilactone moiety. For the solution of this synthetic problem, we intended to
utilize the lactonization method employed in our recent synthesis of (—)-integerrimine (2).4 Scheme 1 shows
our plan for the synthesis of monocrotaline (1), where the penultimate step is lactonization of a seco acid 6.
We anticipated that the seco acid 6 would be assembled regioselectively by virtue of the tin-mediated acylation4c
of (+)-retronecine (3) with the cyclic anhydride 7 derived from the optically active protected necic acid 8. We
had already achieved the enantioselective synthesis of (+)-retronecine (3) in the course of the total synthesis of
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(-)-integerrimine (2).4¢ Therefore, our efforts were concentrated on the synthesis of the protected necic acid 8
in the optically active form.”

Scheme 2 shows our basic strategy for the synthesis of the protected necic acid 8 in the optically active
form. Retrosynthetic analysis of 8 implied a chiral monoester 10a (or 10b), accessible by regioselective ring
opening of the meso-anhydride 9 with an appropriate chiral alcohol (R*OH in Scheme 2), to be a suitable
synthetic intermediate. The quaternary stereocenters in 10a (or 10b) corresponded to those of 8. Elaboration
of 8 from 10a (or 10b) required stereocontrolled construction of an additional stereocenter bearing the
secondary methyl group. As the starting material, we chose the readily available meso-diester 11.8

tection of the meso-diester 11 followed by alkaline hydrolysis provided the meso-diacid 12 in 83%
overall yield, which was transformed quantitatively into the cyclic meso-anhydride 9 (Scheme 3). In order to
find an efficient route to optically active 8, we first examined the synthesis of racemic 8 from 9. Thus
methanolysis of 9 quantitatively afforded the racemic monoester (+)-13, which upon Grignard reaction with
MeMgl provided the racemic lactone (£)-14 in 70% yield. Reduction of (+)-14 with LiAlHy4 gave the racemic
diol (1)-15, selective acetylation of which yielded the racemic monoacetate (+)-16 in 94% overall yield.
Dehydration of ()-16 with POCl3—pyridine gave the racemic olefin (+)-17 in 91% yield, which was then
subjected to stereoselective hydroboration. Thus, reaction of (+)-17 with borane-THF complex in THF
followed by oxidation with alkaline HoO, provided the desired racemic alcohol (£)-18a (70%) as the major
product along with the isomeric alcohol (+)-18b (7%).9 The hydroboration of (+)-17 proceeded with high
degree of asymmetric induction; (+)-18a and (+)-18b were obtained in a ratio of 10:1. The stereochemical
outcome of this hydroboration reaction may be explained by application of Houk's transition state model
(Scheme 4):10 In the hydroboration of (£)-17, the transition state A leading to (+)-18a may be more favorable
than the sterically more crowded transition state B leading to (+)-18b. Swem oxidation!! of (1)-18a followed
by KMnOj4 oxidation!2 of the resulting aldehyde provided the racemic monoacid (1)-19 in 78% overall yield.
Final oxidation of (3)-19 with NayRuQj4!3 in aqueous NaOH afforded the racemic protected necic acid (+)-8 in
98% yield, whose spectral properties were identical with those of authentic 83d derived from natural
monocrotaline (1).

As we could develop the efficient route to (1)-8, we proceeded with the synthesis of optically active 8,
which started with regioselective ring opening of the meso-anhydride 9 with (S)-1-phenylethyl alcohol
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(a) MeOCH,;0OMe, P;0s, CHCl3, 50 °C, 85%; (b) LiOH, H;O-THF, 50 °C, 98%);
(c) Acz0, CHLCl,, reflux, 100%,; (d) MeOH, 100%; (e) MeMgl, ether, 0 °C,
then 1 M HCI, 70%; (f) LiAlH,4, ether, 94%,; (g) Aco0O, pyridine, 100%;

{h) POCl,, pyridine, 90 °C, 81%,; (i) BH3THF, THF, then 30% HyO>-NaOH,
70% (1)-18a and 7% (1)-18b; (j } (COCI),, DMSO, CH,Cl,, ~78 °C, then Et3N,
~78 °C; (k) KMnOy, pH 7 phosphate buffer, tBuOH, 78% from (1)-18a;

(1) NaxRuQy4, 1 M NaOH, 98%.
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(Scheme 5).14 Thus, reaction of the anhydride 9 with (S)-1-phenylethyl alcohol in the presence of 4-
(dimethylamino)pyridine and triethylamine in toluene at -78 °C provided an inseparable 9.4:1 mixture of the
diastereomeric acids 20a and 20b in 83% yield.!5 Reduction of the inseparable mixture of 20a and 20b with
LiBHEt; in THF and subsequent lactonization gave the optically active lactone 2116 in 89% yield. At this stage
the chiral auxiliary, (§)-1-phenylethyl alcohol was recovered in 78% yield. Grignard reaction of 21 with
MeMgl in ether-THF yielded the optically active diol 1516 in 86% yield. For obtaining the optically pure
material and protecting the primary hydroxyl group, the optically active diol 15 was subjected to selective
acylation with the acyl chloride prepared from (R)-a-methoxy-0~(trifluoromethyl)-phenylacetic acid (MTPA),17
to provide the diastereomerically pure MTPA esters 22a and 22b in 88% and 9% yields, respectively, after
chromatographic separation. Dehydration of 22a with POCI3 afforded the olefin 23 (83%), which was
subjected to hydroboration followed by alkaline H2O; oxidation to give the desired alcohol 24a and the isomer
24b in 81% and 5% yields, respectively, after chromatographic separation. High degree of asymmetric
induction was observed again in the hydroboration of 23 as it was in the case of 17. In this case, the ratio of
24a and 24b was 16:1. The conversion of 24a into optically active 8 was achieved by a three-step sequence:

. (1) Swern oxidation!! of 24a into the corresponding aldehyde: (2) KMnQOy4 oxidation!2 of the aldehyde into the
carboxylic acid 25 (86% from 24a) (3) NagRuQy oxidation!3 of 25 into optically active 8 (86%). Spectral
and physical properties of synthetic 8 were identical with those of authentic 8 derived from natural
monocrotaline (1)3d in all respects.

The optically active protected necic acid 8 was now in hand. At this point all that remained to complete a
synthésis of optically active monocrotaline (1) was regioselective construction of the unsymmetrical 11-
membered dilactone moiety and the removal of the protecting group. For the regioselective construction of the
11-membered dilactone, we intended to utilize the reaction of the cyclic anhydride 7 with the cyclic stannoxane
26 (Scheme 6). Thus, the protected necic acid 8 was converted into the cyclic anhydride 7 by treatment with
acetic anhydride, while (+)-retronecine (3)418 was converted into the cyclic stannoxane 26 as described
before.4c Reaction of 7 with 26 in toluene at —40 °C provided a 3:1 mixture of monoesters 6 and 27 in 82%
yield from 8. Pure 6 was obtained by either recrystallization or HPLC separation of the mixture. Of four
possible monoesters, the desired monoester 6 was formed predominantly in this reaction. Preferential
formation of 6 resulting from the ring opening of the cyclic anhydride 7 by the attack of the primary alkoxide
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(&) (S)-1-phenyiethyt alcohol, DMAP, EtaN, toluens, —78 °C, 83%; (b) LiBHEt,, THF, 0 °C,
then 1 M HCI, 89%; (c) MeMgl, ether-THF, reflux, 86%; (d) (S)-a-methoxy-o-
(trifluoromethyl)-phenylacetyl chloride, DMAP, toluene, 88% 22a and 9% 22b;

