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(�)-Dendrobine (1) is the most abundant alkaloid isolated
from the ornamental orchid Dendrobium nobile Lindl.[1]

Extracts of this orchid are used in Chinese medicine as
a tonic and exhibit antipyretic, hypertensive, and convulsant
activity.[2] The intriguing structure of (�)-dendrobine (1),
which includes a tetracyclic ring system with seven contiguous
stereocenters, has been the object of intensive studies by the
synthetic community.[3–7] Herein, we present an efficient route
for the asymmetric total synthesis of (�)-dendrobine (1;
Scheme 1). The strategy is based on a key reaction cascade

with an amine functioning as the linchpin, wherein it initiates
the sequence of reactions and embeds itself in the target
structure. Interestingly, the overall transformation occurs
stereoselectively only when the conversion of 2 to 3 is carried
out without the isolation of intermediates, thus providing an
efficient means of installing both the quaternary center at C11
and the stereocenter at C3 (Scheme 1).

Much like the erythronolides for polyketides,[8] dendro-
bine has served as a target to examine novel tactics and
strategies for chemical synthesis. Of the various syntheses that
have been reported,[3–6] only two provide access to enantio-
pure material, with yields for the longest linear sequences of
1.7%[5a] and 1.3%.[5b] Three formal enantioselective syntheses

have been reported with yields ranging from 0.2–2.0%.[6] In
our analysis of the target, we viewed the synthesis of the core
as an opportunity to study and implement a cascading
sequence of reactions (Scheme 1, 2!3) in which an amine
condenses with an aldehyde to give an enamine that initiates
cyclization onto an enone, followed by a reduction/depro-
tection sequence. Although the use of enamines and Michael
acceptors has received great attention recently in the form of
new methods involving organocatalysis,[9–13] absent altogether
from this literature is conjugate addition to b-substituted
enones to generate quaternary centers.

The synthesis we delineate herein commences with
enantiomerically pure ester 4, prepared in two steps and
76% yield[14] from commercially available starting materials
(Scheme 2). It is converted into 5 through a six-step sequence,
which proceeds in 60 % overall yield. Vinyl lithium 6[15]

undergoes addition to aldehyde 5 at 0 8C to furnish product
7 as a 2.2:1 mixture of diastereomeric allylic alcohols.[16,17]

Deprotection of the benzoate ester in the adduct employing
standard alkaline conditions resulted in scrambling of the silyl
protecting group. Subsequent experimentation revealed that
the action of EtMgBr led to smooth removal of the benzoate
group.[18] This step was implemented in the same pot following
the aldehyde addition, to furnish a mixture of separable
diastereomeric diols. Diol 7 was then transformed into lactone
8 in 88 % yield following the protocol of Forsyth and co-
workers,[19] employing TEMPO and diacetoxyiodobenzene.
Lactonic Ireland–Claisen rearrangement proceeded smoothly
and afforded 9 after esterification in 95% yield over two
steps. This strategy provides efficient access to the highly
substituted cyclohexane core of (�)-dendrobine (1).[20]

Unexpected difficulties were met in attempts to remove
the silyl groups in 9. The use of Bu4NF led to formation of the
corresponding butyrolactone, and acidic conditions triggered
elimination. However, HF·pyridine proved to be sufficiently
mild for this delicate deprotection. Both liberated primary
and secondary alcohols were then oxidized with PCC,[21] and
the key intermediate 10 was isolated in 67% yield from 9.
With 10 in hand, we were then able to test the intramolecular
enamine Michael addition sequence for installation of the
quaternary center at C11. In the event, heating 10 in the
presence of pyrrolidine furnished aldehyde 12 in 65 % yield,
albeit as an inseparable 2:1 mixture of C3 diastereomeric
aldehyde products.[22]

We next became interested in exploring ways in which to
provide a more direct route to the core structure, with the
expectation that it might also be possible to effect stereocon-
trol at C3. When 10 was treated with N-methylbenzylamine,
cyclization was observed, and isolation of 12 once again
furnished a mixture of stereoisomers at C3 (2:1). However,
we then observed that coupling the amine-triggered cycliza-
tion to a subsequent reduction afforded 3 with high selectivity.

