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ABSTRACT

intramolecular
aza-[3 + 3]

e ——

19 steps

[e] from tryptamine H
(+)-tangutorine

A 19-step stereoselective total synthesis of (+)-tangutorine is described here. The total synthesis features an intramolecular aza-[3 + 3] formal
cycloaddition strategy and also a Heck coupling for constructing the C2—-C3 bond. This work provides a novel approach toward the
indoloquinolizidine family of alkaloids.

Isolation of &)-tangutorine (1, Figure 1) from the leaves of tion8° This strategy was also evident in Jokela’s sole total
Nitraria tangutorumwas reported in 1999 by Che and co- synthesis of tangutorine (1§.*
cworkerst It possesses a novel benz[flindolo[2,3-a]quino-  We became interested in tangutorink) (because our

lizidine skeleton and, to date, is the only knogatarboline intramolecular formal aza-[3+ 3] cycloaddition strategy
natural product of this typ&Structurally, tangutorinel is would represent a novel approach toward the synthesis of
related to well-known monoterpenoid indole alkaloids such

. . .. (3) (+)-Deplancheine (Pwas initially isolated from the New Caledonian
as (+)-deplancheine (2)° and (+)-geissoschizine (8Y. plant Alstonia deplanchevan Heurck et Mueller Arg. (Apocynaceae).
These natural products contain the indoloquinolizidine See: (a) Besseliévre, R.; Cosson, H. P.; Das, B. C.; Husson, H. P.

. ., Tetrahedron Lett198Q 21, 63. For subsequent isolations, see: (b) Petitfrere-
substructure prevalent in a large number of monoterpenoid oyyray. N.: Vercauteren, J.; Massiot, G.; Lukacs, G.; Sevenet, T.; Le Men-

indole alkaloids that are derived biosynthetically from (Ol)i\gert,) L, gicMhaer,ABH; chcAuiePr, M. J?gytgchemigtr%9lfl31,2g, ‘1]987. .

: S c) Robert, G. M. T.; Ahond, A.; Poupat, C.; Potier, P.; Jolles, C.; Jousselin,
tr)_/ptophan. Synthesis of these monqterpenmd mdo'_e alka'A.; Jacquemin, HJ. Nat. Prod.1983 46, 694. (d) Guillaume, D.; Morfaux,
loids has often featured the classic Piet8pengler cycliza-  A. M.; Richard, B.; Massiot, G.; Le Men-Olivier, L.; Pusset, J.; Sevenet,
T. Phytochemistry1984, 23, 2407. (f) Cherif, A.; Massiot, G.; Le Men-
Olivier, L.; Pusset, J.; Labarre, 8hytochemistry1989,28, 667.

(1) Duan, J.-A.; Williams, I. D.; Che, C.-T.; Zhou, R.-H., Zhao, S.-X. (4) For the most recent syntheses, see: (a) Itoh, T.; Matsuya, Y.;
Tetrahedron Lett1999,40, 2593. Enomoto, Y.; Ohsawa, AHeterocycles2001,55, 1165. (b) Lounasmaa,
(2) (a) Herbert, R. B. IThe Monoterpenoid Indole AlkaloidSaxon, J. M.; Karinen, K.; Tolvanen, AHeterocycled 997 45, 1397. (c) Lounasmaa,

E., Ed; Wiley-Interscience: New York, 1994; Supplement to Vol. 25, Part M.; Hanhinen, P.; Jokela, Rieterocycles1996,43, 443. (d) Rosenmund,
4 of The Chemistry of Heterocyclic Compoun@hapter 1. (b) Saxon, J. P.; Hosseini-Merescht, M.iebigs Ann. Cheni992, 1321. (e) Sankar, P.
E. In The Monoterpenoid Indole AlkaloidsSaxon, J. E., Ed; Wiley- J.; Das, S. K.; Giri, V. SHeterocyclesl991,32, 1109.

Interscience: New York, 1994; Supplement to Vol. 25, Part 4Thé (5) For a total synthesis of)-deplancheine, see: Meyers, A. |.; Sohda,
Chemistry of Heterocyclic Compounds, Chapter 8. (c) Saxon, J. Ehén T.; Loewe, M. F.J. Org. Chem1986,51, 3108.

