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Abstract: The first total synthesis of the akuammiline alkaloid (()-vincorine (6) has been accomplished in
about 1% overall yield in 31 steps. A concise assembly of the core 1,2-disubstituted 1,2,3,4-tetrahydro-
4a,9a-iminoethanocarbazole (1), a distinctive feature of akuammiline and strychnos alkaloids, was developed
via a three-step one-pot cascade reaction consisting of copper-catalyzed intramolecular cyclopropanation,
ring-opening, and ring closure. The construction of the last seven-membered E-ring in a rigid two-ring
moiety (31, 45 to 47) through Heck coupling, Michael addition, π-allyl/Heck or π-allyl/Stille coupling failed,
leading us to seek an alternative method. After successful addition of an acetate side chain on C15 of the
cyclohexenyl ring (D-ring) in Boc-protected 35b by a Johnson-Claisen rearrangement and multistep
modification of the functionality in the rearrangement product 33a, the E-ring formation was then realized
for providing pentacyclic lactam 32 through intramolecular condensation of the acid group on the D-ring
and the amine group on the C-ring with Mukaiyama’s reagent. An E-ethylidenyl group on the E-ring was
stereoselectively added to afford lactam 56a through a two-step reaction of 32 consisting of aldol addition
with acetaldehyde and cis-elimination of the resulting hydroxyl group. Final elaboration of 56a, including
opening of the seven-membered E-ring, selective reduction of the R,�-unsaturated ester, and reclosure of
the seven-membered E-ring completed the total synthesis of 6.

Introduction

The tetracyclic core structure of 1,2-disubstituted 1,2,3,4-
tetrahydro-4a,9a-iminoethanocarbazole (1) is found in a number
of akuammiline alkaloids1 such as echitamine (2),2 corymine
(3),3 dihydropseudakuammine (4),4 dihydroakuammine (5),4

vincorine (6),5 alstonamide (7),6 demethoxyalstonamide (8),6

vincophylline (9),7 and strychnos alkaloid minfiensine (10)8

(Figure 1). These indoline alkaloids have been historically used

in traditional medicine in a formulation of multicomponent
extracts from plants. For example, extracts from the leaves of
Winchia Callophylla A. DC., containing echitamine, have been
used as a folk medicine to efficiently treat chronic tracheitis by
the Thai minority and were introduced into the Chinese drug
market (Dengtaiye Pian) in the 1970s.9 Recent studies on these
alkaloids have shown interesting biological activities including
significant anticancer activity.10

Besides sharing the same 1 core, akuammiline alkaloids 2-9
are structurally characterized by a seven-membered E-ring, while
the strychnos alkaloid minfiensine 10 has a six-membered
E-ring. Methodologies for assembling 1 have been described
by the Vollhardt group11 using the oxidative cyclization reaction

(1) For a review on akuammiline alkaloids, see: (a) Anthoni, U.;
Christophersen, C.; Nielsen, P. H. In Alkaloids: Chemical and
Biological PerspectiVes; Pelletier, S. W., Ed.; Wiley: New York, 1999;
Vol. 13, pp 163-236; (b) Ramı´rez, A.; Garcı´a-Rubio, S. Curr. Med.
Chem. 2003, 10, 1891.

(2) (a) Goodson, J. A.; Henry, T. A. J. Chem. Soc. 1925, 127, 1640. (b)
Goodson, J. A. J. Chem. Soc. 1932, 134, 1640. (c) Manobar, H.;
Ramaseshan, S. Tetrahedron Lett. 1961, 2, 814.

(3) (a) Baxies, R. L.; Dorschel, C. A.; Lee, S.-L.; Scott, A. I. J. Chem.
Soc., Chem. Commun. 1979, 257. (b) Takayama, H.; Subhadhirasakul,
S.; Mizuki, J.; Kitajima, M.; Aimi, N.; Ponglux, D.; Sakai, S. Chem.
Pharm. Bull. 1994, 42, 1957. (c) Subhadhirasakul, S.; Takayama, H.;
Miyabe, Y.; Aimi, N.; Ponglux, D.; Sakai, S. Chem. Pharm. Bull.
1994, 42, 2645.

(4) Lewin, G.; Ménez, P. L. J. Nat. Prod. 1992, 55, 380.
(5) (a) Mokŕý, J.; Dúbravková, L.; Šefčovič, P. Experientia 1962, 18, 564.

(b) Das, B. C.; Cosson, J. P.; Lukacs, G.; Potier, P. Tetrahedron Lett.
1974, 15, 4299. (c) Mamatas-Kalamaras, S.; Sevenet, T.; Thal, C.;
Potier, P. Phytochemistry 1975, 14, 1637. (d) Morfaux, A. M.; Mouton,
P.; Gassiot, G.; Le Men-Oliver, L. Phytochemistry 1992, 31, 1079.

