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ABSTRACT

A six step synthesis of (()-7-hydroxylycopodine has been achieved in 5% overall yield. In the key step, a Prins cyclization of a bicyclic keto alkyne
in 60% H2SO4 forms a tricyclic dihydroxy amino ketone.

Sauroine (3, 7,8-dihydroxylycopodine), from Huperzia
saururus,1a was reported in 2004 and shown in 2009 to
improve memory retention in the step-down test in male
Wistar rats, significantly increasing hippocampal plasticity
(see Scheme 1).1bThe lycopodium alkaloids are a large and
extensively studied alkaloid family.2HuperzineA, themedic-
inally most significant lycopodine alkaloid as a potential
treatment for Alzheimer’s disease, functions as an acetyl-
cholinesterase inhibitor but may have other roles as has
been addressed in several recent reviews.3

Lycopodine (1) has been synthesized many times over
the past 40 years4 but is still a significant target with the
first synthesis in optically pure form reported by Carter in
2008.4j 8-Hydroxylycopodine (2, clavolonine) has been
known for many years and has been synthesized by

Wenkert in racemic form and recently by Evans and Breit
in optically pure form.5 7-Hydroxylycopodine (4) was
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reported in 2004.6 The bridgehead hydroxy group of

sauroine (3) and 7-hydroxylycopodine (4) precludes the

use of most of the methods that have been developed for

lycopodine and clavolonine synthesis, but they also make

aldol and Prins approaches more attractive.We decided to

synthesize 7-hydroxylocopodine (4) first and then modify

that route to prepare sauroine (3) with the additional

8-hydroxy group so that these molecules will be available

for further biological evaluation.
We planned to construct the final ring of 4 from dihy-

droxy ketone 5 by amodified Oppenauer oxidation-aldol
reaction sequence as developed by Heathcock in his lyco-
podine synthesis4d (see Scheme 1) and later used by Kraus
and Carter.4f,j,k We planned to prepare the β-hydroxycy-
clohexanone of 5 from diketone 6 by an intramolecular
aldol reaction. The 2-oxopropyl side chain of 6 should be
available by Wacker oxidation of the allyl side chain of 7,
which will be prepared by hydrolysis of enol ether 8. This
route is appealing because Wiesner reported an efficient
synthesis of 15, the analogue of 8 with an N-methyl sub-
stituent.7b We were concerned about the stereochemistry
of the ring fusion that will be introduced by protonation
of the enol ether of 8 because related work fromWiesner’s
laboratory led to the synthesis of 12-epilycopodine.7c,d

Nevertheless, thebrevityof this approachwasveryappealing.
Before addressing the synthesis of 5, we chose to carry

out a model study for the preparation of the tricylic frame-
work with an N-methyl rather than a protected N-hydro-
xypropyl group. Reaction of 3-bromopropylamine hydro-

bromide (9), 5-methyl-1,3-cyclohexanedione (10), and 2,6-
lutidine in ethanol at 130 �C afforded the enamide which
underwent an intramolecular alkylation to give racemic 11
(see Scheme 2).7b,8,9 Alkylation of 11 with iodomethane
using NaH in THF gave 12 in 48% yield from 10. Follow-
ing Wiesner’s procedure, vinylogous amide 12 was heated
in isopropyl iodide at 55 �C for 42 h to provide cation 13,
which was treated with allylmagnesium bromide to give 15
in 55% yield from 12. Hydrolysis of the enol ether of 15
with 1 M hydrochloric acid afforded a 1.7:1 mixture of
stereoisomeric ketones in 77% yield. Unfortunately, we
were unable to prepare 18 by a Wacker oxidation of keto
amino alkene 15, although amino alkenes have been
successfully oxidized to amino methyl ketones.10

We then attempted to prepare methyl ketone 18 by hy-
drolysis of alkyne 14. Addition of propargylmagnesium
bromide to cation 13 gave ketone 14 in 42% yield from 12.
Hydration of the triple bondof 14withHgO in 1:1MeOH/
1M aqueous H2SO4 at 65 �C also failed to give the desired
methyl ketone 18. Instead we obtained dienone 16 in 39%
yield. A plausible mechanism for the formation of 16
involves the desired hydration of the alkyne to give 18,
which under the acidic conditions undergoes a retro con-
jugate addition to give amino diketone 17. Condensation

Scheme 1. Retrosynthesis of 7-Hydroxylycopodine Scheme 2. Unsuccessful Approach to Diketone
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of the aminewith the cyclohexanonewill then give the fully
conjugated δ-amino dienone 16. This suggests that decom-
position of 18 might be responsible for the failure of the
Wacker oxidation of 15.
Fortunately, the alkyne of 14 provided us with another

method to form the desired tricyclic hydroxy ketone 5.
Wiesner reported that reaction of 15 in 75% H2SO4 for
12hafforded22 in70%yieldasa single isomerwithunknown
regio- and stereochemistry. Hydrolysis of enol ether 15
afforded ketone 19, which underwent a Prins cyclization to
give secondary cation 20 (see Scheme 3). A 1,5-hydride
shift afforded tertiary cation 21, which lost a proton to give
22. The desired stereochemistry with a β-hydrogen, which
would result from formation of trans-fused bicylic ketone
19, was suggested on the basis of kinetic and thermody-
namic conformational arguments. However, later work
from this group leading to two syntheses of the undesired
12-epi-lycopodine7c,d raises questions about this stereoche-
mical suggestion. Amino alkene 22 is not useful for lyco-
podine synthesis because the functionality is now in the
wrong ring.
We decided to subject alkyne 14 to these acidic condi-