Alkaloids; Cordell, G. A., Ed.; Academic Press: New York, 1998; Vols. (6) (a) Rapoport, H.; Windgassen, R. J.; Hughes, N. A.; Onak, 1. P.
50 and 51 (d) Toyota, M.; lhara, MNat. Prod. Rep1998, 15, 327.(e) Am. Chem. S0d.960,82, 4404. (b) Wenkert, E.; Wickberg, B. Am. Chem.
Scholz, U.; Winterfeldt, ENat. Prod. Rep200017, 349. Soc.1965,87, 1580.
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Figure 1.

indoloquinolizidine alkaloid$?~*® Annulation of chiral vi-
nylogous amideg! with o,f-unsaturated iminium salts

provides a highly stereoselective approach to dihydropy-

ridines6a/b (Figure 1)*?12This stepwise formal aza-[3

3] cycloaddition involves a tandem Knoevenagel condensa-
tion—stereoselective pericyclic ring-closure of an 1-azatriene

(7) (a) Deiter, A.; Chen, K.; Eary, T.; Martin, S. B. Am. Chem. Soc.
2003,125, 4541. (b) Fornicola, R. S.; Subburaj, K.; MontgomenQdy.
Lett. 2002,4, 615. (c) Yu, S.; Berner, O. M.; Cook, J. M. Am. Chem.
Soc.2000,122, 7827. (d) Martin, S. F.; Chen, K. X.; Eary, C.Org. Lett.
1999,1, 79. (e) Birman, V. B.; Rawal, V. HTetrahedron Lett1998, 39,
7219. (f) Takayama, H.; Watanabe, F.; Kitajima, M.; Aimi, Netrahedron
Lett. 1997,38, 5307. (g) Martin, S. F.; Benage, B.; Geraci, L. S.; Hunter,
J. E.; Mortimore, MJ. Am. Chem. S0d4991,113, 6161. (h) Martin, S. F.;
Benage, B.; Hunter, J. B. Am. Chem. S0d.988,110, 5925. (i) Yamada,
K.; Aoki, K.; Kato, T.; Uemura, D.; van Tamelen, E. B. Chem. Soc.,
Chem. Commuril974, 908.

(8) (@) Szantay, C.; Blasko, G.; Honty, K.; Dornyei, G. [Fhe
Alkaloids:
Press: Orlando, 1986; Vol. 27, pp 13268. (b) Leonard, JNat. Prod.
Rep.1999,16, 319.

(9) For some recent elegant examples of application of PiGpéengler

cyclization, see: (a) Yu, J.; Wang, T.; Liu, X.; Deschamps, J.; Flippen-

Anderson, J.; Liao, X.; Cook, J. Ml. Org. Chem2003,68, ASAP. (b)
Yu, J.; Wearing, X.; Cook, J. MTetrahedron Lett2003,44, 543. (c) Yu,
J.; Wang, T.; Wearing, X.; Ma, J.; Cook, J. M. Org. Chem2003, 68,
5852. (d) Zhao, S.; Liao, X.; Cook, J. MOrg. Lett.2002,4, 687.

(10) (a) Putkonen, T.; Tolvanen, A.; Jokela, Retrahedron Lett2001,
42, 6593. (b) Berner, M.; Tolvanen, A.; Jokela, Retrahedron Lett1999,
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intermediaté® Recently, it has also been rendered intra-
moleculat’ (7 — 8). We report here a stereoselective total
synthesis of £)-tangutorine featuring this intramolecular
formal aza-[3+ 3] cycloaddition strategy.

As outlined in Scheme 1, tangutorine (1) was envisioned
to arise from the pentacycl@, which lacks only the C22
hydroxymethyl group. To construct pentacyde the in-
tramolecular aza-[3+ 3] cycloaddition would be featured
using o,f-unsaturated iminium sali0. The key a,8-
unsaturated aldehyde precursor for the iminium Xattould
be obtained from condensation of amino alcahbWith 1,3-
cyclohexanedione followed by oxidation of the allyl alcohol
moiety. Amino alcoholl1l would be prepared via a Heck
coupling of a suitably protected 2-halo-tryptamib2, and
the ultimate starting point would be tryptamid&. Thus,
another unique feature in the synthesis of monoterpenoid