(e) POCI5, pyridine, 85 °C, 83%, (f) BH3*THF, THF, 0 °C, then 30% H,0O,-NaOH,

81% 24a and 5% 24b; (g ) (COCI),, DMSO, CH.Cly, —78 °C, then Et3N, —78 °C;
(h) KMnOy4, pH 7 phosphate buffer, +BuOH, 86% from 24a; (i) Na,RuQO,, 1 M NaOH, 86%.
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(a) Acs0, CH,Cl,, reflux; (b) Bu,SnO, benzene, reflux; (c) toluene, —40 ° C to room temp.,
60% 6 and 22% 27 from 8; (d) DCC, DMAP, DMAP-HCI, CHCl,, 64%; (e) PhyCBF,,
CH,Cl,, then 1 M HCI, 86%.

group in 26 at the more highly substituted carbonyl group in 7 may be explained by the nucleophilic approach
trajectory analysis!9 and the electronic effect of an a-alkoxy substituent. Direct reaction of 3 and 7 was
inferior to the tin-mediated esterification: The chemical yield was decreased owing to substantial formation of the
lactone 28 from 7 and the decreased regioselectivity for the acylation was observed. Now the stage was set for
elaboration of the 11-membered dilactone moeity. Lactonization of 6 into 5 under the conditions of Corey,202
Gerlach,20b or Mukaiyama20¢ was failed. On the other hand, lactonization of 6 by the original procedure
reported by Yamaguchi2! suffered from low chemical yield (37% 5) and the concomitant formation of the
epimer 29 (7%). Although lactonization under Yamaguchi's conditions in the absence of Et3N prevented
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the formation of the epimer 29, the conditions still suffered from low chemical yield (37% 5). A much better
result for the lactonization of 6 was obtained by utilizing Keck’s method.22 Thus, treatment of 6 with DCC—
DMAP in the presence of DMAP-HCI with CHCI3 as solvent afforded § in 64% yield. No epimerization of the
secondary methy! group was observed in this lactonization. Finally, deprotection of § with Ph3C-BF423
provided (-)-monocrotaline (1) in 86% yield. Spectral and physical properties of synthetic monocrotaline (1)
[mp 187-190 °C (decomp.) (EtOH), [e]p12 -55.0° (¢ 0.16, CHCI3)] were identical with those of natural 1 [mp
189-194 °C (decomp.) (EtOH); [o]p!2 -59.3° (¢ 0.60, CHCI3)] in all respects.

In conclusion, we have achieved the total synthesis of monocrotaline (1), a representative of 11-
membered dilactonic alkaloids of retronecine type, in the optically active form.

Experimental

Melting points are uncorrected. IR spectra were taken on a JASCO IR-810 spectrophotometer. 1H NMR
spectra were recorded on either JEOL FX-90QE (90 MHz) or JEOL JNM-C675 (270 MHz) spectrometer:
Chemical shifts (8) are reported in ppm downfield from internal tetramethylsilane in CDCl3 or DSS in D20, and
coupling constants in Hz. Low-resolution (EIMS, CIMS, DCIMS, and FABMS) and high-resolution mass
spectra (HREIMS, HRCIMS, and HRFABMS) were measured on a JEOL JMS-LG2000 instrument. Fuji-
Davison silica gel BW-820 MH was used for column chromatography. Merck precoated silica gel 60 Fas4
plates, 0.25 mm thickness were used for analytical thin layer chromatography (TLC) and Merck silica gel PFys4
for preparative TLC. Ether and tetrahydrofuran (THF) were distilled from sodium-benzophenone ketyl under
nitrogen. Dichloromethane (CH2Clp), pyridine, and triethylamine (Et3N) were distilled from calcium hydride
(CaHy) under nitrogen. Dimethyl sulfoxide was distilled from CaHjy under reduced pressure. Toluene, and
benzene were distilled from sodium under nitrogen. Methanol (MeOH) was distilled from Mg(OMe); under
nitrogen. Chloroform (CHCI3) was distilled from P2Os under nitrogen. Unless otherwise stated, the organic
solutions obtained by extractive workup were washed with saturated aqueous NaCl solution, dried over
anhydrous sodium sulfate (NapSOj4) and concentrated under reduced pressure by a rotary evaporator.

meso-2,3-Dimethyl-2,3-methylenedioxysuccinic Acid (12). To a solution of meso-2,3-dimethyl-
2,3-dihydroxysuccinic acid diethyl ester (11)8 (56.6 mg, 0.241 mmol) in CHCl3 (2 ml) were added P205 (300
mg) and dimethoxymethane (0.32 ml). The mixture was vigorously stirred at 50 °C for 1.5 h. The reaction
mixture was decanted and the supernatant solution was transferred into a separatory funnel. The supernatant
organic solution was washed with saturated NaHCO3 solution (1 ml). The residue remained in the reaction
flask was dissolved in saturated NaHCOj3 solution (5 ml), and the aqueous mixture was extracted with ether (4
x 5ml). The supematant organic solution and the ethereal extracts were combined, dried, and concentrated
under reduced pressure, yielding an oily residue. Purification by column chromatography on silica gel (5 g)
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with 60:1—5:1 benzene—ether provided meso-2,3-dimethyl-2,3-methylenedioxysuccinic acid diethyl ester

(50 mg, 85%) as a pale yellow oil: IR (CHCl3) 1745, 1290, 1140, 1020, and 1005 cm-1; IH NMR (90 MHz,
CDCl3) 8 1.29 (6 H,t,J = 7.1 Hz), 1.53 (6 H, 5),4.19 (4 H, q, J = 7.1 H2), 5.16 (1 H, d, J = 1.2 Hz), and
5.31 (1 H, d, J = 1.2 Hz); CIMS m/z (relative intensity) 247 [((M+H)*, 60], 201 (18), 173 (100), and 55 (30)
{HRCIMS. Found: 247.1185. Cj1H190¢ [(M+H)*] requires: 247.1181]. To a solution of meso-2,3-
dimethyl-2,3-methylenedioxysuccinic acid diethyl ester (1.86 g, 7.56 mmol) in THF (20 ml) was added 10%
aqueous LiOH solution (18 ml). After being stirred vigorously at 50 °C for 7 h, the reaction mixture was
cooled to room temperature, and concentrated to ca. 15 ml under reduced pressure. The mixture was cooled to
0 °C, and adjusted to pH 1 with conc. HCL. The resulting aqueous mixture was extracted with EtOAc (3 x 15
ml). The combined extracts were washed, dried, and concentrated to leave crude crystals of 12 (1.40 g, 98%).
This material was sufficiently pure by TLC and *H NMR spectral analyses, and used for the next reaction
without further purification. The analytical sample was obtained by recrystallization from hexane—EtOAc.

12: mp 126-127 °C (hexane-EtOAc); IR (KBr) 3400-2400 (broad), 1750, 1735, 1675, 1145, 1110, and 990
cm-1; 1H NMR (270 MHz, CD3COCD3) 8 1.46 (6 H,s),5.13 (1 H,d,J=1.3),and 523 (1 H,d, /= 1.3
Hz); CIMS m/z (relative intensity) 191 [((M+H)*, 5], 190 (M*, 4), 185 (46), 146 (76), 127 (85), 115 (31), 101
(100), 100 (80), and 87 (65). Anal. Calcd for CJH100s: C, 44.22; H, 5.30. Found: C, 44.25; H, 5.35.

meso-2,3-Dimethyl-2,3-methylenedioxysuccinic Anhydride (9). A mixture of 12 (97.0 mg, 0.511
mmol) and acetic anhydride (0.48 ml, 5.1 mmol) in CH2Cl2 (5 ml) under nitrogen was heated under reflux for 5
h, cooled to room temperature, and then concentrated under reduced pressure. The residue was azeotroped
with benzene (3 x 1 ml) to give pure, moisture-sensitive 9 (88.6 mg, quantitative) as colorless crystals: mp
76.5-78.0 °C (hexane-benzene); IR (CHCl3) 1875, 1800, 1120, 1105, 1065, 1010, and 950 cm-!1; 1H NMR
(270 MHz, toluene-dg) 8 1.08 (6 H, s), 4.21 (1 H, d, J = 1.3 Hz), and 4.68 (1 H, d, J = 1.3 Hz); CIMS m/z
(relative intensity) 173 [(M+H)*, 2], 145 (100), 127 (11), 115 (32), 102 (65), 101 (75), 100 (94), 99 (55), and
87 (54) [HRCIMS. Found: 145.0484. CgHgO4 [(M+H—CO)*] requires: 145.0501].

