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Abstract: This account reports on the use of (R)- or (S)-phenylgly-
cinol- and (S)-tryptophanol-derived oxazolopiperidone lactams as
building blocks for the enantioselective synthesis of structurally di-
verse indole alkaloids.
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1 Introduction

The piperidine ring can be recognized not only in the
structure of more than half of the alkaloids known today,
but also in many natural or synthetic compounds with in-
teresting biological activities.1 For this reason, the search
for new and efficient methodologies for the enantioselec-
tive synthesis of diversely substituted piperidine deriva-
tives has gained the attention of many synthetic organic
chemists in the last couple of decades.2 In this context, in
the mid-1990s, we decided to explore the potential of
chiral bicyclic lactams as enantiomeric scaffolds for the
stereocontrolled construction of complex piperidine de-
rivatives.

These bicyclic lactams were originally developed by A. I.
Meyers as chiral templates for the enantioselective syn-
thesis of carbocycles containing quaternary stereocenters,
such as cyclopentenones, cyclohexenones, and hexahy-
droindenone systems, as well as carboxylic acids. Later
on, Meyers described some applications of chiral bicyclic
lactams to the enantioselective preparation of nitrogen-
containing heterocycles and reported the synthesis of sim-
ple piperidine and tetrahydroisoquinoline alkaloids, as
well as imino sugars. This excellent work was summa-
rized by Meyers and co-workers in three reviews pub-
lished in 1991,3 1997,4 and 2000.5

Several reasons led us to consider chiral bicyclic lactams
with an oxazolopiperidone structure (i.e., B, Scheme 1)
for our purposes: they are easily accessible in one synthet-
ic step by the cyclocondensation of oxoacid derivatives,
i.e. A, with enantiopure amino alcohols, their functional-
ity permits the introduction of substituents on the core pi-
peridine ring, and the conformational rigidity of the amide
bicyclic system induces a high degree of stereoselectivity
in the generation of new stereocenters. We selected phe-
nylglycinol as the chiral amino alcohol because the phe-
nylethanol moiety of the chiral inductor can be easily
removed at an appropriate stage of the synthesis owing to
the benzylic nature of the exocyclic carbon–nitrogen
bond. In fact, phenylglycinol can be considered as a chiral
latent form of ammonia. Moreover, phenylglycinol is
commercially available in both enantiomeric forms, thus
making both enantiomers of a target compound accessi-
ble.

Scheme 1
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In our early work in this field, we used simple bicyclic lac-
tams (B, R1 = R2 = H) and explored the stereoselective in-
troduction of carbon substituents, mainly by
intermolecular amidoalkylation reactions, lactam enolate
alkylations, and conjugate addition reactions (in this case
from unsaturated lactams C).6 This allowed us to evaluate
the scope and limitations of the methodology for the syn-
thesis of diversely substituted piperidines. In subsequent
work, we carried out the cyclocondensation reactions of
phenylglycinol and racemic (A, R1 = alkyl or aryl and R2

= H or CH2CO2R
3) or prochiral oxoacids [A, R1 = H and

R2 = CH2CO2R
3 or R1 = (CH2)2CO2R

3 and R2 = H], stereo-
selectively affording bicyclic lactams with carbon substit-
uents at the b- and/or g-positions of the piperidine ring. In

those cases, the cyclocondensation of racemic oxoacids
involves dynamic kinetic resolution, whereas desymme-
trization takes place using substrates with prochiral car-
bon atoms.7 More recently, we have described the
cyclocondensation of substituted 3-(6-oxocyclohexe-
nyl)propanoates D with (R)-phenylglycinol (Scheme 1),
stereoselectively affording tricyclic lactams E, which
constitute excellent precursors of enantiopure cis-decahy-
droquinoline derivatives.8

The synthetic versatility of chiral phenylglycinol-derived
bicyclic and tricyclic lactams in the enantioselective syn-
thesis of natural products bearing a piperidine ring struc-
tural motif has been demonstrated with the synthesis of
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several alkaloids, some of them depicted in Figure 1, and
pharmacologically active compounds, such as (–)-parox-
etine and (–)-3PPP. A medium-sized library of enan-
tiopure, diversely polysubstituted piperidines and
piperidine-containing bicyclic systems has also been elab-
orated in our laboratories.

Figure 1

Most of this work was surveyed in a previous review pub-
lished in 2006.9 This account focuses specifically on the
application of chiral lactams, prepared either from (R)- or
(S)-phenylglycinol or from (S)-tryptophanol, to the syn-
thesis of indole alkaloids. Besides the achievements of our
research group in this field, we have also included the
closely related work of S. M. Allin10 to provide the reader
with a broad and up-to-date idea of the subject of this re-
view.

2 Monoterpenoid Indole Alkaloids from (R)- or 
(S)-Phenylglycinol-Derived Lactams

The monoterpenoid indole alkaloids constitute a large
group with a wide variety of complex chemical structures
and interesting biological activities.11 They originate bio-
genetically from a single precursor, strictosidine, derived
from the joining of tryptamine and the secoiridoid monot-
erpene secologanin (Scheme 2). The enormous variation
in the structure of these alkaloids is associated with the
skeletal modifications that the monoterpene C9/C10 unit
undergoes in the biosynthetic route.12 Thus, three major
types of alkaloids can be broadly distinguished:13 the
Corynanthe–Strychnos group, with a nonrearranged sec-
ologanin skeleton; the Aspidosperma group, formally re-
sulting from cleavage of the C-15–C-16 bond and
formation of a C-17–C-20 bond; and the Iboga group, also
with a rearranged monoterpene unit, but in this case after
cleavage of the C-15–C-16 bond and combination of the

C-14 and C-17 positions. The tenth atom, C-22, is some-
times missing, resulting in a C9 monoterpenoid unit.

Owing to their biogenetic origin from tryptamine and se-
cologanin, most monoterpenoid indole alkaloids display
common structural features, such as the presence of a pi-
peridine ring and a two-carbon substituent at the b-posi-
tion (C-18 and C-19).