(15) For recent studies in this area, see: (a) Abelman, M. M.; Curtis, J.
K.; James, D. RTetrahedron Lett2003 44, 6527. (b) Hedley, S. J.; Moran,
W. J.; Price, D. A.; Harrity, J. P. AJ. Org. Chem2003,68, 4286. (c)
Chang, M.-Y.; Lin, J. Y.-C.; Chen, S. T.; Chang, N.-C. Chin. Chem.
So0c.2002,49, 1079. (d) Hedley, S. J.; Moran, W. J.; Prenzel, A. H. G. P;
Price, D. A.; Harrity, J. P. ASynlett2001, 1596. (e) Davies, . W.; Marcoux,
J.-F.; Reider, P. Xrg. Lett.2001,3, 209. (f) Davies, |. W.; Taylor, M.;
Marcoux, J.-F.; Wu, J.; Dormer, P. G.; Hughes, D.; Reider, B. Org.
Chem.2001, 66, 251. (g) Nemes, P.; Balazs, B.; Toth, G.; Scheiber, P.
Synlett1999, 222. (h) Hua, D. H.; Chen, Y.; Sin, H.-S.; Robinson, P. D;

40, 7119. (c) Putkonen, T.; Tolvanen, A.; Jokela, R.; Caccamese, S.; Meyers, C.Y.; Perchellet, E. M.; Perchellet, J.-P.; Chiang, P. K.; Biellmann,

Parrinello, N.Tetrahedron2003,59, 8589.

J.-P.Acta Crystallogr.1999,C55, 1698. (i) Benovsky, P.; Stephenson, G.

(11) The original structural assignment of tangutorine contained a A.; Stille, J. R.J. Am. Chem. S0&998 120, 2493. (j) Heber, D.; Berghaus,
discrepancy between the actual ChemDraw structure and the X-ray Th.J. Heterocycl. Cheml994,31, 1353. (k) Paulvannan, K.; Stille, J. R.

crystallographic structure for the relative stereochemistry atC3L.

(12) For intermolecular formal aza-[3- 3] cycloadditions, see: (a)
Sklenicka, H. M.; Hsung, R. P.; McLaughlin, M. J.; Wei, L.-L.; Gerasyuto,
A. |.; Brennessel, W. WJ. Am. Chem. So2002,124, 10435. (b) For a
review, see: Hsung, R. P.; Wei, L.-L.; Sklenicka, H. M.; Shen, H. C;
McLaughlin, M. J.; Zehnder, L. R. Ifrends in Heterocyclic Chemistry
Research Trends: Poojapura, Trivandrum, India, 2001; Vol. 7,-pp41

(13) (a) Sklenicka, H. M.; Hsung, R. P.; Wei, L.-L.; McLaughlin, M. J.;
Gerasyuto, A. |.; Degen, S. J.; Mulder, J. @rg. Lett.2000,2, 1161. (b)
Hsung, R. P.; Wei, L.-L.; Sklenicka, H. M.; Douglas, C. J.; McLaughlin,
M. J.; Mulder, J. A.; Yao, L. JOrg. Lett.1999,1, 509.

(14) For a total synthesis of @pi-perhydrohistrionicotoxin using inter-
molecular aza-[3+ 3], see: McLaughlin, M. J.; Hsung, R. P.; Cole, K. C;
Hahn, J. M.; Wang, JOrg. Lett.2002,4, 2017.
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Tetrahedron Lett1993,34, 215 and 6677. (I) Paulvannan, K.; Stille, J. R.
J. Org. Chem1992,57, 5319.

(16) For leading references on electrocyclic ring closures involving
1-azatrienes, see: (a) Maynard, D. F.; Okamura, WI.kDrg. Chem1995
60, 1763. (b) de Lera, A. R.; Reischl, W.; Okamura, W.JHAm. Chem.
S0c.1989,111, 4051. (c) Okamura, W. H.; de Lera, A. R.; Reischl,JV.
Am. Chem. S0d.988 110, 4462. For an earlier account, see: (e) Oppolzer,
V. W. Angew. Chem1972, 22, 1108. For recent accounts similar to
Okamura’s studies, see: (f) Tanaka, K.; Mori, H.; Yamamoto, M.;
Katsumura, SJ. Org. Chem2001,66, 3099. (g) Tanaka, K.; Katsumura,
S.J. Am. Chem. So002,124, 9660.

