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Abstract — Indicine N-oxide (1), a pyrrolizidine alkaloid potentially useful for an anticancer drug was synthesized
wn the natural form through regioselective coupling of (+)-retronecine (2) and the protected necic acids 16a and 16b,
the latter being efficiently prepared from the optically pure lactone 5.

Pyrrolizidine alkaloids are known to display a wide range of biological activities.1-2 Indicine N-oxide
(1), the major pyrrolizidine alkaloid in the plant Heliotropium indicum L. (Boraginaceae),3 is known to exhibit
significant antitumor activity with little hepatotoxicity, and is the only pyrrolizidine alkaloid that has undergone
clinical trials as an anticancer drug.4 The potentiality as an anticancer drug coupled with the novel structure has
made 1 an attractive synthetic target. Although there have been reported the results of several synthetic stdies
on 1, rather limited progress has been achieved on the enantioselective synthesis of 1.5 Described herein is a
full account of an enantioselective synthesis of indicine N-oxide (1) in the highly efficient manner.5
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The synthesis of indicine N-oxide (1) in the natural form required (+)-retronecine (2) and (-)-trachelanthic
acid (3). In the coupling stage the diol moiety in 3 should be protected with a suitable protecting group. We
had already achieved the enantioselective synthesis of 2.7 Our efforts were therefore directed toward the
enantioselective synthesis of 3 in the appropriately protected form 6.8 In 1984, Secbach and his co-workers
reported a practical method for EPC (enantiomerically pure compounds) synthesis, in which an approach named
"self-reproduction of chirality” was utilized.9 We envisaged that this approach might be applicable to the
efficient EPC synthesis of 6 involving the construction of the contiguous stereocenters as outlined in Scheme 1.
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Scheme 1

As the starting material for the synthesis of 6, we chose (25,55)-2-(¢-butyl)-5-isopropyl-1,3-dioxolan-4-one
(5),9:10.11 readily accessible from (§)-2-hydroxy-3-methylbutanoic acid (4).12

The enantiomerically and diastereomerically pure lactone 5§ was converted into the corresponding enolate
13 by reaction with lithium diisopropylamide (LDA) in THF at —78 °C and subsequent reaction with
acetaldehyde provided a 58:33:7:2 mixturel3 of the lactone alcohols 7 (desired stereoisomer), 8, 9,14 and 1014
(41% yicld) together with unexpected products, the lactone alcohol 1115 (20%) and the amide 12 (27%)
(Scheme 2, conditions B). The plausible reaction pathway for the formation of these unexpected products 11
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and 12 is shown in Scheme 3. At -78 °C, the enolate 13 was decomposed to some extent to pivalaldehyde
and the ketene 14. Pivalaldehyde thus formed reacted further with the remaining 13 to give the lactone alcohol
11, while the ketene 14 was trapped with diisopropylamine (or LDA), providing the amide 12. These results
indicated that the enolate 13 was labile at —78 °C and the reaction of 13 with acetaldehyde proceeded with low
diastereoselectivity. We anticipated that at the lower reaction temperature the collapse of the enolate 13 could
be prevented and the diastereoselectivity of the aldol reaction might be increased. Thus, we conducted the
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enolate formation from § and the reaction of the generated enolate 13 with acetaldehyde at —108 °C (Scheme 2,
conditions A), providing, without formation of the undesired products 11 and 12, a 77:13:6:4 mixturel3 of 7,
8,9, and 10 in 67% yield. Of the four possible diastereomers, the desired lactone alcohol 7 was formed
predominantly. In Scheme 4 the stereochemical outcome of this aldol reaction is illustrated. With the
diastereoface selectivity of the enolate 13, the transition states A and B leading to 7 and 8, respectively may be
preferable to the transition states C and D leading to 9 and 10, owing to the steric effect of the bulky r-butyl
group in 13.  With the enantioface selectivity of acetaldehyde, the transition states A leading to 7 may be
preferable to the transition states B leading to 8, owing to the steric repulsion between the isopropyl group in
13 and the methy] group of acetaldehyde in the transition state B. Consequently, the transition state A leading
to the desired 7 may be the most favorable one among the four possible transition states. The pure, desired
lactone alcohol 7 (43%) and the diastereomer 8 (5.2%) could be isolated by repeated column chromatography.
The stereochemistry of 7 and 8 was established unambiguously by transformation into (-)-trachelanthic acid