(6) Atta-ur-Rahman; Abbas, S. A.; Nighat, F.; Ahmed, G.; Choudhary,
M. I.; Alvi, K. V.; Habib-ur-Rehman; De Silva, K. T. D.; Arambewela,
L. S. R. J. Nat. Prod. 1991, 54, 750.

(7) Subramaniam, G.; Hiraku, O.; Hayashi, M.; Koyano, T.; Komiyama,
K.; Kam, T.-S. J. Nat. Prod. 2007, 70, 1783.

(8) Massiot, G.; Thépenier, P.; Jacquier, M.-J.; Le Men-Olivier, L.;
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(9) (a) Chinese Pharmacopoeia; Committee of Chinese Pharmacopoeia,
Ed.; China People’s Medical Publishing House: Beijin, 1977; Vol. 1,
P245-245; (b) Li, Ch.-M.; Zhang, X.-M.; Zhou, Y.-J.; Huang, L.-Y.;
Tao, G.-D. Acta Pharm. Sin. 1993, 1, 512. (c) Du, G.-S.; Shang, J.-
H.; Chai, X.-H.; Luo, X. Acta Bot. Yunnanica 2007, 29, 366.

(10) (a) Kamarajan, P.; Sekar, N.; Govindasamy, S. Med. Sci. Res. 1995,
23, 237. (b) Leewanich, P.; Tohda, M.; Matsumoto, K.; Subha-
dhirasakul, S.; Takayama, H.; Watanabe, H. Biol. Pharm. Bull. 1996,
19, 394. (c) Saraswathi, V.; Subramanian, S.; Ramamoorthy, N.;
Mathuram, V.; Govindasamy, S. Med. Sci. Res. 1997, 25, 167. (d)
Leewanich, P.; Tohda, M.; Matsumoto, K.; Subhadhirasakul, S.;
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321. (e) Saraswathi, V.; Mathuram, V.; Subramanian, S.; Govin-
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of a cobalt complex 11 and by the Lévy group12 using the
Diels-Alder reaction of vinyltryptamine 14 and dimethyl
maleate 15 at high temperature (Scheme 1). Later, the Overman
group13 used a cascade asymmetric Heck-iminium ion cycliza-
tion (Scheme 2) and our group14 used a cascade reaction of
cyclopropanation,15 ring-opening, and ring closure (Scheme 3).

Although the methodology development has climaxed in the
total synthesis of strychnos alkaloid minfiensine 10 by Over-
man’s group13 and our group,14 and the first member of
akuammiline alkaloids (echitamine) was characterized more than
80 years ago,2 the synthesis of akuammiline alkaloids 2-9,
having a seven-membered E-ring, is unprecedented and remains
as a great challenge to synthetic chemists16 due to the difficulty
of constructing the medium-size E-ring in a rigid cross-ring
system. In Overman’s first and second generation synthesis of
(+)-minfiensine, a reductive Heck cyclization13a and a pal-
ladium-catalyzed R-vinylation of a ketone13b were employed
to form the last six-membered E-ring (Scheme 2, 21 to 22, 23

(12) Lévy, J.; Sapi, J.; Laronze, J. Y.; Royer, D.; Toupet, L. Synlett 1992,
7, 601.

(13) (a) Dounay, A. B.; Overman, L. E.; Wrobleski, A. D. J. Am. Chem.
Soc. 2005, 127, 10186. (b) Dounay, A. B.; Humphreys, P. G.;
Overman, L. E.; Wrobleski, A. D. J. Am. Chem. Soc. 2008, 130, 5369.

(14) Shen, L.-Q.; Zhang, M.; Wu, Y.; Qin, Y. Angew. Chem., Int. Ed. 2008,
47, 3618.

(15) Similar inter- and intramolecular cyclopropanation strategies have been
developed in our group for efficiently assemblying other two skeletons
of tetrahydropyrrolo-[2,3b]indoline and tetrahydroquinolino-[2,3b]in-
doline, leading to accomplishment of total synthesis of indole alkaloids
(()-communesin F and (-)-ardeemin, see: (a) He, B.; Song, H.; Du,
Y.; Qin, Y. J. Org. Chem. 2009, 74, 298. (b) Yang, J.; Wu, H.-X.;
Shen, L.-Q.; Qin, Y. J. Am. Chem. Soc. 2007, 129, 13794. (c) Song,
H.; Yang, J.; Qin, Y. Org. Lett. 2006, 8, 6011. (d) Yang, J.; Song, H.;
Xiao, X.; Wang, J.; Qin, Y. Org. Lett. 2006, 8, 2187.

(16) The structure most closely related to akuammliline alkaloids thus far
prepared was a 3,4-secocabucraline intermediate, which was achieved
by Bosch in the synthesis of cathafoline, see: (a) Bennasar, M.-L.;
Zulaica, E.; Ramı´rez, A.; Bosch, J. J. Org. Chem. 1996, 61, 1239.
(b) Bosch, J.; Bennasar, M.-L.; Amat, M. Pure Appl. Chem. 1996,
68, 557. (c) Bennasar, M.-L.; Zulaica, E.; Ramı´rez, A.; Bosch, J.
Hetereocycles 1998, 43, 1959. (d) Bennasar, M.-L.; Zulaica, E.;
Ramı´rez, A.; Bosch, J. Tetrahedron 1999, 55, 3117.