In this context, and using phenylglycinol-derived bicyclic
lactams as the starting enantiomeric scaffolds, we devised
the preparation of enantiopure piperidines bearing the ap-
propriate substitution pattern for the synthesis of the target
indole alkaloids. In particular, we focused our attention on
the preparation of 3-ethylpiperidines with an acetate chain
at the 5-, 4-, or 3-position as biogenetic analogues of the
C9 monoterpenoid unit of Iboga-, Corynanthe–Strychnos-,
and Aspidosperma-type indole alkaloids, respectively
(Figure 2).

Figure 2
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2.1 Substituted Piperidines as Precursors for the 
Enantioselective Synthesis of Indole Alka-
loids

As mentioned above, the presence of a two-carbon ap-
pendage (ethyl or ethylidene) at the b-position of the pip-
eridine ring, biogenetically corresponding to the C-18 and
C-19 vinylic carbons of secologanin, constitutes one of
the most characteristic structural features of monoterpe-
noid indole alkaloids. Bearing this in mind, we prepared
8-ethyl-substituted bicyclic lactam 1A from racemic me-
thyl 4-formylhexanoate and (R)-phenylglycinol by cyclo-
condensation involving dynamic kinetic resolution of the
starting racemic formyl-containing ester (Scheme 3).
Compound 1A was isolated in 70% yield along with mi-
nor amounts (9%) of the C-8 and C-8a diastereomer 1B.14

Bicyclic lactam 1A constitutes the key enantiomeric scaf-
fold for the preparation of 3-ethyl-substituted piperidine
derivatives used in the synthesis of the indole alkaloids
described in this section.

Scheme 3

Compound 1A can be converted into (S)-3-ethylpiperi-
dine (2) by lithium aluminum hydride (LAH) reduction of
the amide carbonyl functionality which takes place with
simultaneous reductive cleavage of the oxazolidine ring,
followed by hydrogenolysis of the resulting N-benzylic
substituent. (S)-3-Ethylpiperidine (2) was isolated in 68%
yield as the corresponding hydrochloride. However, when
lactam 1A is subjected to acidic conditions, isomerization
of the C-8 and C-8a stereocenters occurs affording a mix-
ture in which diastereomer 1B is the major isomer [(1A/
1B) 1:5]. Bicyclic lactam 1B was converted into (R)-3-
ethylpiperidine (ent-2) following the above procedure.14,15

Thus, interestingly, both enantiomers of the 3-alkyl-sub-
stituted piperidine are available starting from the same
enantiomer of the chiral inductor, (R)-phenylglycinol.

An alternative procedure to prepare enantiopure 3-alkyl-
piperidines involves the stereoselective enolate alkylation
of unsubstituted bicyclic lactam 3 (Scheme 4).16 Treat-
ment of substrate 3 with lithium hexamethyldisilazide fol-
lowed by the addition of ethyl iodide afforded compound
4 in 83% yield as the only stereoisomer observable by
NMR spectroscopy. Subsequent LAH reduction of ethyl-
substituted compound 4 followed by removal of the chiral
auxiliary by hydrogenolysis gave (S)-3-ethylpiperidine
(2) in good yield. The corresponding enantiomer, (R)-3-
ethylpiperidine (ent-2), was also accessible starting from
lactam ent-3 prepared from (S)-phenylglycinol.

Scheme 4

2.1.1 (+)-Decarbomethoxytetrahydrosecodine

The indole alkaloid (+)-(R)-decarbomethoxy-
15,20,16,17-tetrahydrosecodine [(+)-7], isolated in 1968
from Tabernaemontana cumminsii, is the most-simple
secodine-type alkaloid occurring in nature.17 The absolute
configuration of its only stereocenter was established as
20R when the alkaloid was synthesized in its enantiopure
form for the first time.18

With an efficient tool in hand for the enantioselective
preparation of 3-alkylpiperidines, we decided to synthe-
size alkaloid (+)-decarbomethoxytetrahydrosecodine (+)-
7 by N-alkylation of (R)-3-ethylpiperidine (ent-2) with 3-
(2-bromoethyl)-2-ethyl-1H-indole (6). The latter com-
pound was prepared using a procedure previously devel-
oped in our laboratory for the generation of 3-
lithioindoles.19 Thus, bromination of 1-(tert-butyldimeth-
ylsilyl)-2-ethyl-1H-indole (5) with N-bromosuccinimide,
followed by lithium–halogen exchange and treatment of
the resulting 3-lithioindole with ethylene oxide, afforded
the corresponding tryptophol derivative, which was con-
verted into the desired bromide 6 with phosphorus tribro-
mide (Scheme 5).

Scheme 5
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Scheme 6

2.1.2 Enantiopure cis- and trans-(3-Ethylpiperidin-
4-yl)acetates as Precursors for the Synthesis of 
Indolo- and Benzo[a]quinolizidine Alkaloids

3-Ethyl-4-piperineacetates and 4-piperidineethanols are
structural moieties present in a number of indole and tetra-
hydroisoquinoline alkaloids, and have been used as cru-
cial intermediates in the synthesis of these alkaloids
(Figure 3). It is worth mentioning that Ipecacuanha alka-
loids, such as (–)-emetine, and Alangium alkaloids, such
as (–)-ankorine, which have a benzo[a]quinolizidine nu-
cleus are formed in nature from dopamine and the monot-
erpene secologanin through a biosynthetic pathway that,
in the first steps, is closely related to the biosynthesis of
monoterpenoid indole alkaloids.20 Thus, the structural
similarities found in indole and some tetrahydroisoquino-
line alkaloids are a consequence of analogies in their bio-
genetic origin.