Scheme 4
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HQ, HQ,
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(3)16a and (+)-viridifloric acid (15),16b respectively, by acidic hydrolysis.10

In Scheme § the completion of the synthesis of (+)-indicine N-oxide (1) is shown. Acid-catalyzed
isomerization (camphorsulfonic acid, benzene, reflux) of the lactone alcohol 7 furnished a separable mixture of
the protected necic acids 16a (62%) and 16b (9.3%).17 The optically active protected necic acids 16a and
16b required for the synthesis of indicine (17) were now in hand, and were subjected to coupling with
retronecine (2). Thus, regioselective coupling of 2 and 16a with DCC and DMAP (toluene, room temp.)38
gave protected indicine, which upon hydrolysis (1 M HCI, room temp.) provided 17 (two steps, 75%).
Similarly, 17 was also obtained in 63% yield from 2 and 16b. Finally, oxidation of 17 (m-CPBA, acetone,
room temp.) furnished 1 (81%). Spectral and physical properties of synthetic 1 [mp 119-120 °C (MeOH-
acetone), [o}p!9 +35.6° (¢ 0.85, EtOH)] were identical with those of natural 134 in all respects.

Scheme §
CO.H
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16a R'=tBu, R?=H
16b R'=H, RZ=tBu 17

In conclusion, we have achieved an efficient enantioselective synthesis of indicine N-oxide (1), an
antitumor pyrrolizidine alkaloid, from the lactone § in five steps and in 18% overall yield.

Experimental

Melting points are uncorrected. IR spectra were taken on a JASCO IR-810 spectrophotometer. 'H NMR
spectra were recorded on a JEOL INM-C675 (270 MHz) spectrometer: Chemical shifts (5) are reported in ppm
downfield from internal tetramethylsilane in chloroform-d (CDCl3), and coupling constants (/) in Hz. Low-
resolution (EIMS and CIMS) and high-resolution mass spectra (HREIMS and HRCIMS) 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 Fasq plates, 0.25 mm thickness were used for analytical thin layer
chromatography. Tetrahydrofuran (THF) was distilled from sodium-benzophenone ketyl under nitrogen.
Toluene and benzene were distilled from sodium under nitrogen. Diisopropylamine was distilled from calcium
hydride (CaHy) under nitrogen. Unless otherwise stated, the organic solutions obtained by extractive workup
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were washed with saturated aqueous sodium chloride (NaCl) solution, dried over anhydrous sodium sulfate
(Na2S04), and concentrated under reduced pressure by a rotary evaporator.

Aldol Reaction of (25,55)-2-(¢t-Butyl)-5-isopropyl-1,3-dioxolan-4-one (5) and Acetaldehyde
at-108 °C. To a cooled (-78 °C), stirred solution of diisopropylamine (0.23 ml, 1.6 mmol) in THF (7 ml)
under nitrogen was added dropwise a 1.7 M solution of #-butyllithium in hexane (0.92 ml, 1.5 mmol), and the
mixture was stirred for 30 min. The resulting solution of LDA was cooled to —108 °C by using a liquid N»-
THF bath. To the cooled LDA solution was added dropwise a solution of 5§9:10.11 (190 mg, 1.02 mmol) in
THF (0.76 ml). After the mixture was stirred for 1 h at 108 °C, acetaldehyde (0.13 ml, 2.3 mmol) was
introduced to the mixture. The reaction mixture was allowed to warm to room temperature with continuous
stirring.  After 1 h, the reaction was quenched by the addition of saturated NH4Cl solution (2 ml). The
aqueous mixture was extracted with ether (4 x 20 ml). The extracts were combined, dried, and concentrated.
The residue was subjected to purification by column chromatography on silica gel (50 g, CH2Clp) to give a
77:13:6:4 mixture!3 of 7, 8, 9, and 10 (158 mg, 67%). The mixture of 7, 8, 9, and 10 was separated by
column chromatography on silica gel [30 g, ether/hexane (1/5)] to afford a mixture of 7 and 8 (134 mg, 57%),
and an inseparable mixture of 9 and 10 (13.1 mg, 5.6%) as a colorless oil, respectively. Separation of the
mixture of 7 and 8 by HPLC [Develosil ODS-10 (250 x 20 mm ID); solvent MeOH/H20 (75/25); flow rate 8
mV/min; detection UV 215 nm; recycled twice] provided pure 7 (102 mg, 43%; tg 54 min) as a colorless oil and
8 (12.2 mg, 5.2%; tg 50 min) as crystals, respectively.