Figure 1. Indoline alkaloids with the 1,2-disubstituted 1,2,3,4-tetrahydro-4a,9a-iminoethanocarbazole skeleton.

Scheme 1 Scheme 2
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to 24). The palladium-catalyzed R-vinylation of a ketone was
also employed to furnish the pentacyclic intermediate 30 from
iodovinyl intermediate 29 in our synthesis of (()-minfiensine
(Scheme 3).14 In our continuing synthetic study of akuammiline
alkaloids, it has been questioned whether a similar strategy of
Heck coupling or Michael addition can be adapted to form a
seven-membered E-ring in a rigid cross-ring system like 1. There
is no doubt that the successful construction of the seven-
membered E-ring from 1 would allow us to expand the
application of our methodology and to complete the total
synthesis of (()-vincorine (6), a representative member of the
akuammiline alkaloids. In this article, we report the efforts
toward forming the seven-membered E-ring from 1, which has
led to the first total synthesis of 6.

Results and Discussion

Retrosynthetic Analysis of the Total Synthesis and Construc-
tion of the Key E-ring. As shown in Scheme 4, we originally
envisioned that the key seven-membered E-ring in vincorine
might be assembled from heteroatomic substituted vinyl inter-
mediate 31 (X ) halogen, Me3Sn) via a reductive Heck-Stille
strategy, which was used for assembly of the six-membered
E-ring in Overman’s first generation synthesis of (+)-
minfiensine.13a Although the Pd-catalyzed cross-coupling strat-
egy was straightforward and attractive,17 this approach could
be problematic in this case, since it involves forming a seven-
membered ring rather than a six-membered ring in a rigid two-
ring system (C-ring and D-ring).18 Alternatively, we also thought
that E-ring formation could be realized through the condensation
reaction of an ester group on the D-ring with a secondary amine
group of the C-ring after removal of the Ts protecting group in
33. Although there were multiple ways to add a methyl acetate
side chain at C15 of the cyclohexenyl ring in allyl alcohol 35,
it seemed feasible that Johnson-Claisen rearrangement of 35

via intermediate 34 would generate 33. Compound 35 could be
easily obtained by multistep modification of tetracyclic inter-
mediate 1. Efficient assembly of 1 has been well established
through a copper-catalyzed cascade reaction of cyclopropana-
tion, ring-opening, and ring closure from the �-keto-R-diazoester
25, which was prepared from readily available tetrahydrocar-
boline 36.19

Improved Synthesis of Tetracycle 1 from Tetrahydrocarbo-
line 36. In our previous preparation of 1 starting from tetrahy-
drocarboline 36 (Scheme 5),14 a moderate yield (65-68%) for
the two-step transformation of an ester group to a �-ketoester
group (37 to 38) was acceptable, using Meldrum’s acid and
DCC as condensation reagents (conditions c and d), but the
resulting �-ketoester 38 was always contaminated with an
unidentified byproduct that required tedious purification. After
rescreening some reagents, methyl potassium malonate, CDI
and MgCl2 were found to be the best choice for the condensation
reaction to provide 38 in 85-88% yield over two steps
(conditions c and e). After conversion of the �-ketoester group
in 38a and 38b to a �-keto-R-diazoester group, the resulting
R-diazoesters 25a and 25b were treated with 5 mol % of CuOTf
in CH2Cl2 at room temperature to afford tetracyclic 1a as a
mixture of �-ketoester and enol ester (1:5 ratio) in 82% yield,
and 1b as a single enol isomer with 52% yield.

Attempts at E-ring Formation through Intramolecular Heck
Coupling, Michael Addition, π-Allyl/Heck and π-Allyl/Stille
Coupling. As outlined in Scheme 6, it was obvious that con-
struction of the seven-membered E-ring from 31 by Heck
coupling would be the most straightforward synthesis of
vincorine 6, so we tried this first. Toward this end, R-iodo-
substituted allylamine 31 was prepared with an acceptable yield
by a five-step procedure, consisting of the reduction of 1a with
NaBH4, deprotection of the N-Ts group in 39 with Na/
naphthalenide, allylation of the resulting secondary amine with
(Z)-2-iodo-2-butenyl mesylate, mesylation of the hydroxyl group
in 40 and removal of the mesylate group with DBU. To generate
the desired vincorine 6, the Pd-catalyzed Heck coupling of 31
employing a variety of reagents and conditions, such as
Pd(OAc)2/HCO2Na/Bu4NCl/Ph3P,13a,20 Pd(PPh)3/HCO2H/pip-
eridine,21 and Pd(OAc)2/Et3N