1-Methyl Hydrogen (25*,3R*).2,3-Dimethyl-2,3-methylenedioxysuccinate [(1)-13]. A
solution of 9 (1.27 g, 7.38 mmol) in MeOH (10 ml) under nitrogen was stirred at room temperature for 1.5 h,
and then concentrated under reduced pressure. Purification of the residual oil by column chromatography on
silica gel (20 g) with 150:10:1.6 benzene—dioxane~-acetic acid provided (£)-13 (1.50 g, quantitative) as a
colorless oil: IR (CHCl3) 3600-2500 (broad), 1745, 1285, 1140, and 1155 em-1; TH NMR (270 MHz, CDCl3)
8155(6H,s),3753H,s),5.18 (1 H,d,J =1.0Hz), and 5.32 (1 H, d, J = 1.0 Hz); CIMS m/z (relative
intensity) 205 [(M+H)*, 91], 159 (100), 145 (82), 131 (24), 127 (30), and 101 (22) [HREIMS. Found:
205.0741. CgH130g [(M+H)*] requires: 205.0712].

(2R*,35*%)-2,3,4-Trimethyl-2,3-methylenedioxy-4-pentanolide [(+)-14). To a mixture of Mg
(56.8 mg, 2.34 mmol) in ether (2 ml) under nitrogen was introduced dropwise Mel (0.14 ml, 2.34 mmol).

The mixture was stirred at room temperature for 1 h, and cooled to 0 °C. To the ice-cooled ethereal solution of
MeMgl was added dropwise a solution of (+)-13 (53.3 mg, 0.261 mmol) in ether (2.0 ml), and the reaction
mixture was vigorously stirred at 0 °C for 1 h. The reaction was quenched by the addition of ice-cooled,
saturated NH4Cl solution (1 ml). The mixture was acidified with 1 M HCI (2 ml), stirred for 10 min at room
temperature, and then extracted with ether (5 x 5 ml). The extracts were combined, washed, dried, and
concentrated under reduced pressure. The oily residue was purified by column chromatography on silica gel (1
g) with 10:1—1:1 hexane—ether to give (1)-14 (33.8 mg, 70%) as colorless crystals; mp 141-142 °C (hexane—
ether); IR (CHCl3) 1775, 1160, 1095, and 960 cm-1; 1H NMR (270 MHz, CDCl3) 8 1.26 (3H, s), 1.37 3 H,
s), 1.50 3 H, s), 1.55 (3 H, s), 4.87 (1 H, s), and 5.12 (1 H, s); CIMS m/z (relative intensity) 187 [ (M+H)*,
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100], 159 (9), 143 (5), 129 (18), 112 (20), 101 (19), and 99 (19) [HRCIMS. Found: 187.0940. CoH;504
[(M+H)*] requires: 187.0970]. Anal. Calcd for CgH1404: C, 58.05; H, 7.58. Found: C, 57.61; H, 7.54.

(25*,3R*)-2,3,4-Trimethyl-2,3-methylenedioxy-1,4-pentanediol [(¥)-15]. To a solution of
(1)-14 (50.0 mg, 0.269 mmol) in ether (1 ml) under nitrogen was added LiAlH4 (51 mg, 1.3 mmol). The
reaction mixture was stirred at room temperature for 2 h, and then cooled to 0 °C. To the cooled reaction
mixture was added powdered NaF (600 mg), and the mixture was stirred for ca. 10 min. To the vigorously
stirred mixture was added dropwise 5% H;O in THF (5 ml). The mixture was stirred at room temperature for
30 min, and filtered through a pad of Celite. The filter cake was washed thoroughly with 5% H20O in THF.
The filtrate and washings were combined and concentrated under reduced pressure. The oily residue was
purified by column chromatography on silica gel (1 g) with 1:3 hexane—ether, affording (¥)-15 (48.0 mg, 94%)
as colorless crystals: mp 106107 °C (ether~hexane); IR (CHCl3) 3575, 3475, 1100, and 955 cm-!; lH NMR
(90 MHz, CDCl3) 6 1.22 (3H, 5), 1.35 (3 H, 5), 1.39 (6 H, s), 2.90 (1 H, br s, OH), 3.55 (1 H, br, OH),
347(1H,d,/=12.0Hz),3.78 (1 H,d,J = 12.0Hz), 498 (1 H,d,J = 1.0 Hz),and 5.08 (1 H,d, /= 1.0
Hz); CIMS m/z (relative intensity) 191 [(M+H)*, 14], 173 (95), 159 (7), 143 (55), 127 (36), 101 (25), 99
(26), 87 (100), and 85 (125). Anal. Calcd for CgH;804: C, 56.82; H, 9.54. Found: C, 56.59; H, 9.59.

(3R*,45*)-5-Acetoxy-2,3,4-trimethyl-3,4-methylenedioxy-2-pentanol [(+)-16]. A mixture of
()-15 (206 mg, 1.08 mmol), pyridine (1 ml), and acetic anhydride (1 ml) was stirred at room temperature for 3
h and concentrated under reduced pressure. The residue was azeotroped with toluene (3 x 2 ml) to give pure
(4)-16 (266 mg, quantitative) as colorless crystals: mp 51.5-52.5 °C (hexane); IR (CHCl3) 3575, 1740, 1245,
1140, 1120, 1105, and 960 cm-!; IH NMR (90 MHz, CDCl3) 5 1.22 (3 H, s5), 1.26 (3 H, 5), 1.33 3 H, 5),
136 3 H, 5),2.09 (3H, s), 2.50 (1 H, br s, OH), 4.11 (1 H, d, J = 12.1 Hz), 4.61 (1 H, d, J = 12.1 Hz),
5.00 (1 H,d,J = 1.1 Hz), and 5.09 (1 H, d, J = 1.1 Hz); CIMS m/z (relative intensity) 233 [(M+H)*, 3], 232
(5), 216 (10), 215 (50), 185 (25), 174 (12), 173 (20), 157 (9), 143 (70), 127 (53), 99 (53), and 87 (100).
Anal. Caled for C11H200s5: C, 56.88; H, 8.68. Found: C, 56.51; H, 8.79.

(3R*,45*)-5-Acetoxy-2,3,4-trimethyl-3,4-methylenedioxy-1-pentene [($)-17]. To a solution
of (+)-16 (150 mg, 0.646 mmol) in pyridine (5 ml) under nitrogen was added POCl3 (0.12 ml, 1.29 mmol) and
the mixture was heated at 90 °C for 8 h. After the reaction mixture was cooled to 0 °C, ice (1 g) was added, and
the mixture was extracted with ether (4 x 5 ml). The combined extracts were washed, dried, and concentrated
under reduced pressure to give an oily residue. Purification by column chromatography on silica gel (2 g) with
2:1 hexane—ether gave (1)-17 (126 mg, 91%) as a colorless oil: IR (CHCl3) 1740, 1645, 1255, 1135, and
1105 cm-1; ITH NMR (270 MHz, CDCl3) § 1.31 (3H, 5), 1.37 (3 H, s), 1.80 (3 H, m), 2.08 3 H, s), 3.79 (1
H,d,/=115Hz),4.11 (1 H,d,J/=11.5Hz),492 (1 H, m), 508 (1 H,d, /J=10Hz),5.11 (1 H, d,J =
1.0 Hz), and 5.22 (1 H, m); CIMS m/z (relative intensity) 215 [(M+H)*, 45], 185 (43), 173 (5), 155 (5), 141
(20), 125 (67), 117 (23), 11 (42), 101 (56), 100 (84), 98 (100), 95 (33), and 83 (58) [HRCIMS. Found:
215.1304. C11H1904 [((M+H)*] requires: 215.1284].