Figure 3

Although several syntheses of cis- and trans-(3-ethylpip-
eridin-4-yl)acetates have been described in the racemic
series, the preparation of enantiopure derivatives relies
mainly on the resolution of racemates21 or on the use of
(+)-cincholoiponic acid {[(3R,4S)-3-ethylpiperidin-4-
yl]acetic acid} as the starting material. This acid is acces-
sible by degradation of secologanin and cinchonine.22 A
notable enantioselective synthesis of trans-(3-ethylpiperi-
din-4-yl)acetates, using an enantioselective intramolecu-
lar Michael addition as the key step, has been developed
by Momose and co-workers.23

In this context, we described the efficient enantioselective
synthesis of ethyl trans-[(3S,4S)-3-ethylpiperidin-4-
yl]acetate (13) and its corresponding lactam 14 from bicy-
clic lactam 9, which can be prepared in a single step by the
stereoselective cyclocondensation of racemic formyl-con-
taining diester 8 with (R)-phenylglycinol (Scheme 7).7a,d

In this process, dynamic kinetic resolution and discrimi-
nation of the two diastereotopic acetate chains of racemic
substrate 8 take place to stereoselectively afford bicyclic
lactam 9, in which the stereogenic centers next to the ethyl
and acetate chains are generated with a well-defined con-
figuration. Bicyclic lactam 9 is also accessible using an al-
ternative procedure involving the stereoselective
conjugate addition of the lithium salt of ethyl 1,3-dithio-
lane-2-carboxylate (11) to unsaturated lactam 10, easily
accessible from 1A (Scheme 7).24 Treatment of the result-
ing dithiolane 12 with in situ generated nickel boride af-
fords the above-mentioned lactam 9.

Scheme 7

Cleavage of the phenylethanol moiety of the chiral induc-
tor of bicyclic lactam 9 to give 2-piperidone 14 was car-
ried out by hydrogenolysis of the benzylic carbon–
nitrogen bond with calcium in liquid ammonia, followed
by carbon–oxygen bond reduction of the resulting hemi-
aminal (Scheme 8). Alternatively, chemoselective reduc-
tion of 9 with borane–tetrahydrofuran complex, followed
by debenzylation under catalytic hydrogenation condi-
tions gave enantiopure ethyl trans-[(3S,4S)-3-ethylpiperi-
din-4-yl]acetate (13) in moderate yield (Scheme 8).

Scheme 8
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case of allylmagnesium bromide in the presence of cop-
per(I) iodide (CuI) and trimethylsilyl chloride/lithium
chloride to unsaturated lactam 15, which was prepared
from 8-ethyl-substituted bicyclic derivative 1A, as depict-
ed in Scheme 9. The addition of the allyl substituent to the
activated double bond of 15 took place with high efficien-
cy to give cis-7,8-disubstituted isomer 16. Conversion of
the allyl substituent into an acetate chain by two succes-
sive oxidations and esterification of the resulting acid, fol-
lowed by cleavage of the benzyloxycarbonyl substituent
(Scheme 9), afforded the target cis-7,8-disubstituted lac-
tam 17.

Scheme 9

Lactam 17 was converted into ethyl cis-[(3S,4R)-3-eth-
ylpiperidin-4-yl]acetate (18) and ethyl cis-[(4R,5S)-5-eth-
yl-2-oxopiperidin-4-yl]acetate (19) following the above-
mentioned procedure for the preparation of 13 and 14, re-
spectively, from trans-isomer 9 (Scheme 10).

Scheme 10

The different stereochemical outcomes of the conjugate
addition of the lithium salt of ethyl 1,3-dithiolane-2-car-
boxylate (11) to unsaturated lactam 10 and of a Grignard
reagent in the presence of copper salts to unsaturated lac-
tam 15 can be rationalized taking into account that, in the
first case, the conjugate addition of a stabilized anion is a
reversible process, stereoselectively affording the thermo-
dynamically more stable trans-7,8-disubstituted isomer
12 (Scheme 11). The stereochemical course of the reac-
tion and high stereoselectivity in the addition of an allyl
organocuprate to 15 can be attributed to the stereoelec-
tronically controlled axial attack25,26 of the nucleophile,
resulting in cis-7,8-disubstituted isomer 16, and to the
conformational rigidity of these bicyclic lactams
(Scheme 11).

Scheme 11

(3-Ethylpiperidin-4-yl)acetates 13 and 18 and 2-piperi-
done derivatives 14 and 19 have been used in the synthesis
of a number of alkaloids, such as emetine, tubulosine,
ankorine, 9-demethylpsychotrine, dihydrocorynantheol,
dihydrocorynantheine, and ophiorrhizine, among others,
either in the racemic series or in enantiopure form. A no-
table contribution to this field was reported by Fujii and
co-workers, who used the so-called ‘lactim ether route’.27

2.1.3 Indole Alkaloids Related to Cleavamine and 
Quebrachamine

The Aspidosperma group, the largest among the monoter-
penoid indole alkaloids, displays a piperidine ring with a
quaternary stereocenter (C-20) at the b-position embed-
ded in a pentacyclic system.28 (+)-Aspidospermidine con-
stitutes a representative example of this group (Figure 4).
The structural feature described above can also be found
in eburnamine-vincamine-type alkaloids, such as (+)-
eburnamonine. The most simple group of the Aspidosper-
ma alkaloids is exemplified by (–)-quebrachamine and its
derivatives, which lack the C-7–C-21 bond. The tetracy-
clic framework of the alkaloid (–)-quebrachamine, char-
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acterized by a central nine-membered ring, is shared by
the alkaloids (–)-(20S)- and (+)-(20R)-dihydrocleavamine
belonging to the Iboga skeletal type.29 However, because
of their different biosynthetic pathways, the dihydroclea-
vamines have a 3,5-disubstituted piperidine ring, whereas
(–)-quebrachamine has a 3,3-disubstituted piperidine sub-
unit (Figure 4).