22 in different solvents exclusively
provided amine 41 lacking the side chain as the major product.
An intramolecular conjugate Michael addition of 31 for E-ring
formation was also attempted, which yielded deiodinated 42 as
a detectable byproduct after treatment of 31 with BuLi or
tBuLi,23 combined with CuCN/LiCl24 or Me3SiCl25 in THF or
HMPA at various temperatures. Application of a radical addition
initiated with Bu3SnH/AIBN and nickel-catalyzed addition,
which have both been successfully used for forming a six-

(17) For an excellent review of palladium-catalyzed cross-coupling reactions
in total synthesis of natural products, see: Nicolaou, K. C.; Bulger,
P. G.; Sarlah, D. Angew Chem., Int. Ed. 2005, 44, 4442.

(18) For a review of synthesis of medium-sized rings, see: Yet, L. Chem.
ReV. 2000, 100, 2963.

(19) (a) Vercauteren, J.; Lavaud, C.; Lévy, J.; Massiot, G. J. Org. Chem.
1984, 49, 2278. (b) Bailey, P. D.; Hollinshead, S. P.; Dauter, Z.
J. Chem. Soc., Chem. Commun. 1985, 1507. (c) Bailey, P. D.;
Hollinshead, S. P. Tetrahedron Lett. 1987, 1, 179.

(20) Jeffery, T. Tetrahedron 1996, 52, 10113.
(21) Cox, C. D.; Malpass, J. R. Tetrahedron 1999, 55, 11879.
(22) Solé, D.; Bonjoch, J.; Garcı´a-Rubio, S.; Peidró, E.; Bosch, J.

Chem.sEur. J. 2000, 6, 655.
(23) Stork, G. Disclosed at the Ischia Advanced School of Organic

Chemistry, Ischia Porto, Italy, Sept. 21, 1992.
(24) Dieter, R. K.; Oba, G.; Chandupatla, K. R.; Topping, C. M.; Lu, K.;

Watson, R. T. J. Org. Chem. 2004, 69, 3076.
(25) Piers, E.; Harrison, C. L.; Zetina-Rocha, C. Org. Lett. 2001, 3, 3245.
(26) (a) Wang, T.; Cook, J. M. Org. Lett. 2000, 2, 2057. (b) Yu, S.; Mathias,

O.; Cook, J. M. J. Am. Chem. Soc. 2000, 122, 7827. (c) Yu, J.; Wang,
T.; Liu, X.; Deschamps, J.; Flippen-Anderson, J.; Liao, X.; Cook, J. M.
J. Org. Chem. 2003, 68, 7565.

Scheme 3

J. AM. CHEM. SOC. 9 VOL. 131, NO. 16, 2009 6015

Total Synthesis of (()-Vincorine A R T I C L E S



membered ring in a multiring system by Cook,26 resulted only
in deiodinated product 42.

In order to further test the possibility of a coordinated
palladium-catalyzed π-allyl/Heck coupling and π-allyl/Stille
coupling27 to form the E-ring via possible transition state 48, a
series of 2-heteroatomic substituted vinyl intermediates 45-47
were prepared (Scheme 7). After reduction of 1a or 1b with
NaBH4, the resulting isomer mixture was mesylated with MsCl,
and then treated with DBU to afford 43a or 43b in high yield.

Reduction of 43b with DIBAL-H in CH2Cl2 at -78 °C afforded
allyl alcohol 35b in 94% yield. The reduction of 43a surprisingly
provided 35a in low yield (25% yield), along with the C-ring
opened product 44 as the major product (65% yield) under the
same conditions. Considering the lower reduction yield, methyl-
substituted 35a was abandoned and Boc-substituted 35b was
chosen for the next sequence of reactions. Removal of the Ts
group in 35b with Na/naphthalenide, followed by allylation of
the resulting secondary amine with (Z)-2-iodo-2-butenyl me-
sylate provided 45 in high yield. Palladium-catalyzed iodide/
tin exchange with Me6Sn2 gave 46 in a moderate yield.
Treatment of 46 with Cl3CCN, Ph3P, and 2,6-lutidine in CH2Cl2

afforded chloride 47 in high yield. After obtaining compounds
45-47, two palladium catalysts, Pd2dba3 and Pd(Ph3)4, with or
without additives28 such as CsF, CuI, and NBS, were screened
for the designed π-allyl/Heck coupling and π-allyl/Stille
coupling. Unfortunately, none of the reactions gave the desired
product 49, and a complex mixture of byproduct was always
observed.