(25*,3R*,45%)-5-Acetoxy-2,3,4-trimethyl-3,4-methylenedioxy-1-pentanol [(1)-18a). Toa
solution of (+)-17 (17.0 mg, 0.0794 mmol) in THF (0.2 ml) under nitrogen was added a 1.0 M solution of
BH3-THF in THF (0.125 ml, 0.125 mmol), and the mixture was stirred at room temperature for 2 h. To the
reaction mixture were added 3 M NaOH (0.01 ml) and 30% H20O2 (0.013 ml), and the mixture was stirred at
room temperature for an additional 2 h. The reaction mixture was diluted with water (1 ml), and the aqueous
mixture was extracted with ether (4 x 5 ml). The extracts were combined, washed, dried, and concentrated to
leave an oily residue. Purification by column chromatography on silica gel (1 g) with 1:1 hexane—ether
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provided (+)-18a (11.5 mg, 63%) as a colorless oil, together with a 1:1 mixturel3 of (+)-18a and (+)-18b (2.7
mg, 14%) as a colorless oil. (+)-18a: IR (CHCl3) 3625, 3500, 1740, 1245, and 1110 cm-1; 1H NMR (270
MHz, CDCl3) 8 1.12 (3H,d,J =69 Hz), 1.12 3 H, s), 1.34 (3 H, 5), 2.05 (1 H, m), 2.12 (3 H, 5), 3.44 (1
H,dd,J=74,10.6Hz),3.70 (1 H,dd, J =5.3,10.6 Hz), 415 (1 H,d, /= 11.2 Hz), 427 1 H,d, J =
11.2 Hz), 4.98 (1 H, d, J = 1.2 Hz), and 5.00 (1 H, d, J = 1.2 Hz); CIMS m/z (relative intensity) 233
[(M+H)*, 80], 215 (47), 203 (65), 186 (60), 173 (46), 159 (45), 155 (86), 143 (86), and 125 (100)
(HRCIMS. Found: 233.1401. C11H210s {(M+H)*] requires: 233.1389]. The !H NMR spectral data (270
MHz, CDCl3) for the minor (+)-18b: 8 0.89 (3 H, d, J = 7.3 Hz), 1.17 (3 H, 5), 1.33 (3 H, 5), 2.05 (1 H, m),
2.11(3H,s),3.44 (1 H,dd, J =5.0, 11.0 Hz), 3.86 (1 H, dd, J = 8.6, 11.0 Hz), 4.02 (1 H, d, J = 11.2 Hz),
430(1H,d,/=112Hz),501 (1H,d,J=1.1Hz), and 504 (1 H,d, J = 1.1 Hz).

(2R*,3R*,45*)-5-Acetoxy-2,3,4-trimethyl-3,4-methylenedioxypentanoic Acid [(£)-19]. To
a cooled (~78 °C), stirred solution of oxalyl chloride (0.035 ml, 0.401 mmol) in CH2Cl (0.6 ml) under
nitrogen was added dropwise a solution of dimethyl sulfoxide (0.056 ml, 0.786 mmol) in CH2Cl (0.3 ml).
The mixture was stirred for 2 min, and then a solution of (+)-18a (60.8 mg, 0.262 mmol) in CH2Cl3 (0.6 ml)
was added dropwise. After the mixture was stirred for 15 min at 78 °C, Et3N (0.18 ml, 1.31 mmol) was
added. The reaction mixture was stirred at —78 °C for an additional 1 h. The reaction was quenched with 1 M
pH 7 phosphate buffer (0.5 ml) with simultaneous removal of the cooling bath. The mixture was extracted
with CHaClz (3 x 3ml). The organic layers were combined, dried, and concentrated. The oily residue was
taken up in ether (ca. 5 ml), and insoluble materials were removed by filtration through a cotton plug. The
filtration residue was washed thoroughly with ether. The filtrate and washings were combined and
concentrated to give the crude aldehyde (60 mg) as a colorless oil. This labile aldehyde was immediately used
for the next reaction without further purification. To a solution of the crude aldehyde (60 mg) in #-BuOH (1.6
m]) were added 1 M pH 7 phosphate buffer (1.3 ml) and 1 M KMnOj4 solution (1.6 ml, 1.6 mmol), and the
reaction mixture was stirred for 2 min. The reaction was quenched with saturated NaHSO3 solution (0.1 ml).
The mixture was diluted with 6 M HCl (0.5 ml), and was saturated with NaCl. The resulting aqueous mixture
was extracted with EtOAc (4 x 6 ml). The extracts were combined, washed, dried, and concentrated to leave an
oily residue, which was purified by column chromatography on silica gel (5 g) with ether to give (+)-19 (50.3
mg, 78% overall from (+)-18a) as colorless crystals: mp 76-77 °C (hexane—ether); IR (CHCl3) 3600-2400
(broad), 1735, 1710, 1240, 1105, and 1045 cm-1; TH NMR (270 MHz, CDCl3) 8 1.32 (3 H, 5), 1.34 3 H, 5),
141 (3H,d,/=7.1Hz),208 (3H,s),285(1H,q,/=7.1Hz2),4.13(1 H,d,/=11.2 Hz), 428 (1H, d,
J=11.2Hz),4.98 (1 H, d,J = 1.3 Hz), and 4.99 (1 H, d, J = 1.3 Hz); CIMS m/z (relative intensity) 186 [(M—
AcOH)*, 67], 156 (55), 129 (69), 100 (100), and 83 (79). Anal. Calcd for C11H130¢: C, 53.65; H, 7.37.
Found: C, 53.48; H, 7.43.

(2R*,3R*,4R*)-2,3,4-Trimethyl-2,3-methylenedioxypentanedioic Acid [(+)-8]. To a solution
of (£)-19 (19.3 mg, 0.0785 mmol) in 1 M NaOH (1 ml) was added a 0.66 M solution of NaRuO4 in 1 M
NaOH (3.6 ml, 0.24 mmol), and the reaction mixture was stirred at room temperature for 1 h. The reaction
was quenched by the addition of i-PrOH (0.5 ml), and the mixture was filtered through a pad of Celite. The
filter cake was washed with 1 M NaOH (1 ml). The filtrate and washings were combined, cooled to 0-5 °C in
an ice-bath, acidified to pH 1 with 6 M HC], and saturated with NaCl. The resulting aqueous mixture was
extracted with EtOAc (5 x 4 ml). The extracts were combined, washed, dried, and concentrated to leave a
colorless solid. Purification by column chromatography on silica gel (1 g) with ether afforded (+)-8 (16.7 mg,
98%) as colorless crystals: mp 148-150 °C (benzene-EtOAc); IR (CHCl3) 3400-2400 (broad), 1730, 1385,
1290, and 1130 cm-1; 1H NMR (270 MHz, CDCl3) 8 1.37 3H, d, J=7.4Hz), 1.50 (3 H, 5), 1.53 (3 H, 5),
3.13(1H,q,/=7.4Hz),5.07 (1 H,d,J = 0.8 Hz), and 5.12 (1 H, d, J = 0.8 Hz); DCIMS m/z (relative
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intensity) 219 [(M+H)*, 8], 201 (20), 173 (10), 145 (13), 125 (10), and 100 (8). Anal. Calcd for CoH;40¢:
C,49.54; H, 6.47. Found: C, 49.52; H, 6.43.