7: colorless oil; [o]p16 +2.24° (¢ 0.980, CHCl3); IR (CHCI3) 3625, 36003300 (broad), 1780, 1165, 1090,
and 980 cm~1; 1H NMR (270 MHz, CDCl3) 8 1.00 9 H, 5), 1.06 (3H,d, J = 6.9 Hz), 1.06 (3 H, d, J = 6.9
Hz), 1.33 3H,d,J = 6.6 Hz), 1.96 (1 H,d.J = 5.6 Hz, OH), 2.09 (1 H, qq, / = 6.9, 6.9 Hz), 4.31 (1 H,
dg, J = 5.6, 6.6 Hz: on addition of D0; q, J = 6.6 Hz), and 5.42 (1 H, s); CIMS m/z (relative intensity) 231
[(M + H)*, 15], 186 (49), 173 (10), 145 (11), and 87 (100) [HRCIMS. Found: 231.1587. C12H2304 [(M +
H)*] requires: 231.1596].

8: mp 108-109 °C (pentane); [a]p!4 —39.0° (¢ 1.00, CHCl3); IR (CHCl3) 3600, 3450 (broad), 1780, 1170,
1100, and 980 cm~1; IH NMR (270 MHz, CDCl3) § 0.98 (3 H, d, J = 6.9 Hz), 0.98 (3H, d, J = 6.9 Hz),
1.00(9H,s), 1.39 3 H, d, J = 6.6 Hz), 1.64 (1 H, d, J = 5.6 Hz, OH), 2.12 (1 H, qq, J = 6.9, 6.9 Hz),
4.23 (1 H, dq, J = 5.6, 6.6 Hz; on addition of D20: q, J = 6.6 Hz), and 5.55 (1 H, s); CIMS m/z (relative
intensity) 231 [(M + H)*, 11}, 186 (66), 173 (15), 145 (12}, and 87 (100) [HRCIMS. Found: 231.1581.
C12H2304 [(M + H)*] requires: 231.1596). Anal. Caled for C12H2204: C, 62.58; H, 9.63. Found: C,
62.92; H, 9.79.

