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Abstract: (—)-Huperzine A (1) is an alkaloid isolated from a Chinese club moss. Due to
its potent neuroprotective activities, it has been investigated as a candidate for the treat-
ment of neurodegenerative diseases, including Alzheimer’s disease. In this review, we will
discuss the pharmacology and therapeutic potential of (—)-huperzine A (1). Synthetic stud-
ies of (—)-huperzine A (1) aimed at enabling its development as a pharmaceutical will be
described.
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Introduction

The search for bioactive metabolites from the plant kingdom has provided many
natural products of therapeutic benefit. In spite of the fact that only 5%—15% of the
estimated 250,000 plant species have been screened for natural products, approximately
50% of all natural product-derived medicines are obtained from botanical sources.'
Analgesics such as aspirin and morphine, antimalarials such as quinine and artemisinin,
and anticancer agents such as paclitaxel and vincristine are well-known examples of
plant-derived medicines.

The club moss Huperzia serrata has been used for centuries in Chinese folk
medicine for the treatment of contusion, strain, swelling, and schizophrenia. In 1986,
Liu et al reported the isolation of the alkaloid (—)-huperzine A (1) from the extracts
of this moss (Figure 1).2 (—)-Huperzine A (1) was found to possess many of the
pharmacological activities, such as acetylcholinesterase (AChE) inhibition, that were
originally associated with the dried moss itself. This discovery ignited a large amount
of research aimed at evaluating the scope of huperzine’s pharmacological effects and
its clinical potential. Given that (—)-huperzine A (1) is obtained in low yields (0.011%)
from the moss, methods to create (—)-huperzine A (1) in the laboratory have also been
intensively investigated.

This review will summarize the pharmacological effects of (—)-huperzine A (1) and
the studies aimed at evaluating its potential for the treatment of neurological diseases.
Efforts to develop practical synthetic routes to (—)-huperzine A (1) are described.

Pharmacological activities and clinical studies

Inhibition of acetylcholinesterase
During neurotransmission, the neurotransmitter acetylcholine (ACh) released from
the presynaptic nerve binds to the corresponding receptor. At the postsynaptic
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Figure | Structures of (—)-huperzine A (I) and (+)-huperzine A (ent-1).

membrane, acetylcholine is hydrolyzed to acetate and cho-
line by acetylcholinesterase to terminate the relay of the
neurotransmission.

(-)-Huperzine A (1) is a potent and reversible inhibitor
of acetylcholinesterase. The 50% inhibitory potency (IC, )
of (—)-huperzine A (1) against acetylcholinesterase in the rat
cortex in vitro has been estimated to be 82 nM.>* This value
is greater than that of (+)-donepezil (2, 10 nM; Figure 2),
and less than that of tacrine (3, 93 nM). This is consistent
with the observation that the K, value of (—)-huperzine A (1)
stands at 24.9 nM, between donepezil (12.5 nM) and tacrine
(105 nM).* (—)-Huperzine A (1) shows 900-fold selectivity
towards AChE over butyrylcholinesterase (BuChE). By
comparison, donepezil and tacrine show lower selectivities
(500- and 0.8-fold, respectively). The selectivity towards
AChE over BuChE may help to alleviate undesirable side
effects associated with inhibition of BuChE. Although the
in vitro AChE activity of (-)-huperzine A (1) lies between
that of donepezil (2) and tacrine (3), the oral AChE inhibitory
potency of (—)-huperzine A (1) is 24 and 180 times higher
than that of either donepezil (2) or tacrine (3), respectively,
on a molar basis.*

Lineweaver—Burk analysis establishes (—)-huperzine A (1)
as a competitive inhibitor of AChE. After sequential incuba-
tion with (—)-huperzine A (1) and extraction of the metabolite,
ACHhE retains its activity, thereby establishing the reversible
nature of the AChE-huperzine interaction.’ The absolute ste-
reochemistry of (—)-huperzine A (1) is significant for AChE
inhibition (but not for all pharmacological effects, vide
infra); the unnatural enantiomer (+)-huperzine A (ent-1) is at
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Figure 2 Structures of donepezil (2) and tacrine (3).