(17) For development of an intramolecular formal aza+{3] cycload-
dition, see: Wei, L.-L.; Sklenicka, H. M.; Gerasyuto, A. |.; Hsung, R. P.
Angew. Chem., Int. EQ001,40, 1516.
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Scheme 2

1) phthalic anhy, Et3N, tol, A G
2) pyr-HBr-Bro
| N
2 NHz
ﬁ CHClg, THF, -10°C |2

o}
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1 Boc 14
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Boc || OH 51% overall from 15 OH
17 11

indole alkaloids would be the Heck coupling in place of the

classic Pictet Spengler cyclization for constructing the €2
C3 bond!8
To prepare amino alcohdll, tryptaminel3 was first

Scheme 3
NH,
| |
) = e
¢ toluene, reflux
90%
OH OH
1 46% overall yield 18 ©
from 15 in 4 steps MnO,
CH2C|2, rt

1.1 equiv @ ‘
| P N HN
N AcO /) N
g | - HH Boc |
SN EtOAc/toluene [2/3] |
© o
19

. & NagS0,95°C

of an advanced intermediate reported by JoK&&o achieve

this task, the C1415 endacyclic olefin in pentacycl® was

first hydrogenated (Scheme 4), and treatment of this hydro-
genated intermediate with LHMDS at78 °C led to a kinetic
lithium enolate that was allowed to react with Mander’'s
reagent [NCC@Me]?? in the presence of HMPA to install
the methoxycarbonyl group at C18. Subsequent removal of
the Boc group using TFA led to the reporté3-keto ester
20as a mixture of diastereomers in 80% overall for the three
steps, thereby completing a formal total synthesis. However,
because the reported spectroscopic informatior2fband

protected as a phthalimide, and bromination at the C2 subsequentintermediates including the synthetic tangutorine
position using pyridinium hydrogen perbromide followed by was limited% the remaining reported steps were pursued
Boc protection of the indole nitrogen atom led to bromide to complete the total synthesis.

141920ajn 96% vyield over the three steps (Scheme 2). Heck

coupling of bromidel4 with methyl acrylate using Pd(PRh
afforded ested5 in 82% yield, and reduction of5 using
DIBAL-H led to allyl alcohol 16 in which the phthalimido
group was also partially reduced. NaBkeductior® fol-
lowed by hydrolysis with HOAc was employed to afford

Scheme 4

1) PA(OH), Ha, EtOAC O T
N
N
H

2) LHMDS, THF, -78 °C

. . . ) 0
the desired amino alcohdll in 51% yield overall from15 1.0 equiv HMPA 187F
with no purifications. 3.0 eq Mander's Reagent 20 O Ome

Subsequent condensation of amino alcohblwith 1,3- 8) TFA, CH,Cla. 1t NaBH4 AcOH
80% for the 3 steps rt,2d

cyclohexanediorié3gave vinylogous amid&8in 90% yield
(Scheme 3). Mn@oxidation of18 led to the cycloaddition
precursorl9, and under the standard intramolecular formal
aza-[3+ 3] cycloaddition conditiond’ the desired pentacycle
9 was isolated. The overall yield was determined to be 56%
from 18 after hydrogenating thendo-cyclic olefir?! This
success establishes a viable synthetic approach to tangutoring
(1), (+)-geissoschizine (3), or other tryptophan-derived
monoterpenoid indole alkaloids.

The original goal was to apply this methodology in a
formal total synthesis of tangutorind)(with interception

%%

21:50% 22:10% OH OMe

LAH

23:5% OMe

Unfortunately, in our hands NaBHeduction of20 in
AcOH led to a mixture oR21—23(assigned by LCMS) with
the major product being the over-reduced prodadt
(Scheme 4). The desired hydroxyesi2°2 was found in
<10% LC yield. Other hydride conditions were explored,

(18) Kobayashi, S.; Ueda, T.; Fukuyama,Synlett2000, 883.

(19) All new compounds are characterized'byNMR, 1°C NMR, FTIR,
and mass spectroscopy.

(20) (a) Chu, L.; Fisher, M. H.; Goulet, M. T.; Wyvratt, M. Tetrahedron
Lett. 1997, 38, 3871. (b) Osby, J. O.; Martin, M. G.; Ganem,T@trahedron
Lett. 1984,25, 2093.