E-ring Construction via Amide Bond Formation: Installa-
tion of a Side Chain on the D-ring through Johnson-Claisen
Rearrangement.29 Because the E-ring formation in a rigid cross-
ring system in 31 and 45-47 failed to proceed via Heck
coupling, radical coupling, Michael addition, π-allyl/Heck
coupling, and π-allyl/Stille coupling, we turned our attention
to a different approach. As shown in Scheme 8, we thought
that E-ring construction through amide bond formation would
be easier than previous approaches, provided we could stereo-
selectively prepare intermediate 33a with an ester side chain
on C15 of the D-ring.30 It seemed feasible that 33a could be
generated from allyl alcohol 35b via an acid promoted
Johnson-Claisen rearrangement with trimethyl orthoacetate.31

(27) (a) Keinan, E.; Peretz, M. J. Org. Chem. 1983, 48, 5302. (b)
Gollaszewski, A.; Schwartz, J. Organometallics 1985, 4, 417. (c) Valle,
L. D.; Stille, J. K.; Hegedus, L. S. J. Org. Chem. 1990, 55, 3019. (d)
Farina, V.; Krishnan, B. J. Am. Chem. Soc. 1991, 113, 9585. (e) Cui,
D. M.; Hashimoto, N.; Ikeda, S. I.; Sato, Y. J. Org. Chem. 1995, 60,
5752. (f) Albéniz, A. C.; Espinet, P.; Martı´n-Ruiz, B. Chem.sEur.
J. 2001, 7, 2481. (g) White, J. D.; Carter, R. G.; Sundermann, K. F.;
Wartmann, M. J. Am. Chem. Soc. 2001, 123, 5407.

(28) (a) Mee, S. P. H.; Lee, V.; Baldwin, J. E. Angew. Chem., Int. Ed.
2004, 43, 1132. (b) Crawforth, C. M.; Fairlamb, I. J. S.; Kapdi, A. R.;
Serrano, J. L.; Taylor, R. J. K.; Sanchez, G. AdV. Synth. Catal. 2006,
348, 405.

(29) Johnson, W. S.; Werthemann, L.; Bartlett, W. R.; Brockson, T. J.; Li,
T.-T.; Faulkner, D. J.; Petersen, M. R. J. Am. Chem. Soc. 1970, 92,
741.

(30) Attempts to introducing an (E)-2-butenol group into compound 43a
to generate an intermediate with a side chain at C15 failed by an
intermolecular Heck reaction with (Z)-2-iodo-2-butenol or by a Stille
coupling with (Z)-2-trimethyltin-2-butenol, probably due to the
hindrance of the pyrrolidine ring in 43a preventing access of a
nucleophile to the double bond.

Scheme 4

Scheme 5 a

a Reagents and conditions: (a) LiHMDS (1 M in THF, 1.5 equiv), THF,
-40 °C, 10 h for 36a; NaH (1.2 equiv), DMF, rt, 2 h for 36b; (b) Pd/C (10
mol %), H2 (1 atm), MeOH/THF 1:1, 24 h, 37a (85% from 36a), 37b (87%
from 36b); (c) LiOH (3 equiv), MeOH/THF/H2O 1:1:0.2, rt, 2 h; (d) DCC
(1.1 equiv), DMAP (0.1 equiv), TEA (1.5 equiv), Meldrum’s acid (1.5
equiv), CH2Cl2, 25 °C, 20 h, then reflux in MeOH for 10 h, 68% of 38a
from 37a, 65% of 38b from 37b; (e) CDI, MgCl2, methyl potassium
malonate, 88% of 38a from 37a, 85% of 38b from 37b; (f) p-ABSA (1.1
equiv), TEA (3 equiv), CH3CN, rt, 12 h, 82% of 25a, 89% of 25b; (g) 0.05
equiv of CuOTf, CH2Cl2, rt, 82% of 1a from 25a (1:5 ratio of ketone isomer/
enol isomer),52%of1b from25b (singleenol isomer).p-ABSA)4-acetamido-
benzenesulphonylazide.
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Because methyl-substituted 35a was obtained in low yield
(Scheme 7) and was unstable when exposed to acid at higher
temperatures,Boc-substituted35bwaschosenfortheJohnson-Claisen
rearrangement. Treatment of 35b with trimethyl orthoacetate
in the presence of 0.3 equiv of pivalic acid in toluene at 110
°C gave two easily separated isomers, 33a and 33b, in 90%
yield and a 4.6:1 ratio. The preferable formation of 33a in the
rearrangement probably resulted from the steric hindrance
between the methoxy group on phenyl ring and the bulky
methoxy ethylene substituent in the transition state 34 because
the D-ring was close to the phenyl ring. An attempt at aldol
addition of 33a with acetaldehyde in the presence of LDA or

LiHMDS failed, probably owing to the unexposed character of
the R-methylene group located between the C-ring and D-ring.
The relative stereochemistry at C15 in 33a and 33b was deduced
from the pentacyclic intermediate 50, which was generated in
55% yield from 33a, via a three-step process consisting of
hydrolysis, removal of the Ts protecting group, and condensation
with Mukaiyama’s reagent. The chemical structure of 50 was
unambiguously identified by 2-D NMR spectra. The successful
generation of 50 demonstrated a feasible strategy for assembling
the E-ring of vincorine through amide bond formation.