1-[(S)-1'-Phenylethyl] Hydrogen (2R,3S)-2,3-Dimethyl-2,3-methylenedioxysuccinate (20a)
and 1-[(S)-1'-Phenylethyl]] Hydrogen (25,3R)-2,3-Dimethyl-2,3-methylenedioxysuccinate
(20b). To a cooled (-78 °C), stirred mixture of meso-9 (200 mg, 1.16 mmol), 4-(dimethylamino)pyridine
(28.3 mg, 0.232 mmol), and Et3N (0.195 ml, 1.41 mmol) in toluene (2.3 ml) under nitrogen was added (5)-1-
phenylethyl alcohol (0.17 ml, 1.42 mmol). After the reaction mixture was stirred at —78 °C for 66 h, saturated
NaHCOs3 solution (3 ml) and water (3 ml) were added with simultaneous removal of the cooling bath. The
mixture was stirred for ca. 10 min and washed with ether (3 x 10 ml). The aqueous layer was acidified to pH 1
with conc. HCI (1 ml), and was saturated with NaCl. The resulting aqueous mixture was extracted with ether
(4 x 15ml). The extracts were combined, washed , dried, and concentrated to leave an oily residue.
Purification by column chromatography on silica gel (20 g) with 1:10 ether-benzene containing 1% AcOH,
affording an inseparable 9.4:1 mixture!5 of 20a and 20b (283 mg, 83%) as a colorless oil: [a]p28 —90.5° (¢
1.18, CHCls); IR (CHCl3) 36002400, 1740, 1280, and 1140 cm"1; 1H NMR (270 MHz, CDCl3, the signals
for the major product 20a are shown) 8 1.54 (3 H, s), 1.55 (3 H,d,J = 6.6 Hz), 1.56 3 H, 5), 5.16 (1 H, d,
J=12Hz),5.29 (1H,d,J=12Hz), 590 (1H,q,J =6.6 Hz), and 7.3-7.4 (5 H, complex pattern); EIMS
m/z (relative intensity) 294 (M+, 6), 249 (2), 189 (3), and 145 (100) [HREIMS. Found: 294.1128.
C15H180¢6 (M) requires: 294.1103].

(25,35)-2,3-Dimethyl-2,3-methylenedioxy-4-butanolide (21). To a cooled (0 °C), stirred solution
of the 9.4:1 mixture of 20a and 20b (114 mg, 0.388 mmol) in THF (3.9 ml) was added dropwise a 1 M
solution of LiBHEt3 in THF (2.0 ml, 2.0 mmol), and the reaction mixture was stirred at 0 °C for 1.2 h. To the
reaction mixture were added dropwise water (0.5 ml) and 1 M HCl (4 ml), and the mixture was stirred at room
temperature for an additional 40 min. After being saturated with NaCl, the mixture was extracted with ether (3
x 15 ml). The extracts were combined, dried, and concentrated. The oily residue was purified by column
chromatography on silica gel (20 g) with 2:1 hexane-EtOAc, affording 21 (54.8 mg, 89%; calculated optical
purity based on the ratio of 20a and 20b, 81% ee) as a colorless oil, with recovery of (5)-1-phenylethyl alcohol
(36.6 mg, 78%). 21: [a]p28 +78.3 ° (c 1.19, CHCl3); IR (CHCl3) 1790, 1120, 1100, 1080, and 1020 cm-;
lH NMR (270 MHz, CDCl3) § 1.35 (3 H, 5), 1.48 (3 H, 5), 4.15(1H,d,/=10.6 Hz), 448 (1H,d,J =
10.6 Hz), 4.94 (1 H, s), and 5.13 (1 H, s); EIMS m/z (relative intensity) 158 (M+, 55), 114 (4), 100 (94), 99
(77), and 84 (100) [HREIMS. Found: 158.0579. C7H;004 (M*) requires: 158.0579].

(25,3R)-2,3,4-Trimethyl-2,3-methylenedioxy-1,4-pentanediol (15). To a mixture of Mg (544
mg, 22.4 mmol) in ether (20 ml) under nitrogen was introducd dropwise Mel (1.25 ml, 20.1 mmol). The
mixture was stirred at room temperature for 1 h. To the ice-cooled ethereal solution of MeMgl was added
dropwise a solution of 21 (55.6 mg, 0.353 mmol) in THF (20 ml), and the reaction mixture was heated under
reflux for 51 h. After the reaction mixture was cooled to room temperature, saturated NH4ClI solution (10 m)
was added dropwise. The mixture was stirred for 10 min and extracted with ether (3 x 50 ml). The extracts
were combined, washed, dried, and concentrated under reduced pressure. The oily residue was purified by
column chromatography on silica gel (5 g) with 1:3—1:1 ether-hexane to give 15 (57.5 mg; 86%, calculated
optical purity based on the ratio of 20a and 20b, 81% ee) as colorless crystals; mp 96.5-101.5 °C (hexane—
ether); [a]p28 —44.1 © (¢ 0.898, CHCl3). Anal. Calcd for CgHgOy: C, 56.82; H, 9.54. Found: C, 56.81;
H, 9.37.
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(2'R,3R,45)-5-[2'-Methoxy-2'-(trifluoromethyl)phenylacetoxy]-2,3,4-trimethyl-3,4-
methylenedioxy-2-pentanol (22a) and (2'R,3S,4R)-5-[2'-Methoxy-2'-
(trifluoromethyl)phenylacetoxy}-2,3,4-trimethyl-3,4-methylenedioxy-2-pentanol (22b). A
mixture of (R)-(+)-o-methoxy-a-(trifluoromethyl)phenylacetic acid [(+)-MTPA] (125 mg, 0.534 mmol) and
oxalyl chloride (0.2 ml, 2.4 mmol) was heated under reflux for 1 h. After cooling, the reaction mixture was
concentrated under reduced pressure to give the crude acid chloride of (+)-MTPA. The crude acid chloride was
azeotroped with toluene (3 x 2 ml) and used for the next reaction without further purification. To an ice-cooled,
stirred solution of the acid chloride in toluene (1 ml) under nitrogen were added 4-(dimethylamino)pyridine (70
mg, 0.576 mmol) and a solution of 15 (30.4 mg, 0.160 mmol) in toluene (1 ml). The ice-bath was removed,
and the reaction mixture was stirred at room temperature for 2 h. The mixture was recooled to 0 °C and washed
with successively with 1 M HCI (1 ml) and saturated NaHHCOs solution (1 ml). The organic layer was dried
and concentrated to give an oily residue. Purification by column chromatography on silica gel (1 g) with 3:1
hexane—ether gave a 9.4:1 mixture!3 of 22a and 22b (64.0 mg, 98%) as a colorless oil. Separation of the
mixture by HPLC [Develosil ODS 10/20 (250 mm x 20 mm ID), 50% EtOH, flow rate 5.5 ml/min, detection
UV 256 nm] provided pure 22a (56.9 mg, 88%) and 22b (5.5 mg) (9%) as a colorless oil, respectively. 22a:
[alpl7 +22.1° (¢ 0.97, CHCl3); IR (CHCl3) 3560, 1750, 1270, 1170, 1120, and 1100 cm-l; TH NMR (270
MHz, CDCl3) 6§ 1.21 (3 H,s), 1.23 (3 H,s), 1.33 (3 H,s),1.35(3H, s), 248 (1 H, br, OH), 3.61 3H, q,J
=13Hz),408 (1H,d,J=122Hz),501 (1H,d,/=12Hz),510(1H,d,/=12Hz),511 (1H,d,J =
12.2 Hz), 7.39 ( 3 H, complex pattern), and 7.59 (2 H, complex pattern); CIMS m/z (relative intensity) 407
[(M+H)*, 11, 389 (29), 359 (5), 259 (6), 173 (100), 143 (39), 99 (89), and 87 (45) [HRCIMS. Found:
407.1654. C19H606F3 [(M+H)*] requires: 407.1682). 22b: [a]p20 +50.9° (¢ 0.96, CHCl3); IR (CHCl3)
3560, 1750, 1270, 1175, 1120, and 1100 cm-}; 1H NMR (270 MHz, CDCl3) 8 1.20 3 H, s), 1.24 3 H, 5),
127 (3H,s), 1.33 (3H, 5), 245 (1 H, br, OH), 3.56 3 H, q,/ = 1.3 Hz), 4.12 (1 H, d, J = 12.2 Hz), 5.00
(1H,d,J=10Hz),5.12(1H,d,J =122 Hz), 5.15 (1 H, d, J = 1.0 Hz), 7.39 ( 3 H, complex pattern), and
7.55 (2 H, complex pattern); EIMS m/z (relative intensity) 406 (M*, 3), 347 (10), 318 (10), 259 (4), 189
(100), 159 (25), 114 (48), and 101 (86) [HREIMS. Found: 406.1604. Cji9H250¢F3 (M*) requires:
406.1603].