tions with the hope that hydrolysis of the enol ether and
cyclization would give vinyl cation 23 analogously to the
formationof secondary cation20.A1,5-hydride shift cannot
occur in 23 because the hydrogen is too far from the vacant

sp2 orbital. Cation 23 should react with water to give an
enol that will tautomerize to the desired tricylic ketone 24.
We were delighted to find that reaction of 14 in 60%
aqueous H2SO4 for 8 h afforded tricylic amino hydroxy
ketone 24 in 70% yield. Prins reactions with alkynes are
uncommon but known.11 The isolation of β-hydroxy
ketones from Prins reactions of keto alkynes is not usually
observed but occurs here because ring strain prevents
dehydration to form the enone with a bridgehead double
bond. The stereochemistry of 24 was assigned from NOE
studies as described in detail in the Supporting Informa-
tion. The stereoisomer derived from the cis-fused bicyclic
ketone was not formed, possibly because the trans-fused
bicyclic ketone is 1.4 kcal/mol more stable than the cis iso-
mer as determined by molecular mechanics calculations.
For the synthesis of 7-hydroxylycopodine precursor 5

we simply needed to replace the methyl group of 14with a
3-hydroxypropyl group. Crude enaminoketone 11 was
alkylated with I(CH2)3OTBS12 using NaH in 1:1 THF/
DMF for 18 h at 25 �C to give 25 in 50% yield from

Scheme 4. Synthesis of 7-Hydroxylycopodine (4)Scheme 3. Synthesis of Model Tricyclic Hydroxy Ketone 24
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cyclohexanedione 10 (see Scheme 4). A solution of 25 in
2-iodopropane was heated at 55 �C for 42 h to give the
intermediate cation 26, which was treated with propargyl-
magnesium bromide to give 27a in 40% yield from 25.
Stirring 27a in 60% aqueous H2SO4 for 8 h at 25 �C
afforded the desired tricylic dihydroxy ketone 5 in 48%
yield. The sequence was improved by adding trimethylsi-
lylpropargyllithium, prepared by deprotonation of 1-tri-
methylsilylpropynewith n-BuLi, to cation 26 to give 27b in
51% yield. Stirring 27b in 60% sulfuric acid for 10 h at
25 �Cafforded 5 in 50%yield. The stereochemistry of 5was
established by NOE studies as detailed in the Supporting
Information. During the conversion of 27b to 5, the enol
ether is hydrolyzed, the TBS ether and TMS alkyne are
deprotected, and the keto alkyne undergoes the Prins
reaction to form the third ring.
The modified Oppenauer oxidation-aldol reaction of 5

with benzophenone and KO-t-Bu using conditions devel-
oped by Heathcock in his lycopodine synthesis for the
oxidation of the analogue of 5 lacking the tertiary hydroxy
group gave a complex mixture containing ∼5% of the
desired enone 29.4d,13We suspect that a retro aldol reaction
of the β-hydroxy ketone occurred under the strongly basic
conditions. We eventually found that the primary alcohol
could be selectively oxidized to the aldehyde with t-
BuOMgCl and azodicarbonyldipiperidine in THF,14 but
all attempts to carry out the aldol reaction resulted in a
retro conjugate addition with loss of acrolein to form the
tricyclic secondary amine.
We therefore decided to protect the tertiary alcohol

and re-examine the modified Oppenauer oxidation-aldol

reaction sequence. Both alcohol groups of 5 were differ-
ently protected in a single reaction to give 28 in 90% yield
by stirring 5 for 12 h in Ac2O to form the primary acetate
and addingDMSOand continuing stirring for 72h to form
the methylthiomethyl ether of the tertiary alcohol.15 Keto
acetate 28 was treated with KO-t-Bu (6 equiv) and benzo-
phenone (16 equiv) in carefully degassed benzene at 110 �C
for 1 h. Under these conditions, the acetate is cleaved,
the resulting primary alcohol is oxidized to the alde-
hyde, and the aldol reaction occurs to form the enone.
The methylthiomethyl protecting group is cleaved with
3 M hydrochloric acid during the workup to give 29 in
47% yield. Hydrogenation of enone 29 over PtO2 with
1 atm of H2 for 10 h afforded 7-hydroxylycopodine (4)
in 95% yield. The spectral data for the hydrochloride
salt of 4 in CD3OD are identical to those reported for
the natural product.6

In conclusion, we have developed a practical six step
synthesis of (()-7-hydroxylycopodine (4) that proceeds in
a 5% overall yield making it readily available for further
biological evaluation. The key step is the Prins reaction of
27a or 27b that proceeds in 60% H2SO4 to give tricyclic
dihydroxy amino ketone 5. We are currently investigating
methods to prepare the starting vinylogous amide 11 in
optically pure form and to introduce a hydroxy group
adjacent to the carbonyl group of 25 to give an intermedi-
ate that will be elaborated analogously to sauroine (3, 7,8-
dihydroxylycopodine).
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