Unfortunately, efforts to hydroborate the double bond in 50
with 9-BBN failed under various conditions. In most cases,
compound 50 remained unchanged. Under harsh conditions,
such as microwave irradiation, a complex mixture was obtained.
The failure of hydroboration of 50 led us to modify the double
bond before E-ring formation. After transformation of the ester
group in 33a to a TES protected hydroxyl group by a two-step
sequence of reduction with DIBAL-H and protection of the
resulting hydroxyl group with TESCl, compound 52 was

(31) For recent application of Johnson-Claisen rearrangement in natural
product synthesis, see: (a) Schlama, T.; Baati, R.; Gouverneur, V.;
Valleix, A.; Falck, J. R.; Mioskowski, C. Angew. Chem., Int. Ed. 1998,
49, 369. (b) Ng, F. W.; Lin, H.; Danishefsky, S. J. J. Am. Chem. Soc.
2002, 124, 9812. (c) Birman, V. B.; Danishefsky, S. J. J. Am. Chem.
Soc. 2002, 124, 2080. (d) Kim, D.; Lee, J.; Shim, P. J.; Lim, J. I.; Jo,
H.; Kim, S. J. Org. Chem. 2002, 67, 764. (e) Shigeyama, T.; Katakawa,
K.; Kogure, N.; Kitajima, M.; Takayama, H. Org. Lett. 2007, 9, 4069.

Scheme 6 a

a Reagents and conditions: (a) NaBH4 (3 equiv), MeOH/THF, -5 °C, 24 h, 76%; (b) Na/naphthalenide (10 equiv), THF, -78 °C, 0.5 h; (c) (Z)-2-iodo-
2-butenyl mesylate (2 equiv), K2CO3 (4 equiv), KI (0.2 equiv), CH3CN, reflux, 24 h, 51% from 39; (d) MsCl (3 equiv), Et3N (5 equiv), DMAP (0.2 equiv),
CH2Cl2, 0 °C, 10 min, then rt, 2 h; (e) DBU (5 equiv), benzene, reflux, 2 h, 84% from 40.

Scheme 7 a

a Reagents and conditions: (a) NaBH4 (3 equiv), THF/MeOH (50:1), -5 °C, 24 h; (b) MsCl (3 equiv), Et3N (5 equiv), DMAP, 0 °C to rt, 5 h, CH2Cl2;
(c) DBU (5 equiv), benzene, reflux, 10 h, 78% of 43a from 1a, 72% of 43b from 1b; (d) DIBAL-H (4 equiv), -78 °C, 0.5 h, CH2Cl2, 25% of 35a and 65%
of 44 from 43a, 94% of 35b from 43b; (e) Na/naphthalenide, 0.5 h; (f) (Z)-2-iodo-2-butenyl mesylate (2 equiv), K2CO3 (4 equiv), KI (0.2 equiv), CH3CN,
reflux, 24 h, 93% of 45 from 35b; (g) Me6Sn2 (5 equiv), PdCl2(PPh3)2 (0.3 equiv), PhOK (2.5 equiv), dioxane, rt, 48 h, 63%; h) Cl3CCN (2 equiv), PPh3 (2
equiv), 2,6-lutidine (2 equiv), CH2Cl2, rt, 30 min, 92%.
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subjected to a stereoselective hydroboration with 9-BBN under
microwave conditions to furnish the desired alcohol 53 as the
sole detectable product in 90% yield (the cis relationship
between the hydroxymethyl group at C16 and the TES-protected
hydroxyethyl group at C15 in 53 was confirmed by X-ray
analysis of a pentacyclic intermediate 32 (see next paragraph).
The excellent diastereoselectivity in the hydroboration reaction
of 52 most likely resulted from the bottom face of the double
bond being completely shielded by the pyrrolidine ring and the
TES-protected ethanol group at C15.

After protection of the hydroxyl group in 53, selective depro-
tection of the TES group and coincident oxidation of the resulting
hydroxyl group to the aldehyde with a large excess of IBX32 were
realized in a one-pot reaction to afford aldehyde 54 in 85% yield.
Further oxidation of aldehyde 54 to an acid group with NaClO2

and NaH2PO4, removal of the Ts protecting group in 55 and then
condensation of the resulting amine with the acid group using
Mukaiyama’s reagent provided pentacyclic lactam 32 in 65% yield
from 54 over three steps. Easy formation of a single crystal of 32
from ethanol allowed us to confirm the relative configurations at
C2, C7, C15, and C16 by X-ray analysis (Figure 2).33 Compared
with ester 33a, possessing a flexible and shielded R-methylene
group, lactam 32 has a fixed and more exposed R-methylene group,
which was accessible to an electrophile. Installation of an eth-
ylidenyl group at C20 of 32 was realized stereoselectively via a

two-step sequence consisting of aldol addition with acetaldehyde
in THF at -78 °C in the presence of LDA, followed by
cis-elimination of the resulting hydroxyl group with DCC and CuCl
in benzene34 to provide separable E-56a and Z-56b in 62% yield
in a 4:1 ratio. The minor isomer Z-56b was determined to have
the Z-configuration at the C19-20 double bond by NOE experi-
ments. A NOE correlation was observed between the C15 proton

(32) Wu, Y. K.; Huang, J.-H.; Shen, X.; Hu, Q.; Tang, Ch.-J.; Li, L. Org.
Lett. 2002, 4, 2141.