(2'R,3R,45)-5-[2'-Methoxy-2'-(trifluoromethyl)phenylacetoxy]-2,3,4-trimethyl-3,4-
methylenedioxy-1-pentene (23). To a solution of 22a (112 mg, 0.276 mmol) in pyridine (1 ml) under
nitrogen was added POCI3 (0.05 ml, 0.55 mmol), and the mixture was heated at 85 °C for 17 h. The reaction
mixture was cooled to 0 °C, and ice (1 g) was added. The mixture was stirred for ca. 10 min, and acidified to
pH 1 with conc. HCl. The resulting aqueous mixture was extracted with ether (4 x 5 ml). The combined
extracts were washed, dried, and concentrated to leave an oily residue. Purification by column chromatography
on silica gel (5 g) with 1:1 hexane—ether yielded 23 (88.6 mg, 83%) as colorless crystals: mp 57.0-59.0 °C
(pentane); [a]p!® +2.90° (¢ 0.99, CHCI3); IR (CHCl3) 1750, 1640, 1270, 1170, 1120, and 1105 cm-1; 1H
NMR (270 MHz, CDCl3) § 1.29 (3H, s), 1.35 3 H, s5), 1.68 (3 H, m), 3.60 3H, q,J = 1.3 Hz), 3.75 (1 H,
d,/J=11.5Hz),457(1H,d,J=11.5Hz), 484 (1 H, m),5.08 (1 H,d,/=1.0Hz),5.12(1 H,d,/ = 1.0
Hz), 5.22 (1 H, m), 7.40 (3 H, complex pattern), 7.56 (2 H, complex pattern); CIMS m/z (relative intensity)
389 [(M+H)*, 1001, 359 (29), 189 (29), 156 (28), 155 (50), 125 (95), and 99 (98). Anal. Calcd for
Cy9H2305F3: C, 58.76; H, 5.97. Found: C, 58.76; H, 5.96.

(2'R,28,3R,48)-5-[2'-Methoxy-2'-(trifluoromethyl)phenylacetoxy]-2,3,4-trimethyl-3,4-
methylenedioxy-1-pentanol (24a) and (2'R,2R,3R,45)-5-[2'-Methoxy-2'-
(trifluoromethyl)phenylacetoxy]-2,3,4-trimethyl-3,4-methylenedioxy-1-pentanol (24b). To
an ice-cooled, stirred sotution of 23 (26.4 mg, 0.068 mmol) in THF (0.2 ml) under nitrogen was added a 1.0
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M solution of BH3-THF in THF (0.1 ml, 0.1 mmol). After the reaction mixture was stirred at 0 °C for 20 h, 3
M NaOH (0.01 ml) and 30% H203 (0.013 ml) were added. The mixture was stirred at room temperature for 3
h, diluted with water (1 ml), and saturated with NaCl. The resulting aqueous mixture was extracted with
EtOAc (4 x Sml). The extracts were combined, washed, dried, and concentrated to leave an oily residue.
Purification by column chromatography on silica gel (1 g) with 6:1—51:1 hexane—ether provided the desired 24a
(22.3 mg, 81%) as colorless crystals, together with the stereoisomer 24b (3.2 mg, 5%) as a colorless oil.

24a: mp 71.0-72.5 °C (hexane-ether); [a]p!6 +34.1° (c 0.58, CHCl3); IR (CHCl3) 3625, 3575, 1755, 1270,
1175, 1120, and 1105 cm-1; 'H NMR (270 MHz, CDCl3) § 0.99 (3 H, d, J = 6.6 Hz), 1.08 (3 H, 5), 1.36 (3
H,s), 1.81 (1H, m), 3.22 (1 H, dd, / = 6.8, 11.1 Hz), 3.50 (1 H, dd, J = 6.3, 11.1 Hz), 3.61 3H, q,/ =
1.3Hz),4.18 (1H,d,J=11.2Hz),4.60 (1 H,d, /=112 Hz),496 (1 H,d,J = 1.0 Hz), 498 (1 H,d, J =
1.0 Hz), 7.42 (3 H, complex pattern), and 7.55 (2 H, complex pattern) ; CIMS m/z (relative intensity) 407
[((M+H)*, 92], 389 (7), 359 (36), 347 (14), 329 (5), 173 (73), 155 (100), 143 (42), and 125 (25). Anal.
Caled for C19H2506F3: C, 56.15; H, 6.20. Found: C, 56.12; H, 6.27. 24b: [a]p!13 +31.1° (¢ 0.46,
CHCl3); IR (CHCI3) 3540, 1755, 1270, 1170, 1110, and 1100 cm!; 1H NMR (270 MHz, CDCl3) § 0.71 (3
H,d,/=7.3Hz), 1.15(3 H,s), 1.32(3H, 5), 1.92 (1 H, m), 3.35 (1 H, dd, J = 4.5, 11.3 Hz), 3.61 3 H,
q,/=13Hz),3.81 (1H,dd, J =8.6,11.3Hz),4.03 (1 H,d,J =112 Hz),4.69 (1 H, d, J = 11.2 Hz),
500 (1H,d,J=1.0Hz),5.03 (1H,d,J= 1.0 Hz), 7.42 (3 H, complex pattern), and 7.55 (2 H, complex
pattern) ; CIMS my/z (relative intensity) 407 [(M+H)*, 65], 389 (25), 359 (67), 347 (20), 329 (12), 173 (100),
155 (44), 143 (65), and 125 (25) [HRCIMS. Found: 407.1659. Cj9H260¢F3 [(M+H)*] requires:
407.1682].