For the synthesis of (–)-quebrachamine (25) and the two
C-20 diastereomeric dihydrocleavamines 40 and 41, we
conceived a route based on the enantioselective prepara-
tion of an (R)-(3-ethylpiperidin-3-yl)acetate derivative
and suitable trans-[(3R,5S)-5-ethylpiperidin-3-yl]- and
cis-[(3R,5R)-5-ethylpiperidin-3-yl]acetates (Figure 5).
Starting from these piperidines, the synthetic strategy in-
volves, as key steps, (a) integration of the tryptamine moi-
ety by acylation of the piperidine nitrogen with an indol-
3-ylacetic acid derivative, (b) closure of the nine-mem-
bered ring by electrophilic cyclization at the indole 2-po-
sition, and (c) final reduction of the 2-acylindole and
amide moieties.

Figure 5

The enantioselective preparation of 3,3-disubstituted pip-
eridines from simple chiral bicyclic lactams requires the
sequential dialkylation of the corresponding enolate
(Scheme 12). Our previous studies in this field30 led us to
conclude that the stereoselectivity of the dialkylation re-
action depends on the nature and order of introduction of
the alkylating reagents. Thus, for the synthesis of methyl
(3-ethylpiperidin-3-yl)acetate (22), which has the appro-
priate R configuration for the synthesis of (–)-quebrach-
amine, we subjected the enolate of lactam ent-3, prepared
from (S)-phenylglycinol, to sequential alkylation, first
with allyl bromide and then with ethyl iodide. In this way,
lactam 20 was obtained as a 91:9 mixture of diastereomers
(the major isomer is depicted in Scheme 12) in 43% yield
from lactam ent-3. It is worth mentioning that a change in
the order of the addition of the alkylating reagents resulted
in a decrease in stereoselectivity, affording a 70:30 mix-
ture of the C-6 epimers of compound 20 in which the ma-
jor isomer had the opposite S configuration. Ruthenium
oxidation of the carbon–carbon double bond of 20, fol-
lowed by LAH reduction of the resulting acid, gave alco-
hol 21 in good yield. Hydrogenolysis of the N-benzylic

substituent of 21 in the presence of di-tert-butyl dicarbon-
ate, oxidation of the primary alcohol, and finally esterifi-
cation of the resulting acid led to the target piperidine 22.

Scheme 12

With a procedure in hand for the preparation of enan-
tiopure piperidine 22, we undertook the enantioselective
synthesis of (–)-quebrachamine by reproducing the syn-
thetic sequence used by F. E. Ziegler for the synthesis of
this alkaloid in the racemic series31 (Scheme 13). The syn-
thesis includes a remarkable transformation involving the
closure of the nine-membered ring by poly(phosphoric ac-
id) (PPA) treatment of acid rac-23, which was reported to
give rac-24 in 85% yield. Unfortunately, Ziegler and co-
workers described that the subsequent reduction of the
amide and 2-acylindole carbonyl moieties of rac-24 with
LAH in refluxing dioxane afforded racemic quebra-
chamine (rac-25) in only 6% yield. Starting from enan-
tiopure R-isomer 22, we prepared acid 23 by acylation of
the secondary amine with the mixed anhydride derived
from indol-3-ylacetic and pivalic acid, followed by sapon-
ification of the ester. Closure of the nine-membered ring

N

CO2R

H

N

CO2R

H

N

CO2R

H

N

N

H

O

X H

O

HO
R

R

R

a

b

a) nitrogen acylation
b) electrophilic cyclization
    (nine-membered ring formation)
c) adjustment of the oxidation
    level

R SR R R

N O

Ph

O N O

Ph

O
1) LiHDMS, THF
    allyl bromide
    –78 °C (61%)

2) LiHDMS, THF
    EtI

    –78 °C (71%)
91:9 mixture of
diastereomers

1) RuCl3, NaIO4
    CCl4, MeCN, H2O
    25 °C, 24 h

2) LiAlH4, THF
    25 °C, 28 h

88%

N

HO

1) H2, Pd(OH)2,
    Boc2O, EtOH
2) PDC, DMF, 25 °C

3) TMSCl, MeOH, 25 °C

Ph
OH

N

CO2Me

H

49%

S

ent-3

8a

3

20

21 22

6

R

Scheme 13

N
N

H

O

CO2H

1) indol-3-ylacetic 
    pivalic anhydride,
    THF, 25 °C, 3 d

2) NaOH, H2O, MeOH
    reflux, 2.5 h

22

PPA, 90 °C
30 min

64%

85%

N

H

N

O

O

N

H

N

25 (–)-quebrachamine

LiAlH4, NMM
reflux, 7 h

30%

N

H

N

OH

N

H

N

H

27
26

23

24



150 M. Amat et al. ACCOUNT

Synlett 2011, No. 2, 143–160 © Thieme Stuttgart · New York

under the conditions reported by Ziegler and co-workers
took place in high yield to give lactam 24. However, when
the reduction of lactam 24 was conducted with LAH in re-
fluxing dioxane, only pyrrolo-b-carboline 26 was isolated
(66% yield),32 whereas in tetrahydrofuran (THF) at room
temperature, alcohol 27 was formed in 87% yield as the
only identifiable compound. To our delight, changing the
solvent from THF to N-methylmorpholine (NMM) at re-
flux temperature allowed the isolation of the target alka-
loid (–)-quebrachamine33 (25) in 30% yield, which
represents a significant improvement on Ziegler’s overall
procedure (Scheme 13).30

For the enantioselective synthesis of the alkaloids (–)-
(20S)- (40) and (+)-(20R)-dihydrocleavamine (41), the
initial preparation of trans-[(3R,5S)-5-ethylpiperidin-3-
yl]- 30 and cis-[(3R,5R)-5-ethylpiperidin-3-yl)acetate 35,
respectively, was required. These diastereomeric com-
pounds were synthesized by taking advantage of the stere-
oselectivity observed in the alkylation of enolates derived
from ethyl-substituted bicyclic lactams 1A (Scheme 14)
and 1B (Scheme 15).34 Thus, these C-8 and C-8a diastereo-
meric lactams underwent alkylation via the corresponding
lithium enolates with the same facial selectivity using tert-
butyl bromoacetate as the electrophile. Lactams 28 and 33
were formed with a trans and cis relative configuration,
respectively, with respect to the C-6 and C-8 stereo-
centers. Although the stereoselectivity of the alkylation
reaction was moderate (Schemes 14 and 15; only the ma-
jor isomer is depicted), this procedure makes the enantio-
selective preparation of trans- and cis-3,5-disubstituted
piperidines possible by choosing the appropriate C-8 iso-
mer of alkyl-substituted lactams 1A and 1B. Chemoselec-
tive borane reduction of the lactam carbonyl and
oxazolidine ring moieties of compounds 28 and 33 afford-
ed piperidines 29 and 34, respectively. Cleavage of the
chiral inductor by hydrogenolysis gave piperidines 30 and
35, which were isolated as the hydrochloride and N-tert-
butoxycarbonyl (N-Boc) derivatives, respectively.