(33) A colorless crystal of 32 (C29H44N2O5Si, mp 173-175 °C) for the
X-ray analysis was obtained by recrystallization from EtOH. The
crystallographic data have been deposited with the Cambridge Crystal-
lographic Data Centre, CCDC 717828.

(34) (a) Alexandre, C.; Rouessac, F. Bull. Soc. Chim. Fr. 1971, 1837. (b)
Knight, S. D.; Overman, L. E.; Pairaudeau, G. J. Am. Chem. Soc.
1993, 115, 9293. (c) Knight, S. D.; Overman, L. E.; Pairaudeau, G.
J. Am. Chem. Soc. 1995, 117, 5776.

Scheme 8 a

a Reagents and conditions: (a) pivalic acid (0.3 equiv), CH3C(OMe)3/toluene 1:4, 110 °C, 72 h, 90%; (b) LiOH (3 equiv), THF/MeOH/H2O 2:2:1, rt, 5 h;
(c) Na/naphthalenide (10 equiv), THF, -78 °C, 2 h; (d) Mukaiyama’s reagent (2-chloro-1-methylpyridinium iodide, 2 equiv), Et3N (4 equiv), CH2Cl2, rt,
12 h, 55% from 33a; (e) DIABL-H (1.2 M in toluene, 4 equiv), CH2Cl2, -78 °C, 0.5 h; (f) TESCl (2 equiv), Et3N (3 equiv), DMAP (0.2 equiv), CH2Cl2,
rt, 10 min, 90% of 52 from 33a; (g) 9-BBN (6 equiv), toluene, microwave 550 W, 2 h, then H2O2, NaOH, 12 h, 90%; (h) TBSOTf (2 equiv), 2,6-lutidine
(3 equiv), CH2Cl2, -78 °C, 30 min, 87%; (i) IBX (6 equiv), H2O (20 equiv), DMSO/CH2Cl2 1:1, 48 h, 85%; (j) NaClO2 (6 equiv), NaH2PO4 (3 equiv),
t-BuOH/CH3CN/H2O 2:2:1, rt, 30 min, then step c) and step d), 65% of 32 from 54; (k) LDA (3 equiv), TiCl(OiPr)3 (6 equiv), CH3CHO (10 equiv), THF,
-78 °C, 12 h; (l) DCC (5 equiv), CuCl (10 equiv), benzene, reflux, 12 h, 65% of E-56a and Z-56b in a 4:1 ratio from 32.

Figure 2. ORTEP diagram of 32.
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and the olefinic proton in Z-56b, and no NOE was observed
between the C15 proton and the olefinic proton in the major isomer
E-56a, which has the same E-configuration of the C19-20 double
bond as the natural product vincorine. Typically, the olefinic protons
in the E-56a and Z-56b were distinguishable by 1H NMR. The
olefinic proton of E-56a appeared at 5.92 ppm, while the olefinic
proton of Z-56b was shifted downfield to 6.83 ppm.

Total Synthesis of 6. With E-56a in hand, the total synthesis
of 6 had reached a stage where all of the rings and relative
configurations, including the E-double bond, were correctly as-
sembled. Aiming at the target vincorine, the amide group in E-56a
had to be selectively reduced without touching the double bond
(Scheme 9). Attempts at reducting the amide group rather than
the double bond in E-56a with DIBAL-H, LiAlH4 and N-selectride
under a variety of conditions always afforded the double bond
saturated epimers 57a and 57b as the major products. Treatment
of E-56a with Et3OBF4/NaBH4/2,6-di-tert-butylpyridine,35 a special
reducing reagent used for the reduction of R,�-unsaturated lactams,
gave a complex mixture.

Failure to selectively reduce the amide bond in E-56a forced us
to open the lactam ring with NaOMe in a solution of MeOH/
CH2Cl2 to provide two separable R,�-unsaturated esters, E-58a and
Z-58b, in 83% yield in more than a 20:1 ratio (condition a). The