(2'R,2R,3R,4S5)-5-[2'-Methoxy-2'-(trifluoromethyl)phenylacetoxy]-2,3,4-trimethyl-3,4-
methylenedioxypentanoic Acid (25). To a cooled (78 °C), stirred solution of oxalyl chloride (0.006
ml, 0.07 mmol) in CH2Cl2 (0.1 ml) under nitrogen was added dropwise a solution of dimethyl sulfoxide (0.01
ml, 0.15 mmol) in CH2Cl (0.05 ml). The mixture was stirred for 2 min, and a solution of 24a (16.5 mg,
0.0406 mmol) in CH,Cl3 (0.4 ml) was added dropwise. After the mixture was stirred for 2 min at —78 °C,
Et3N (0.028 ml, 0.20 mmol) was added. The reaction mixture was stirred at —78 °C for an additional 1 h. The
reaction was quenched by addition of 1 M pH 7 phosphate buffer (0.6 ml) with simultaneous removal of the
cooling bath. The aqueous mixture was extracted with CH2Clz (5 x 3 ml). The organic layers were
combined, dried, and concentrated. The oily residue was taken up in ether (ca. 5 ml), and insoluble materials
were removed by filtration through a cotton plug. The filtration residue was washed thoroughly with ether.
The filtrate and washings were combined and concentrated to give the crude aldehyde (21 mg) as a colorless oil.
This labile aldehyde was immediately used for the next reaction without further purification. To a solution of
the crude aldehyde (21 mg) in ¢-BuOH (0.24 ml) were added 1 M pH 7 phosphate buffer (0.2 ml) and 1 M
KMnOy4 solution (0.24 mli, 0.24 mmol), and the reaction mixture was stirred for 5 min. The reaction mixture
was cooled to 0-5 °C with an ice-bath, and saturated NaHSOj3 solution (0.2 ml) was added. The mixture was
stirred for ca. 10 min, diluted with 6 M HCI (0.2 ml), and saturated with NaCl. The resulting aqueous mixture
was extracted with EtOAc (5 x4 ml). The extracts were combined, washed, dried, and concentrated to leave a
colorless solid. Purification by column chromatography on silica gel (1 g) with 6:1—1:1 hexane—ether
provided 25 (14.7 mg, 86% overall from 24a) as colorless crystals: mp 116-118 °C (hexane—ether); [a]p!8
+11.0° (¢ 0.59, CHCl3); IR (CHCl3) 34002500 (broad), 1745, 1710, 1270, 1170, 1110, and 1100 cm-!; 1H
NMR (270 MHz, CDCl3) § 1.28 (3 H, s5), 1.29 3 H, s), 1.37 3H, d, /= 7.0 Hz), 2.77 (1 H, q, J = 7.0 Hz),
3.59(3H,q,/=13Hz),418 (1 H,d,/ =112 Hz), 487 (1H,d,J =11.2 Hz), 497 (1 H, d, J = 1.0 Hz),
499 (1H,d,J = 1.0 Hz), 7.40 (3 H, complex pattern), and 7.56 (2 H, complex pattern); CIMS m/z (relative
intensity) 421 [(M+H)*, 5], 416 (6), 373 (6), 329 (8), 259 (15), 203 (12), 189 (30), 187 (100), 175 (25), and
173 (35). Anal. Calcd for C19gH2307F3: C, 54.29; H, 5.51. Found: C, 54.24; H, 5.52.
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(2R,3R,4R)-2,3,4-Trimethyl-2,3-methylenedioxypentanedioic Acid (8). A solution of 25 (25.1
mg, 0.0598 mmol) in 1 M NaOH (0.5 ml) was stirred at room temperature for 1 h. To the solution was added
a 0.66 M solution of NapRuOj4 in 1 M NaOH (2.7 ml, 0.18 mmol), and the reaction mixture was stirred at room
temperature for 30 min. The reaction was quenched by addition of i{-PrOH (0.2 ml), and the mixture was
filtered through a pad of Celite. The filter cake was washed with 1 M NaOH (1 ml). The filtrate and washings
were combined, cooled to 0-5 °C in an ice-bath, and acidified to pH 1 with 6 M HCl. The aqueous mixture
was washed with hexane (4 x 10 ml), saturated with NaCl, and then extracted with EtOAc (4 x 10 ml). The
extracts were combined, washed, dried, and concentrated to leave a colorless solid. Purification by column
chromatography on silica gel (1 g) with ether afforded 8 (11.2 mg, 86%) as colorless crystals: mp 127-129 °C
(benzene); [o]p!? +41.7° (¢ 0.57, CHCI3) [authentic sample:3d mp 127131 °C (benzene), [o]p16 +41.7° (¢
0.57, CHCI3)]. Anal. Calcd for CoH1406: C, 49.54; H, 6.47. Found: C, 49.47; H, 6.51.

(2R,3R,4R)-2,3,4-Trimethyl-2,3-methylenedioxypentanedioic Anhydride (7). To a solution of
8 (88.8 mg, 0.407 mmol) in CH3Cly (3 ml) under nitrogen was added acetic anhydride (0.27 ml). The
reaction mixture was heated under reflux for 3.5 h, cooled to room temperature, and concentrated under reduced
pressure. The residue was azeotroped with benzene (3 x 2 ml), affording 7 (81.7 mg, quantitative) as colorless
crystals. This material was sufficiently pure and used for the next reaction without further purification. The
analytical sample was obtained by recrystallization from ether. 7: mp 88-89.5 °C (ether); [a]p!! -22.0° (¢
0.30, CHCl3); IR (CHCl3) 1825, 1775, 1115, 1030, and 1010 cm-}; 1H NMR (270 MHz, CDCl3) 3 1.31 (3
H,s), 1.33 (3H,d,J =7.1 Hz), 1.60 3 H, s), 3.04 1 H, q, J = 7.1 Hz), 5.00 (1 H, s), and 5.11 (1 H, s);
EIMS m/z (relative intensity) 200 (M+, 3), 185 (2), 171 (1), 142 (4), 126 (10), 100 (100), 99 (35), and 83
(37). Anal. Calcd for CoH1205: C, 54.00; H, 6.04. Found: C, 53.83; H, 6.07.