A mixture of 9 and 10: colorless oil; IR (CHCl3) 3600, 1790, 1230, 1170, 1080, and 980 cm-!1; 1H NMR (270
MHz, CDCl3) for the major diastereomer, § 1.01 9 H, 5), 1.06 (3H,d,J = 6.9 Hz), 1.09 (3H, d,J = 6.9
Hz), 1.37 3 H, d, J = 6.6 Hz), 2.13 (1 H, d, J = 5.0 Hz, OH), 2.27 (1 H, qq, = 6.9, 6.9 Hz), 4.06 (1 H,
dq, J =5.0, 6.6 Hz: on addition of D;0; q, / = 6.6 Hz), and 5.23 (1 H, s); IH NMR (270 MHz, CDCl3) for
the minor diastereomer, 8 1.00 (O H, 5), 1.08 (3H,d, J =69 Hz), 1.11 3H,d,J=69Hz),1.30 3H,d,J
= 6.6 Hz), 2.08 (1H, 4, J = 8.9 Hz, OH), 2.29 (1 H, qq, J = 6.9, 6.9 Hz), 4.09 (1 H, dq, J = 8.9, 6.6 Hz: on
addition of D20; q, J = 6.6 Hz), and 5.26 (1 H, s); CIMS my/z (relative intensity) 231 [(M + H)*, 100], 186
(47), 173 (21), 145 (19), and 87 (49) [HRCIMS. Found: 231.1603. Cj32H2304 [(M + H)*] requires:
231.1596].
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Aldol Reaction of 5 and Acetaldehyde at -78 °C.  To a cooled (78 °C), stirred solution of
diisopropylamine (0.77 ml, 5.5 mmol) in THF (30 ml) under nitrogen was added dropwise a 1.62 M solution
of n-butyllithium in hexane (3.24 ml, 5.25 mmol), and the mixture was stirred at -78 °C for 30 min. To the
resulting solution of LDA was added dropwise a solution of 5%10.11 (938 mg, 5.04 mmol) in THF (2 ml).
After the mixture was stirred for 1 h at -78 °C, acetaldehyde (0.56 ml, 10 mmol) was introduced to the mixture.
The reaction mixture was allowed to warm to room temperature with continuous stirring. After 1 h, the
reaction was quenched by the addition of saturated NH4Cl solution (10 ml). The aqueous mixture was
extracted with ether (3 x 50 ml). The extracts were combined, dried, and concentrated. The residue was
purified by column chromatography on silica gel (50 g, CH2Clp) to give a 58:33:7:2 mixturel3 of 7, 8, 9, and
10 (479 mg, 41%) together with 1115 (271 mg, 20%) and 12 (270 mg, 27%) as a colorless oil, respectively.
11:15 colorless oil; IR (CHCI3) 3620, 3530 (broad), 1780, 1180, 1160, 1090, and 980 cm-1; 1H NMR (270
MHz, CDCl3, the signals for the major diastereomer are shown) & 1.00 (9 H, s), 1.03 (3 H, d, J = 6.9 Hz),
110 9 H,s), 1.21 3H,d,J =69 Hz),2.22 (1 H,d,J =5.9Hz, OH) 2.33 (1 H, qq, / = 6.9, 6.9 Hz), 3.96
(1 H, d,J = 5.9 Hz; on addition of D70, s), and 5.41 (1 H, s); CIMS m/z (relative intensity) 273 [(M + H)*,
601, 187 (100), 169 (44), 159 (49), and 87 (43) [HRCIMS. Found: 273.2052. Cj5H2904 [(M + H)*]
requires: 273.2066].

12: colorless oil; IR (CHCI3) 3410 (broad), 1630, 1370, 1330, 1040, and 1025 cm~!; 1H NMR (270 MHz,
CDC13)80.78(3H,d,/=6.6Hz),1.08 3H,d,/=6.6Hz),1.21 3H,d,J=6.6Hz),1.22 3H,d, /=
6.6 Hz), 140 3H, d, J=6.6 Hz), 1.45 (3 H, d, J = 6.6 Hz), 1.81 (1 H, dqq, J = 2.3, 6.6, 6.6 Hz), 3.43 (1
H, qq,J = 6.6, 6.6 Hz), 3.87 (1 H, qq, J = 6.6, 6.6 Hz), and 4.16 (1 H, d, J = 2.3 Hz); CIMS m/z (relative
intensity) 202 [(M + H)*, 100], 183 (2), 158 (5), 128 (9), and 86 (9) [HRCIMS. Found: 202.1794.
C11H24NO2 [(M + H)*] requires: 202.1807].

(25,4R,55)-2-(t-Butyl)-4-isopropyl-5-methyl-1,3-dioxolane-4-carboxylic Acid (16a) and
(2R,4R,55)-2-(t-Butyl)-d-isopropyl-5-methyl-1,3-dioxolane-4-carboxylic Acid (16b).