ring-opening reaction with NaOMe had to be conducted at a lower
temperature (0 °C) to yield E-58a as the major product. At a higher
temperature (65 °C), the double-bond-isomerized product Z-58b
was exclusively obtained in a 75% yield (condition b). The
E-configuration of the double bond in E-58a was completely
converted to the Z-configuration of Z-58b (88% yield) when heating
E-58a in a mixture of MeOH/THF (1:1) with MeONa at 65 °C.
As anticipated, reduction of E-58a at -78 °C with DIBAL-H
generated allyl alcohol 59 in 95% yield. After conversion of the
hydroxyl group in 59 to a chloride with Cl3CCN/Ph3P, the seven-
membered E-ring was reformed to give pentacyclic 60 in 93% yield
by treatment of the resulting chloride intermediate with K2CO3 and
KI in acetonitrile. Transformation of the TBS-protected hydroxyl
group in 60 to an aldehyde group was completed to generate 61 in
81% yield through a two-step procedure consisting of deprotection
with 40% HF and Dess-Martin oxidation. Further oxidation of
the aldehyde group in 61 to an acid group with NaClO2/NaH2PO4,
followed by esterification of the acid with CH2N2, afforded ester
62 in 82% yield. Final removal of the Boc group in 62 and
methylation of the indoline nitrogen with formaldehyde and
NaBCNH3 produced 6 in 75% yield. The synthetic 6 showed 1H
and 13C NMR spectra that were identical to those of natural
vincorine.36

Conclusion

In summary, the first total synthesis of the akuammiline
alkaloid 6 has been accomplished from the readily available

(35) (a) Borch, R. F. Tetrahedron Lett. 1968, 9, 61. (b) Martin, S. F.; Clark,
C. W.; Ito, M.; Mortimore, M. J. Am. Chem. Soc. 1996, 118, 9804.
(c) Martin, S. F.; Chen, K. X.; Eary, C. T. Org. Lett. 1999, 1, 79. (d)
Deiters, A.; Chen, K.; Eary, T.; Martin, S. F. J. Am. Chem. Soc. 2003,
125, 4541. (f) Allin, S. M.; Thomas, C. I.; Doyle, K.; Elsegood,
M. R. J. J. Org. Chem. 2005, 70, 357.

(36) (a) Kam, T.-S.; Choo, Y. M. J. Nat. Prod. 2004, 67, 547. (b) Kam,
T.-S.; Choo, Y. M. Phytochemistry 2004, 65, 603.

Scheme 9 a

a Reagents and conditions: (a) NaOMe, MeOH/CH2Cl2 1:1, 0 °C, 48 h, 83% of E-58 and trace amount of Z-58; (b) NaOMe, MeOH/THF 1:1, 65 °C, 5 h,
75% of Z-58 and trace amount of E-58; (c) DIBAL-H (4 equiv), -78 °C, CH2Cl2, 30 min, 95%; (d) Cl3CCN (3 equiv), PPh3 (3 equiv), rt, 30 min, CH2Cl2;
(e) KI (0.3 equiv), K2CO3 (4 equiv), CH3CN, 60 °C, 12 h, 93% yield from 59; (f) 40% HF, CH3CN/CH2Cl2 (1:1), rt, 8 h, 91%; (g) Dess-Martin reagent
(2 equiv), CH2Cl2, rt, 30 min, 89% yield from 60; (h) NaClO2 (6 equiv), NaH2PO4 (3 equiv), t-BuOH/CH3CN/H2O 2:2:1, rt, 30 min; (i) CH2N2, Et2O, rt, 30
min, 82% yield from 61; (j) TMSOTf (2 equiv), CH2Cl2, 0 °C, 30 min; (k) HCHO, NaBH3CN, CH3CN/AcOH (10:1), rt, 30 min, 75% yield from 62.
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tetrahydrocarboline 36 in about 1% overall yield in 31 steps.
The synthesis of 6 greatly benefitted from our newly developed
methodology of concisely assembling the key tetracyclic core
structure of 1 from the diazoketoester 25 through a three-step
one-pot cascade reaction consisting of intermolecular cyclo-
propanation, ring-opening, and ring closure. The inability to
construct the seven-membered E-ring in a rigid two-ring system
in 31, 45, 46, and 47 through Heck coupling, Michael addition,
radical Michael addition, π-allyl/Heck addition, and π-allyl/
Stille addition guided us to seek an alternative method to
construct the last E-ring of vincorine.

After successful installation of an acetate side chain at C15
ofthecyclohexenylringinBoc-protected35bbyaJohnson-Claisen
rearrangement and multistep modification of the functionality
present in the rearrangement product 33a, E-ring formation was
readily realized through intramolecular condensation of an acid
functional group with an amine group to give pentacyclic 32.
The E-configured ethylidenyl group in lactam 56a was selec-
tively installed through a sequence of reactions from 32,
consisting of aldol addition to acetaldehyde and cis-elimination
of the resulting hydroxyl group. Failure to selectively reduce
the amide bond over the double bond in 56a led us to open the

seven-membered lactam ring to give ester E-58a. Selective
reduction of the R,�-unsaturated ester in E-58a, followed by
reclosure of the E-ring by intramolecular allylation generated
pentacyclic 62. Final elaboration of 62 including esterification
of C20 and replacement of the Boc group with a methyl group
resulted in the total synthesis of 6. The current synthesis provides
a feasible route to other members of the akuammiline family.
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