Scheme 14

Scheme 15

The synthesis of alkaloids (–)-(20S)- (40) and (+)-(20R)-
dihydrocleavamine34,35 (41) using a procedure that paral-
lels the one described for (–)-quebrachamine (25) re-
quired the preparation of amides 31 (Scheme 14) and 36
(Scheme 15), respectively. The formation of the amides
was best accomplished in a one-pot reaction from alcohols
29 and 34 by adding indol-3-ylacetic pivalic anhydride to
the mixture for the catalytic hydrogenation reaction. Sub-
sequent treatment of amides 31 and 36 with trifluoroacetic
acid (TFA) afforded acids 32 and 37, respectively, in ex-
cellent yield.

Closure of the nine-membered ring from trans-isomer 32
under the same reaction conditions used in the synthesis
of (–)-quebrachamine (25) afforded tetracycle 38, al-
though in lower yield (64%, Scheme 16) than in the cor-
responding cyclization of 23 (cf. Scheme 13). Moreover,
Danieli et al.36 described that all attempts to induce the cy-
clization of cis-isomer 37 using PPA failed, whereas the
use of ethyl polyphosphate (PPE) in chloroform at 60 °C
gave tetracycle 39, but in only 32% yield.

Scheme 16
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The results observed in the above cyclization reactions of
23, 32, and 37 corroborate Ziegler’s hypothesis31 that the
actual acylating species in the intramolecular acylation
step is the diacylammonium ion F (Figure 6), resulting
from the interaction of the amide nitrogen with the tran-
sient acylium ion. This allows the cyclization to take place
through a six-membered rather than a nine-membered
transition state that would involve the direct attack of the
acylium ion at the indole 2-position. The generation of re-
active intermediate F requires the piperidine ring to adopt
a conformation in which the acetate chain occupies an ax-
ial position. In the case of acids 23 and 32, the ethyl sub-
stituent in this conformation is equatorial. However, for
compound 37, in which the ethyl and acetate chains are cis
relative to one another, formation of species such as F re-
quires the piperidine ring to adopt a less-favored confor-
mation in which both substituents are axial.

Figure 6

Finally, LAH reduction of tetracycle 38 in refluxing diox-
ane satisfactorily afforded (–)-(20S)-dihydrocleavamine
(40), although in moderate yield (34%), accompanied by
pyrrolo-b-carboline 42 in 17% yield (Scheme 16). Simi-
larly, Danieli et al.36 reported that the LAH reduction of
isomer 39 afforded (+)-(20R)-dihydrocleavamine37 under
the same conditions in 42% yield.

The modest yields in the reduction of tetracycles 38 and
39 with LAH in refluxing dioxane and the different be-
havior of these compounds compared with that of 24 un-
der the same conditions could be accounted for by
considering the formation of quaternary ammonium salt
G (Scheme 17). This intermediate, generated through a
cyclization of the partially reduced 2-acylindole moiety,
can undergo two competitive reactions: reduction of the
C-16–N bond by hydride attack to give 25, 40, or 41, or a
Hofmann-type elimination to give pyrrolo-b-carbolines
26 or 42. Starting from tetracycle 24, the b-elimination
process involving the corresponding salt G (R1 = Et, R2 =
H) is favored by Hofmann’s rule compared with the same
reaction of salt G generated from 38 (R1 = H, R2 = Et)
(Scheme 17). The presence of an ethyl substituent on the
quaternary center of intermediate ammonium salt G
formed from 24 (R1 = Et, R2 = H) hinders the approach of
the hydride to the reactive C-16 position. As a conse-
quence, when the reaction is conducted in dioxane, only
pyrrolo-b-carboline 26 is observed. However, when the
solvent is changed to NMM in the LAH reduction of 24,
this tertiary amine competes with the nitrogen atom of the
piperidine ring, partly avoiding the cyclization to ammo-

nium salt G. The resulting ‘external’ ammonium salt is re-
duced by hydride attack affording (–)-quebrachamine
(25).

2.2 Uleine and Strychnos Alkaloids

The uleine alkaloids constitute a small group of indole al-
kaloids lacking the tryptaminic two-carbon link between
the indole 3-position (C-7 with respect to biogenetic num-
bering) and the nitrogen atom of the piperidine ring.38 The
fundamental tetracyclic framework of these alkaloids
consists of an indole nucleus fused to a 2-azabicyc-
lo[3.3.1]nonane (Figure 7).