A mixture of 7 (300 mg, 1.30 mmol) and camphorsulfonic acid (169 mg, 0.728 mmol) in benzene (30 ml) was
heated under reflux for 72 h. After cooling, the reaction mixture was concentrated. The residue was dissolved
in ether (10 ml) and extracted twice with 5% NaHCO3 solution (10 ml and then 2 m}l). The combined aqueous
extracts were acidified to pH 1 with concd HCI (3 ml) and then were saturated with NaCl. The aqueous
mixture was extracted with ether (4 x 20 ml). The ethereal extracts were combined, dried, and concentrated to
give a 7:1 mixture!3 of 16a and 16b (221 mg, 74%), which was separated by column chromatography on
silica gel [20 g, CH2Clo—EtOAc/CH,Cly (1/10—1/5)] to provide 16a (184 mg, 62%) and 16b (27.8 mg,
9.3%) as colorless crystals, respectively.

16a: mp 107-108.5 °C (pentane); [x]p!* +13.6° (¢ 1.02, CHCl3); IR (CHCl3) 36002400 (broad), 1770,
1720, and 1100 cm-1; 1H NMR (270 MHz, CDCl3) § 0.97 3 H,d,J = 6.9 Hz), 1.00 9 H, 5), 1.03 (3H, d,J
=69Hz),1.49(3H,d,J =6.6Hz),2.18 (1 H, qq,J =69, 69 Hz), 414 (1 H, q, J = 6.6 Hz), and 4.51 (1
H, s); CIMS m/z (relative intensity) 231 [(M + H)*, 8], 185 (25), 173 (28), 145 (12), and 87 (100) [HRCIMS.
Found: 231.1569. Cj2H2304 [(M + H)*] requires: 231.1596]. Anal. Calcd for C12H2204: C, 62.58; H,
9.63. Found: C, 62.49; H, 9.68.

16b: mp 66.5-68 °C (pentane); [a}pl4 +13.5° (¢ 0.850, CHCl3); IR (CHCl3) 3600-2400 (broad), 1770, 1720,
and 1120 cm~1; IH NMR (270 MHz, CDCl3) 8 0.95 (9 H, 5),0.99 3H, d,J=69Hz),1.08 3H,d, /=69
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Hz), 1.43 3 H, d, J = 6.6 Hz), 2.25 (1 H, qq, J = 6.9, 6.9 Hz), 441 (1 H, q, J = 6.6 Hz), and 4.89 (1 H, s);
CIMS m/z (relative intensity) 231 [(M + H)*, 8], 185 (18), 173 (37), 145 (9), and 87 (100) [HRCIMS.
Found: 231.1605. C12H2304 [(M + H)*] requires: 231.1596]. Anal. Calcd for C12H2204: C, 62.58; H,
9.63. Found: C, 62.50; H, 9.62.

Indicine (17).

(A) From 16a. A mixture of 16a (10.7 mg, 0.0465 mmol), 2 (7.6 mg, 0.049 mmol),
dicyclohexylcarbodiimide (22.0 mg, 0.107 mmol), and 4-(dimethylamino)pyridine (1.8 mg, 0.015 mmol) in
toluene (0.38 ml) under nitrogen was stirred at room temperature. After 6 days, the reaction mixture was
concentrated. The residue was dissolved in 1 M HCI (10 ml), and the mixture was stirred at room temperature
for22 h, The reaction mixture was made basic (pH ca. 10) with concd NH3 aq (4 ml), and the aqueous
mixture was extracted with ether (9 x 20 ml). The ethereal extracts were combined, dried, and concentrated.
The residue was purified by column chromatography on silica gel [5 g, concd NH3 ag/MeOH/CHCl3
(1/10/100-1/10/50)] to give 17 (10.5 mg, 75%) as a colorless oil: [a)p!8 +20.0° (¢ 0.40, EtOH); [lit.5d
[e]p?2 +19.5° (¢ 1.2, EtOH)]; IR (CHCl3) 3500 (broad), 1725, 1160, 1110, 1030, and 1000 cm~!; 1H NMR
(270 MHz, CDCl3) 8 0.93 (3H, d,J = 6.9 Hz),0.96 3 H,d,J = 6.9 Hz), 1.19 3 H, d, J = 6.3 Hz), 1.9-2.1
(2H,m), 2.15 (1H, qq, J = 6.9, 6.9 Hz), 2.75 (1 H, m), 3.30 (1 H, m), 3.45 (1 H, br dd, J = 5.6, 15.8 Hz),
397(1H,brd,J =158 Hz),4.05 (1 H, q,J =63 Hz),4.21 (1 H, brs), 430 (1 H, brs), 4.60 (1 H,d, J =
129 Hz), 5.12 (1 H, d, J = 12.9 Hz), and 5.94 (1 H, br s); EIMS m/z (relative intensity) 299 (M*, 8), 254 (1),
156 (10), 138 (100), and 93 (91) [HREIMS. Found: 299.1704. C;5H25NOs (M) requires: 299.1733].