(21) The desired pentacycfoften contained impurities but could be
unambiguous assigned and fully characterized wheerit®-cyclic olefin
was hydrogenated to giv@5 (see in the later scheme).

(22) Mander, L. N.; Sethi, S. Pletrahedron Lett1983,24, 5425.
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Scheme 5
|| H O [ H
N N 20wt% Pd(OH), N N
B |
AN H, EtOAC Boc ‘
9 o 99% 25 o
1} 6.0 equiv Na, +-PrCH
THF, rt, 30 min 61% for
2) Py-803, DMSQ. EtsN | the 3 steps

3) (Boc),0, DMAP, CHoCly

NaH, (Et0),CO

THEF, reflux
75%

H
26: a single isomer O

Coupling Constants
Hoy: 8 = 3.02 ppm; ddd
Joy.000 = 3.7 Hz [ax-eq]
| Jo1.00 = 10.8 Hz [ax-ax]
Joy.16 = 11.5 Hz [ax-ax]

NOE of 26 /\ e

Hyg: 6 = 2.50 ppm; ddd
Jig-15 = 3.5 Hz [ax-eq]
Jig-15 = 10.0 Hz [ax-ax]
Jigo1 = 11.5 Hz [ax-ax]

t-Bu/o \—/
JH21-H16 =11.5Hz

but none gave clean reductions. NaBkind Ce( (not
shown) did afford a mixture witR3 as the major component
as suggested by LCMS. Reduction of this mixture using LAH

Scheme 6

NaBH,4, MeOH

O rt, 10 min
H 4 91% B
OEt 28 OH OEt

1) 10 eq MsCl, EtzN
CHyCly, -78 °C, 5 h
2) 3.0 equiv DBU
THEF, reflux, 7h

75%
over 2 steps

LAH, THF, 0 °C

90%

OH 19 steps overall

H
1: ()-tangutorine

Intriguingly, the original LHMDS/HMPA/Mander’s re-
agent protocol was not useful here to assemble the meth-
oxycarbonyl group. It turned out that refluxing keto penta-
cycle 26 in THF in the presence of NaH and diethyl
carbonate was the most suitable protocol, leading-ke-
toester27 regioselectively as a mixture of two diastereomers.

To complete the total synthesig-ketoester27 was
reduced cleanly using NaBHb give hydroxyeste28in 91%
yield (Scheme 6). Mesylation of the C17 hydroxyl group in
28 at —78 °C was slow and required 10 equiv of MsClI,
presumably because the Ci@H is hindered. Subsequent

afforded 24 as an isomeric mixture that did not contain  gjimination using 3.0 equiv of DBU led to unsaturated ester
tangutorine (1), although each isomer possessed the rightyg in 40% overall yield but with a 53% overall conversion

mass. This suggests that the reduction had gik@ms a
mixture of alkene isomers with different relative stereo-
chemistry with respect to the CDE-ring junctions. These
difficulties convinced us to complete the total synthesis of
tangutorine (1) via an alternate route.

As shown in Scheme 5, pentacyc®®, obtained from
hydrogenation 00, was reduced using a dissolving metal
protocol reported by Palmieri for reduction of vinylogous
amides® The extent of the reduction was not easily

from 28. The starting hydroxyest@8 could be efficiently
recycled to give a combined 75% yield for the two steps.
LAH reduction of29 at 0 °C furnished tangutorine (1) in
90% vyield. °C NMR data of the synthetic tangutorine
matched completely those reported for the natural safiple.
We have described here a stereoselective total synthesis
of (£)-tangutorine with an overall yield of 5.5% in 19 steps
featuring an intramolecular aza-f3 3] formal cycloaddition
strategy. The work represents a novel approach to indolo-

controlled, as reduction of the carbonyl group and removal qyinglizidine family of alkaloids.

of the Boc group were observed. Thus, reoxidation using

pyridine-SQ and DMSQ?* as well as reprotection of the
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relative stereochemistry of H3 and H21 s81(see the box

in Scheme 5), and along with analysis of coupling constants,

Supporting Information Available: Experimental and

the relative stereochemistry of H16 and H21 is shown to be *H NMR spectral and characterization data for all new
transwith J= 11.5 Hz. These assignments support the notion compounds. This material is available free of charge via the

that Palmieri's dissolving metal protocol provides the
thermodynamically favored stereochemical outcome.
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