Figure 7

Starting from chiral phenylglycinol-derived bicyclic lac-
tams, access to the bridged tetracyclic system of these nat-
ural products can be achieved by the conjugate addition of
a carbon nucleophile next to the indole 2-position to un-
saturated ethyl-substituted lactam 10, followed by an in-
tramolecular amidoalkylation reaction (Figure 8). As can
be observed in Figure 7, these alkaloids have three stereo-
genic centers, all on the piperidine ring, with a cis relative
configuration. Thus, to ensure the correct stereochemistry
for the synthesis of uleine and dasycarpidone, the conju-
gate addition of the nucleophile to unsaturated lactam 10
should afford the cis-isomer with respect to the ethyl sub-
stituent, and the configuration of the C-8 chiral center of
10 bearing this substituent must be S (Figure 8).
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The required cis-isomer 44 was obtained by the conjugate
addition of an excess amount (2 equiv) of the dilithium
salt of 2-(1,3-dithian-2-yl)-1H-indole to unsaturated lac-
tam 10 (Scheme 18). After stirring the reaction mixture at
–78 °C in THF for 12 hours, a 4:1 mixture of isomers 44
and 43 was obtained in 90% yield.24 The observed stereo-
selectivity can be accounted for by considering that, under
kinetic conditions, the stereoelectronically controlled cis-
isomer is formed as the major product. However, when
the conjugate addition of the dianion derived from 2-(1,3-
dithian-2-yl)-1H-indole (1.2 equiv) was carried out at
room temperature and stirring was continued for 16 hours,
enantiopure trans-isomer 43 was stereoselectively formed
as the only identifiable product in excellent yield (93%).39

This result shows that, under these conditions, the equili-
bration of the initially formed kinetic product, cis-isomer
44, to the thermodynamic product, trans-isomer 43, oc-
curs.

Conversion of cis-substituted lactam 44 into the target tet-
racyclic alkaloids of the uleine group required, as the key
steps, the closure of the carbocyclic ring and the removal
of the chiral inductor. Treatment of compound 44 with so-
dium in liquid ammonia brought about both the desulfur-
ization of the dithioacetal and the cleavage of the benzylic
carbon–nitrogen bond to give a hydroxy-containing lac-
tam, which was subjected to electrophilic cyclization by
treatment with titanium(IV) chloride (TiCl4) leading to
tetracycle 45 in 35% yield from lactam 44 (Scheme 19).
Borane reduction of the lactam carbonyl moiety of 45, fol-
lowed by acylation of the resulting secondary amine with
benzyl chloroformate afforded carbamate 46 in 40%
yield.24,40 Compound 46 has been previously converted
into (+)-dasycarpidone (47) by oxidation with pyridinium
dichromate on Celite and tert-butyl hydroperoxide, fol-
lowed by cleavage of the N-benzyloxycarbonyl substitu-
ent and in situ methylation by hydrogenolysis in the
presence of formaldehyde.41 Taking into account previous
correlations, the above procedure also represents a formal
synthesis of (+)-uleine, (–)-dasycarpidol, and (–)-17-hy-
droxydihydrouleine.42

Scheme 19

cis-2-[(3-Ethylpiperidin-4-yl)methyl]indole derivatives
constitute key intermediates for the synthesis not only of
alkaloids of the uleine group, but also of pentacyclic
Strychnos indole alkaloids, such as (–)-tubifoline (51) and
(–)-19,20-dihydroakuammicine (Scheme 20). Because no
enantioselective synthesis of these synthetic intermediates
had been previously described, we decided to undertake
the conversion of lactam 44 into piperidine 48. Thus, re-
ductive desulfurization of dithioacetal 44 with in situ gen-
erated nickel boride, followed by reduction of the lactam
carbonyl moiety with simultaneous reductive cleavage of
the oxazolidine ring, and finally hydrogenolysis of the re-
sulting N-benzylic substituent afforded compound 48 in
55% yield from lactam 44.39 Conversion of racemic (in-
dol-2-ylmethyl)piperidine rac-48 into the alkaloid tubifo-
line was described in 2008 by Ishikura et al.43 following a
procedure previously reported by Wu and Snieckus44 for
the synthesis of tetracycle rac-50. Acylation of piperidine
rac-48 with chloroacetyl chloride followed by photocy-
clization of the resulting chloroacetamide using a low-
pressure mercury lamp afforded nine-membered lactam
rac-49. Subsequent reduction of the amide carbonyl moi-
ety of rac-49 with LAH gave tetracyclic amine rac-50.
This compound has been prepared in enantiopure form in
our laboratories following a similar synthetic route in the
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context of our studies on the synthesis of Strychnos alka-
loids.45 In our hands, the oxidative transannular cycliza-
tion of (–)-50 led to pentacyclic alkaloid (–)-tubifoline
(51), which was subsequently transformed into (–)-tubifo-
lidine and (–)-19,20-dihydroakuammicine.

Scheme 20

2.3 The Ervatamine–Silicine Group

The ervatamine–silicine group of alkaloids46 display an
unusual tetracyclic skeleton in which the carbon atoms of
the tryptamine unit, C-5 and C-6, are embedded in the pi-
peridine ring and a seven-membered carbocycle, respec-
tively, instead of forming a two-carbon bridge between
the indole 3-position and the basic nitrogen (Figure 9).
Most of the alkaloids of the silicine group differ in their
relative stereochemistry at C-16 and C-20 and oxidation
level at C-6. The ervatamine alkaloids have an additional
methoxycarbonyl substituent at the C-16 position of the
tetracyclic system.

The synthetic route we have developed for the synthesis
of ervatamine–silicine alkaloids47 relies on the closure of

the seven-membered ring by ring-closing metathesis
(RCM) in the last steps of the synthesis and takes advan-
tage of our experience in the stereocontrolled introduction
of substituents on the piperidine ring of phenylglycinol-
derived bicyclic lactams. Thus, starting from an unsatur-
ated lactam derived from 1B, with an R configuration at
the stereocenter next to the ethyl substituent (correspond-
ing to C-20 of the alkaloids), the key steps of the synthesis
are (a) the conjugate addition of a vinyl residue, (b) the
stereoselective alkylation of an enolate for the introduc-
tion of the (2-vinylindol-3-yl)methyl fragment, and (c)
RCM for the closure of the seven-membered ring
(Figure 10).