Scheme 1. Strategy for the construction of the core of (�)-dendrobine
(1). Bn = benzyl.
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Thus, treatment of 10 with N-methylbenzylamine followed by
exposure to H2/Pd led to the selective formation of 3 in high
diastereoselectivity (Scheme 3).[23] Overall, this
sequence not only allowed the diastereoselective
formation of the crucial C3�C11 bond, but also for
the elegant introduction of the desired pendant
amine in 68 % yield.[24]

The mechanistic possibilities for the sequence
that may lead to the selective formation of 3 are
shown in Scheme 3. In the first possibility (path-
way A), the direct formation of 3 with complete
control at the C3 and C11 positions, in principle,
could occur during the cyclization. However, this
would require that the enamine side chain be
oriented endo during the course of the cyclization.
As an alternative, following cyclization of 13, the
first-formed iminium cation undergoes proton loss
to give enamine 14. Nonselective protonation
furnishes diastereomeric intermediates 15 and 16
(pathways B or D: concave versus convex proto-
nation) followed by preferential and rapid reduc-
tion of 16. In effect, the sequence affording 3
would correspond to a dynamic kinetic resolution
process. As a third mechanistic option (path-
way C), reduction of C=C in 14 from the convex
face would directly and stereoselectively produce
3. We favor the fourth option (pathway D) in
which stereoselective protonation of 14 gives 16,
which then undergoes reduction to amine 3. This is
consistent with an observation that we have made

involving aldehyde 12 (Scheme 2). In one experi-
ment, we noted that 12 could be isolated with great
care as a mixture of diastereomers (5:1), before it
rapidly undergoes epimerization. If the formation
of 16 occurs with high facial selectivity in the
protonation step, subsequent reduction of the
iminium group would produce an amine that is no
longer susceptible to epimerization at the C3 posi-
tion. Consequently, the coupling of the two reac-
tions in a cascading sequence provides a shunt
mechanism that precludes the loss of stereochem-
ical information.

Having constructed the carbocyclic core, com-
pletion of the synthesis required the installation of
the pyrrolidine. We reasoned that this oxidation
sequence could be best accomplished by bromina-
tion at the Ca position of the ketone, followed by
nucleophilic displacement by the pendant amine
(Scheme 4). PHT proved to be a highly regioselec-
tive bromination agent at C10.[25] We speculate that
the selectivity arises by the kinetic generation of N-
bromoamine 17, which leads to directed, regiose-
lective ketone bromination to give 18. This was
followed by ring closure in the same pot, albeit to
a maximum of 50% conversion. We then observed
that addition of DMAP after bromination led to
complete conversion into 19 in 63% yield. We
hypothesize that DMAP might not merely act as
a base, but that it could also induce epimerization

at the C10 position, such that the C�Br bond is correctly
aligned for SN2 displacement. Furthermore, DMAP may also

Scheme 2. Reagents and conditions: a) LiAlH4, THF, 0 8C, 95%; b) PhCOCl, DMAP,
NEt3, CH2Cl2, 0 8C to RT; c) AcOH, H2O, 50 8C; d) tBuMe2SiCl, DMAP, imidazole,
CH2Cl2, 0 8C to RT, 77% over three steps; e) HF·pyridine, THF, 0 8C to RT, 84%;
f) (COCl)2, Me2SO, NEt3, �78 8C to RT, 98%; g) 9, 0 8C; EtMgBr, 81%, d.r. (anti/
syn) = 2.2:1; h) TEMPO, PhI(OAc)2, CH2Cl2, 0 8C to RT, 88%; i) iPr2NLi, Me3SiCl,
THF, �78 8C to RT; toluene, 110 8C; j) Me3SiCHN2, C6H6, MeOH, 6 8C to RT, 95%
over two steps; k) HF·pyridine, THF, 0 8C to RT, 88 %; l) PCC, celite, CH2Cl2, RT,
76%; m) C5H9N, C6H6, 4 � molecular sieves, 80 8C, 65%, d.r. = 2:1. TBS= tert-
butyldimethylsilyl ; TBDPS= tert-butyldiphenylsilyl ; TEMPO =2,2,6,6-tetramethyl-
piperidine-1-oxyl; PCC = pyridinium chlorochromate; DMAP= 4-dimethylamino-
pyridine.

Scheme 3. Cascade sequence to construct the core structure of (�)-dendrobine (1).
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serve as a nucleophilic catalyst over the course of the
substitution reaction. The conversion of amino ketone 19
into (�)-dendrobine (1) was accomplished by reduction with
NaBH4 followed by lactonization at elevated temperature.[26]

In summary, we have reported an asymmetric total
synthesis of (�)-dendrobine (1) in 18 linear steps and 4.0%
overall yield. As such, the route delivers the targeted natural
product in a yield that is considerably improved over any
previous syntheses. The salient features of synthesis include
(1) the efficient construction of the central cyclohexane core
by a Ireland-Claisen rearrangement, (2) a cascading series of
reactions proceeding through a conjugate enamine addition/
hydrogenation sequence to install the quaternary center as
well as the pendant methyl amino group, and (3) regioselec-
tive ketone bromination followed by pyrrolidine formation.
To our knowledge, the enamine conjugate addition to a b-
disubstituted enone is the first example of its kind to install
a quaternary stereocenter. The observations with the cascad-
ing sequence of reactions involving in situ reduction of the
final intermediate underscores the advantages that may be
accrued when executing multiple reactions in sequence when
the individual steps may be otherwise problematic. Further
studies to extend the reported strategy to the total synthesis of
structurally related alkaloids are underway.
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