(B) From 16b. A mixture of 16b (21.8 mg, 0.0948 mmol), 2 (16.5 mg, 0.106 mmol),
dicyclohexylcarbodiimide (45.3 mg, 0.220 mmol), and 4-(dimethylamino)pyridine (3.7 mg, 0.030 mmol) in
toluene (0.83 ml) under nitrogen was stirred at room temperature. After 6 days, the reaction mixture was
concentrated. The residue was dissolved in 1 M HCI (5 ml), and the mixture was stirred at room temperature
for 28 h. The reaction mixture was made basic (pH ca. 10) with concd NH3 aq (4 ml), and the aqueous
mixture was extracted with ether (6 x 20 ml). The ethereal extracts were combined, dried, and concentrated.
The residue was purified by column chromatography on silica gel [7 g, concd NH3 ag/MeOH/CHCl3
(1/10/100—1/10/50)] to give 17 (17.8 mg, 63%) as a colorless oil.

Indicine N-Oxide (1).

To a solution of 17 (29.0 mg, 0.0970 mmol) in acetone (1.75 ml) was added m-chloroperoxybenzoic acid
(22.7 mg, 0.131 mmol) and the mixture was stirred at room temperature for 2 h. The reaction mixture was
directly subjected to purification by column chromatography on silica gel (5 g, acetone—MeOH), providing 1
(24.6 mg, 81%) as colorless crystals: mp 119-120 °C (MeOH-acetone); [e]p!? +35.6° (¢ 0.850, EtOH) [1it.5d
mp 118-119 °C (MeOH-acetone); [a]p2! +35° (¢ 0.9, EtOH)); IR (CHCl3) 3200 (broad), 1730, 1140, 1020,
and 1000 cm—1; 1H NMR (270 MHz, CDCl3) § 0.92 (3 H, d, J = 6.9 Hz), 0.96 (3 H, d, J = 6.9 Hz), 1.19 (3
H,d,J =6.6 Hz), 1.92 (1 H, qq, J = 6.9, 6.9 Hz), 2.03 (1 H, m), 2.64 (1 H, m), 3.7-3.9 (2 H, m), 4.13 (1
H, q,/=6.6 Hz), 445 (2H, s), 4.6-4.8 (3H, m), 5.13 (1 H, d, J = 13.2 Hz), and 5.85 (1 H, br s); EIMS
mfz (relative intensity) 299 [(M — O)*, 2], 297 (6), 279 (4), 170 (4), 153 (21), 136 (100), and 117 (93)
[HREIMS. Found: 299.1722. Ci5Hz5NOs [(M — O)*] requires: 299.1733].
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(a) Synthetic 3: mp 88.5-89.5 °C (benzene-hexane), [o]p!4 —4.46° (¢ 1.01, EtOH); lit.5d mp 89.5-90

°C (benzene-hexane), [a]p25 —4.8° (¢ 0.51, EtOH). (b) Synthetic 15: mp 117-118 °C (ether-hexane),

[o]p!? +1.92° (¢ 0.73, Ho0); 1it.18 mp 117-119 °C (ether—petroleum ether), [a]p?5 +1.8° (¢ 2.73,

Hy0)

The stereochemistry of 16a and 16b was determined by the NOE experiments.

Ladner, W. Chem. Ber. 1983, 116, 3414-3426.