Figure 10

Unsaturated lactam 52, easily available from bicyclic lac-
tam 1B, underwent conjugate addition of vinylmagnesium
bromide in the presence of CuI with the expected facial
selectivity6c,7b to stereoselectively give compound 53 in
excellent yield. The subsequent alkylation of lactam 53
with indol-3-ylmethyl bromide 54, followed by Wittig
methylenation, afforded desired derivative 55 as a single
stereoisomer (Scheme 21). At this point, it is worth men-
tioning that, in previous studies, all attempts to close the
carbocyclic ring of the ervitsine–silicine alkaloids by the
RCM reaction of related divinyl derivatives failed to lead
to the expected compound, with an intramolecular Diels–
Alder process taking place instead.47 This result was ex-
plained by conformational restrictions attributable to the
steric hindrance caused by the carboxylate moiety on the
quaternary carbon. For this reason, the Boc group of (in-
dol-3-ylmethyl)-substituted lactam 55 was stereoselec-
tively removed by treatment with TFA and heating in
toluene. The subsequent RCM reaction of the resulting
compound using the second-generation Grubbs catalyst,
followed by hydrogenation of the carbon–carbon double
bond, led to desired compound 56, which bears the tetra-
cyclic skeleton of the ervatamine–silicine alkaloids. Re-
moval of the chiral inductor and the protecting group of
the indole moiety of compound 56 was accomplished by
simultaneous reduction of the amide and oxazolidine ring,
followed by cleavage of the phenylsulfonyl group by
treatment with magnesium turnings in methanol, and
finally hydrogenolysis of the N-benzylic substituent with
in situ protection of the resulting secondary amine.
Chemoselective oxidation of the methylene carbon next to
the indole 2-position of the resulting tetracycle 57 with di-
iodine pentoxide, followed by removal of the Boc protect-
ing group and methylation of the resulting secondary
amine, gave alkaloid (–)-16-episilicine (58).48,49
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Scheme 21

3 Indolo[2,3-a]quinolizidines from (S)-Tryp-
tophanol-Derived Lactams

As an extension of our work on the use of chiral amino al-
cohol derived bicyclic lactams for the enantioselective
synthesis of natural products, we decided to explore the
use of (S)-tryptophanol-derived bicyclic lactams for the
synthesis of indole alkaloids.50 In this case, the chiral ami-
no alcohol would not only be a source of chirality, as in
the case of phenylglycinol-derived lactams, but would
also incorporate the tryptamine moiety present in many
indole alkaloids. With this purpose in mind, unsubstituted
lactam 60 and the C-7 and/or C-8 substituted derivatives
61 to 64 were stereoselectively prepared in good yields by
the cyclocondensation reaction of formyl-containing ester
derivatives 59 and (S)-tryptophanol (Scheme 22). As in
the above cyclocondensation reactions using phenylglyci-
nol, minor amounts of a second diastereomer was also iso-
lated in all cases.51

Taking advantage of the functionalization present in lac-
tams 60 to 64, the indole ring can undergo electrophilic
cyclization at both a-positions of the piperidine ring
present in the bicyclic system (Figure 11), either by a
Bischler–Napieralski reaction (via path a) or by intramo-
lecular a-amidoalkylation (via path b), affording regioiso-
meric indolo[2,3-a]quinolizidine derivatives. Thus,
starting from C-8 substituted lactams 61, 62, and 64, Bis-
chler–Napieralski-type reactions would afford C-3 substi-

tuted indolo[2,3-a]quinolizidine derivatives, whereas
amidoalkylation processes would give C-1 substituted tet-
racyclic systems.

3.1 Indolo[2,3-a]quinolizidines and Analogues 
by Intramolecular Amidoalkylation Reac-
tions: Synthesis of (R)-(+)-Deplancheine and 
(R)-(+)-Harmicine

Treatment of oxazolopiperidone lactams under acidic
conditions generates an N-acyliminium ion that, in the
case of (S)-tryptophanol-derived lactams, can undergo an
electrophilic cyclization at the indole 2-position affording
indolo[2,3-a]quinolizidines. This tetracyclic scaffold is
present in many indole alkaloids of the Corynanthe group.
Thus, the TiCl4-promoted cyclization of unsubstituted
(S)-tryptophanol-derived lactam 60 was described by Al-
lin et al.,52 affording a 5:2 mixture of indolo[2,3-a]quino-
lizidines 65A and 65B, which are diastereomers at the C-
12b stereocenter generated in the reaction (Scheme 23).
The use of hydrogen chloride (HCl) in the intramolecular
amidoalkylation reaction, however, led to the single iso-
mer 65A, with a trans H-6/H-12b relative configuration,
in excellent yield.53 This stereoselectivity was rational-
ized by considering that the cyclization takes place based
on the conformation of the exocyclic carbon–nitrogen
bond in which the A1,3-type interaction of the carbon sub-
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stituents on the stereogenic center of the tryptophanol
moiety and the lactam carbonyl functionality is mini-
mized. As a consequence, the indole nucleus attacks the
iminium salt from the si-face, stereoselectively affording
indoloquinolizidine 65A.51b,54

Scheme 23

When the analogous ethyl-substituted lactam 61 was sub-
jected to treatment with boron trifluoride–diethyl ether
complex in dichloromethane at reflux, we observed the
formation of the H-6/H-12b cis-isomer 66B with good ste-
reoselectivity, whereas with HCl at room temperature, the
H-6/H-12b trans-isomer 66A was the major component of
the isomeric mixture (Scheme 24),51b in accordance with
Allin’s results. Thus, by the appropriate selection of the
acidic reagent used to promote the intramolecular ami-
doalkylation of lactam 61, C-12b diastereomeric indo-
lo[2,3-a]quinolizidine 66A or 66B can be obtained.

Scheme 24

In a related study, Allin et al. reported that the partial re-
duction of the (S)-tryptophanol-derived succinimide 67
under Speckamp conditions afforded the corresponding
tetrahydropyrrolo-b-carboline as a mixture of the H-5/H-
11b trans- and cis-isomers 68A and 68B, respectively, in
a 9:1 ratio (Scheme 25).55 The reaction takes place
through the cyclization of an intermediate N-acyliminium
salt, analogous to that generated by the acidic treatment of
bicyclic lactams 60 and 61 in the aforementioned cycliza-
tions to give indoloquinolizidines 65A/65B and 66A/66B,
respectively.