Seco Acid 6. A mixture of (+)-retronecine (3) (285 mg, 1.14 mmol) and BuaSnO (285 mg, 1.14 mmol) in
benzene (37 ml) under nitrogen was heated under reflux for 24 h with continuous removal of water by using
Molecular Sieves 4A. After being cooled to room temperature, the reaction mixture was concentrated under
reduced pressure, yielding the crude retronecine stannoxane 26 as an amorphous solid. Crude 26 was
suspended in toluene (12 ml) under nitrogen. To the cooled (-78 °C), stirred toluene suspension of 26 was
added a solution of 7 (198 mg, 0.990 mmol) in toluene (3 ml). The reaction mixture was brought to—40 °C
and kept at this temperature for 2 h with continuous stirring. Then the reaction mixture was allowed to warm to
room temperature, and directly subjected to purification by column chromatography on silica gel (20 g) with
5:4:1 CHCl3-MeOH-H20 to give a 3:1 mixture of the desired 6 and and the regioisomer 27 (287 mg, 82%) as
an amorphous solid. This mixture was separated by HPLC [Develosil ODS-10 (250 x 20 mm ID), 15:85
MeOH-0.02 M NH40ACc, flow rate 8 ml/min; detection UV 215 nm], providing pure 6 (210 mg, 60%) as
colorless powder, and 27 (77 mg, 22%) as colorless powder. 6: 126-131 °C (ethanol-H20); [a)p12 -46.3°
(¢ 0.16, H,0); IR (KBr) 36002600 (broad), 1725, 1590, 1130, 1110, and 1100 cm-!; 1H NMR (270 MHz,
Dy0)8122(3H,d,J=74Hz),1.44 3H,s),1.54 3H,s),2.2-23 (2H, m), 245 (1 H, q, J = 7.4 Hz),
3.33 (1 H,m), 3.9-40 (2H, m), 448 (1 H,d,J=15.9Hz),471 1H,d,/ =129 Hz),499 (1 H, d,J =
129 Hz), 5.11 (1 H, s5), 5.18 (1 H, 5), and 5.96 (1 H, br s); FABMS m/z (relative intensity) 356 [(M+H)*,
100] [HRFABMS. Found: 356.1703. Cj7H26NO7 [(M+H)*] requires: 356.1709]. 27: [a]p?8 —20.3° (¢
0.947, H,0); IR (KBr) 3600-2600 (broad), 1745, 1610, 1150, 1115, and 1090 cm-1; IH NMR (270 MHz,
D20)8 126 (3H,d,J =69Hz), 1.39(3H,s), 1.43(3H,5s),22-23(2H,m),295 (1 H, q,J = 6.9 Hz),
3.31 (1 H, m), 3.9-4.0 (2 H, m), 4.46 (1 H,d, J = 16.3 Hz), 5.02 (1 H, 5), 5.10 (1 H, 5), and 5.94 (1 H, br
s); FABMS m/z (relative intensity) 356 [{(M+H)*, 100] [HRFABMS. Found: 356.1689. C;7H26NO7
[(M+H)*] requires: 356.1709].
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Monocrotaline Methylene Acetal (5). (A) Lactonization by Yamaguchi's Method. To a stirred
solution of 6 (17.0 mg, 0.0479 mmol) in THF (0.5 ml) under nitrogen was added EtzN (0.013 ml, 0.096
mmol). Subsequently a solution of 2,4,6-trichlorobenzoy] chloride (23 mg, 0.096 mmol) in THF (0.5 ml) was
added and the reaction mixture was stirred at room temperature for 3.5 h and diluted with toluene (3 ml). The
mixture was added dropwise over a 1-h period to a refluxing toluene (10 mi) solution containing 4-
(dimethylamino)pyridine (35.1 mg, 0.287 mmol) under nitrogen, and the mixture was heated under reflux for
an additional 10 min. After being cooled to room temperature, the reaction mixture was concentrated to leave
an oily residue, which was purified by preparative TLC on silica gel (70:10:1 CHCl3-MeOH-conc. NH3),
affording a mixture of hydrochlorides of 5 and 29. Free 5 and 29 were obtained by dissolving the salts in
CHCI3 (2 ml) and by washing the CHCl3 solution with saturated NaHCOj3 solution (0.5 ml). Concentration of
the CHCl3 solution afforded a mixture of free § and 29 (10.5 mg) as a colorless oil.  Separation of the
mixture by HPLC [Develosil OD-10/20 (250 x 20 mm ID), 30:70 CH3CN-0.04 M NH4OAc, flow rate §
ml/min, detection UV 217 nm] provided pure 5 (5.9 mg, 37%) as colorless crystals, along with the
stereoisomer 29 (1.1 mg, 7%) as a colorless oil. 5: mp 175-178 °C (decomp.) (MeOH); [atlp!4 +19.6° (¢
0.28, CHCI3) [authentic sample:3d mp 177-179 °C (decomp.) (MeOH), [o]p27 +20.3° (¢ 0.55, CHCl3)]; IR
(CHCI3) 1740, 1190, 1130, and 1115 cm"1; 1H NMR (270 MHz, CDCl3) § 1.29 (3H, d, J =7.2 Hz), 1.42 (3
H,s), 1.47 3 H, 5), 2.0-2.1 2 H, m), 2.58 (1 H, m), 2.63 (1 H, q, J = 7.2 Hz), 3.30 (1 H, ddd, J = 2.1,
6.9,9.1 Hz), 343 (1 H,dd, J = 5.1, 159 Hz), 3.91 (1 H, dd, J = 2.6, 15.9 Hz), 4.33 (1 H, d, J = 12.0 Hz),
435(1H.m),5.09(1 H,d, J = 1.5 Hz), 5.24 (1 H, d, J = 1.5 Hz), 5.30 (1 H, ddd, J = 2.0, 4.3, 4.3 Hz),
5.36 (1H,d,J = 12.0 Hz), and 6.01 (1 H, br s); CIMS m/z (relative intensity) 338 [(M+H)*, 100], 293 (6),
214 (5), 201 (6), 173 (29), and 120 (45). Anal. Calcd for C17H23NOg: C, 60.52; H, 6.87; N, 4.15.

Found: C, 60.24; H, 6.83; N, 4.16. 29: [a]p!4 +13.6° (¢ 0.14, CHCl3); IR (CHCl3) 1735, 1255, 1130, and
1105 cm-!; 1H NMR (270 MHz, CDCl3) 8 1.12 (3 H, d,J =7.4 Hz), 1.49 3 H, 5), 1.59 (3 H, 5), 2.0-2.2 (2
H, m), 2.66 (1 H, m), 293 (1 H, q, /=74 Hz), 34-3.5 (2H, m), 4.06 (1 H, 4, J =16.5 Hz), 443 (1 H, 4,
J=122Hz),4.57 1 H.m), 5.08 (1H,d,J=15Hz),5.28 (1 H,d,J =15 Hz), 5.32 (1 H, m), 5.32 (1 H,
d, J = 12.2 Hz), and 6.04 (1 H, br s); CIMS m/z (relative intensity) 338 [((M+H)*, 37}, 250 (5), 136 (9), and
120 (100) [HRCIMS. Found: 338.1616. Cj;7H24NOg [(M-+H)*] requires: 338.1604].

(B) Lactonization by Keck's Method. To a mixture of 6 (11.7 mg, 0.033 mmol), 4-
(dimethylamino)pyridine (13.0 mg, 0.107 mmol), and 4-(dimethylamino)pyridine hydrochloride (11.2 mg,
0.074 mmol) in CHCI3 (1.2 ml) under nitrogen was added dicyclohexylcarbodiimide (14.9 mg, 0.0723 mmol).
The reaction mixture was stirred for 85 h, and directly subjected to separation by column chromatography on
silica gel (5 g) with 40:1—20:1-5:1 CHCl3-MeOH, yielding 5 (7.1 mg, 64%).

(-)-Monocrotaline (1). To a solution of § (10.1 mg, 0.0298 mmol) in CHCl (1 ml) under nitrogen was
added triphenylcarbenium tetrafluoroborate (Ph3C-BF4) (24 mg, 0.073 mmol), and the reaction mixture was
heated under reflux for 48 h.  After cooling, the reaction mixture was extracted with 1 M HC1 (3 ml). The
aqueous layer was washed with CH2Cly (2 x 2 ml), allowed to stand at room temperature for 17.5 h, and made
basic (pH 9) with saturated NaHCOQ3 solution. The resulting mixture was saturated with NaCl, and extracted
with EtOAc (4 x 8 ml). The combined extracts were washed, dried, and concentrated. The residual oil was
purified by column chromatography on silica gel (1 g) with 100:5:1 CHCl3-MeOH-conc. NH3, providing (-)-
1 (8.4 mg, 86%) as colorless crystals: mp 187-190 °C (decomp.) (EtOH) ; [a]pl2 —55.0° (¢ 0.16, CHCl3)
[1it.52 mp 197~198 °C (decomp.) (EtOH); [et]p ~54.7° (¢ 5.05, CHCl3)] [natural 1: mp 189-194 °C (decomp.)
(EtOH); [ar]p12 —59.3° (¢ 0.60, CHCl3)]; IR (CHCl3) 3540, 1735, 1190, and 1110 cm-1; 1H NMR (270 MHz,
CDCl3) 3 1.22(3H,d, 7 =7.0Hz), 1.35 (3H, 5), 1.44 (3 H, ), 2.1-2.2 (2 H, m), 2.63 (1 H, m), 2.80 (1
H, q,J =7.0 Hz), 3.31 (1 H, m), 3.51 (1 H, dd, J = 4.0, 16.6 Hz), 3.98(1 H, d, J = 16.6 Hz), 4.49 (1 H,
m), 4.69 (1 H, d, / =12.0 Hz), 491 (1 H, d, J = 12.0 Hz), 5.08 (1 H, m), and 6.05 (1 H, br s); CIMS m/z
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(relative intensity) 326 [(M+H)*, 100], 325 (M*, 15), 324 (29), 308 (21), 283 (6), 264 (19), 236 (18), 151
(12), 138 (35), and 120 (96) [HRCIMS. Found: 326.1590. CigH24NOg [(M+H)*] requires: 326.1604].
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