Scheme 25

Compound 65A was converted into (R)-(+)-deplancheine
(72),56 an indole alkaloid isolated from the New Cale-
donian plant Alstonia deplanchei lacking the two- or
three-carbon chain present in most Corynanthe alkaloids
at the C-15 position. The key transformations are the re-
moval of the hydroxymethyl appendage and the incorpo-
ration of the (E)-ethylidene side chain. The former was
accomplished by oxidation of alcohol 65A to give carbox-
ylic acid 69 followed by the formation of the correspond-
ing acyl selenide, which was then subjected to a tin-
mediated radical decarbonylation to give compound 70
(Scheme 26). Treatment of the lithium enolate of lactam
70 with acetaldehyde, followed by mesylation of the re-
sulting alcohol and 1,5-diazabicyclo[4.3.0]non-5-ene-in-
duced b-elimination of the mesylate, regio- and
stereoselectively afforded desired product 71 bearing the
(E)-ethylidene substituent. Finally, removal of the N-Boc
protecting group of tetracycle 71 and lactam reduction
gave the alkaloid (R)-(+)-deplancheine (72).

Scheme 26
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afforded the indole alkaloid (+)-harmicine (75)
(Scheme 27),55 which is isolated from the leaf extracts of
the Malasian plant Kopsia griffithii.

Scheme 27

3.2 Indolo[2,3-a]quinolizidines by a Modified 
Bischler–Napieralski Reaction: Formal 
Synthesis of (+)-Dihydrocorynantheine and 
(–)-Dihydrocorynantheol

The use of C-8 substituted tryptophanol-derived bicyclic
lactams for the alternative enantioselective synthesis of
indole alkaloids requires the cyclization at the indole 2-
position to take place regioselectively from the lactam
carbonyl moiety (see Figure 11, path a). In this way, indo-
lo[2,3-a]quinolizidines bearing a carbon substituent at the
C-3 position of the core tetracyclic system (corresponding
to C-20 in the biogenetic numbering of the Corynanthe al-
kaloids, see Scheme 2) can be formed. However, in pre-
liminary attempts, when lactam 61 was subjected to
Bischler–Napieralski conditions, instead of the desired C-
3 substituted indolo[2,3-a]quinolizidine, a mixture of
compounds 66A and 76 resulting from intramolecular
amidoalkylation (see Figure 11, path b) was formed

(Scheme 28). The formation of 76 also involved the par-
tial reduction of the lactam carbonyl moiety with closure
of the oxazolidine ring. Similarly, all attempts to reduce
the carbon–oxygen bond of 61 using triethylsilane in the
presence of a variety of Lewis acids failed and, in some
cases, compounds resulting from an intramolecular ami-
doalkylation reaction were also formed.

In view of the above results, it was evident that the pro-
posed cyclization had to be carried out under neutral or
basic conditions to avoid the competitive acid-promoted
amidoalkylation process. Alkylation of thioamide 77, ob-
tained by treatment of lactam 61 with Lawesson’s reagent,
using benzyl bromide generated (benzylsulfanyl)-substi-
tuted iminium ion H, which can be considered as a sulfur
analogue of the Bischler–Napieralski chloro-substituted
iminium salt. Sodium borohydride reduction of iminium
intermediate I resulting from the cyclization of H stereo-
selectively afforded desired compound 78 as a single iso-
mer (Scheme 29).57

Scheme 29

With a method in hand for the regio- and stereoselective
cyclization involving the lactam carbonyl moiety of (S)-
tryptophanol-derived bicyclic lactams, the enantioselec-
tive synthesis of the indole alkaloids (+)-dihydrocorynan-
theine and (–)-dihydrocorynantheol is possible starting
from appropriately substituted derivatives. Thus, lactam
64, incorporating an acetate chain at C-7 of the bicyclic
system and a C-8 ethyl substituent with the required trans-
R,R configuration, was converted into the corresponding
thioamide 79, which was then subjected to the modified
Bischler–Napieralski conditions as in the above model se-
ries. In this way, compound 80 was isolated in 60% yield
as a single stereoisomer (Scheme 30). The absolute con-
figuration of the stereogenic center generated in the reac-
tion was unambiguously established by X-ray
crystallographic analysis of the alcohol resulting from the
borane reduction of compound 80. To complete the syn-
thesis of the precursor to the target alkaloids, we only
needed to remove the hydroxymethyl appendage. To per-
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form this transformation, we initially planned to use Al-
lin’s procedure involving, as a key step, the radical
reductive decarbonylation of a selenoester (see
Scheme 26). The indole nitrogen of compound 80 was
protected as an N-Boc derivative and the oxazolidine ring
of the resulting pentacyclic compound was subjected to
reductive ring opening with borane to give 81. However,
all attempts to oxidize either alcohol 81 or aldehyde 82 to
give the corresponding carboxylic acid were unsuccess-
ful. At this point, we envisaged an alternative methodolo-
gy to remove the hydroxymethyl substituent: reductive
decyanation of an a-amino nitrile. To this end, aldehyde
82 was converted into an oxime, which was subsequently
dehydrated with the Burgess reagent to give a-amino ni-
trile 83. Treatment of 83 with sodium cyanoborohydride,
followed by indole deprotection, led to the target indolo-
quinolizidine 84.57

Compound 84 is a known precursor of the alkaloids (+)-
dihydrocorynantheine58,59 and (–)-dihydrocorynantheol,60

so the above sequence represents a formal total synthesis
of these alkaloids61 (Figure 12). Moreover, taking into ac-
count previous correlations,62 the synthesis of tetracycle
84 also constitutes a formal synthesis of the oxindole al-
kaloids (–)-rhynchophylline and (+)-isorhynchophyl-
line.63

4 Conclusion

Chiral, nonracemic phenylglycinol- and tryptophanol-
derived oxazolopiperidone lactams are exceptionally use-

ful building blocks that allow not only the regio- and ste-
reocontrolled introduction of substituents at different
positions of the piperidine ring, but also the enantioselec-
tive synthesis of complex piperidine-containing indole al-
kaloids belonging to a variety of structural types.
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