least 50-fold less potent than the natural isomer (—)-isomer.*
This is expected in light of the X-ray crystallographic
structure of TcAChE complexed with (—)-huperzine A (1),
in which there is a strong interaction between the positively
charged amino group of (—)-huperzine A (1) and the aromatic
rings of Trp84 and Phe330 in the active site; (+)-huperzine
A (ent-1) may not engage in such interactions with the
enzyme.” Kozikowski and Tuckmantel have conducted
extensive structure-activity studies of (—)-huperzine A (1),
and identified a single analog with a higher affinity for AChE
than the natural product.® The high affinity of (—)-huperzine
A (1) towards acetylcholinesterase has facilitated the gen-
eration of a number of proposals for its use in the treatment
of Alzheimer’s disease (AD) and as a pretreatment against
organophosphate nerve agents.

Although the exact etiology of AD remains unknown,
the symptoms of AD are associated with cholinergic defi-
ciencies;’ thus, (—)-huperzine A (1) has been investigated
as a treatment for Alzheimer’s disease (AD) (vide infra).
Since 1996, (—)-huperzine A (1) has been approved for the
treatment of mild-to-moderate AD in China.!® (-)-Huper-
zine A (1) is widely available in the US nutraceutical
market.

Organophosphate nerve agents such as soman and sarin
are classified by the United Nations as weapons of mass
destruction.!! They exert their toxicity via irreversible
phosphorylation of AChE. The effects of this modification
range from minor symptoms, such as respiratory distress
and hypersalivation, to severe symptoms including seizures
and incapacitation. At high doses of these agents, death
ensues.

The current method to protect against these war-
fare agents involves pretreating subjects with reversible
AChE inhibitors such as pyridostigmine (4; Figure 3)."
Pyridostigmine (4) reacts with AChE to form a cabamoylated
enzyme of transient stability. Over the course of a few
hours, this modification is reversed to liberate AChE. This
reversible blocking strategy provides a mechanism to shield
AChE while the nerve agent is metabolized. However, as
it cannot pass the blood—brain barrier, pyridostigmine (4)
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Figure 3 Structures of pyridostigmine (4) and physostigmine (5).
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only protects peripheral AChE. It should be noted that
a related molecule, (—)-physostigmine (5), can cross the
blood—brain barrier; however (—)-physostigmine (5) induces
undesirable side-effects such as nausea, vomiting, diarrhea,
and anorexia.!*!*

There have been numerous studies assessing the pro-
phylactic potential of (—)-huperzine A (1) against organo-
phosphates.”™'® One study involved the measurement of
LD, of soman given to mice (subcutaneous injection, SC)
pre-administered with (—)-huperzine A (1) (500 pg/kg,
intraperitoneal injection, IP) and (—)-physostigmine (5)
(100 png/kg, intramuscular injection).’” (—)-Huperzine A
(1) conferred a 2-fold protective ratio for 6 hours. By com-
parison, pretreatment with (—)-physostigmine (5) provided a
protective ratio of 1.5 for only 1.5 hours. In a separate study,
soman-induced seizures and subsequent neuropathological
changes of guinea pigs pretreated with (—)-huperzine A (1)
(500 pg/kg, 1IP) and pyridostigmine (4) (200 ug/kg, subcu-
taneous injection, SC) were compared.'® All guinea pigs
pretreated with (—)-huperzine A (1) survived and did not
exhibit neuropathological abnormalities. Those pretreated
with pyridostigmine (4) suffered extensive neurological
damage; five out of six animals died.

As expected, there is a correlation between AChE inhibi-
tion and the cellular levels of ACh.'” A dose of 100 ug/kg
of (—)-huperzine A (1) administered to mice inhibits AChE
of 2.5% % 0.9% (means £ SEM, n = 21); this results in an
approximate 5.5-fold increase in levels of ACh. A high dose
of (—)-huperzine A (1) (500 pg/kg) produces a21.5% £ 1.6%
inhibition of AChE, resulting in 12.9 + 3.4 (means = SEM,
n = 19) times the basal ACh level. Although this high level
of inhibition completely prevents lethality and seizures from
soman-induced toxcity in mice up t0 124 ke, SC
it also induces minor hypercholinergic symptoms such as
chewing, salivation, fasciculation, and tremors.!” To attenu-
ate these cholinergic symptoms, a recent study reported the
efficacy of combining (—)-huperzine A (1) (50 ug/kg, SC)
and imidazenil (6) (2000 pg/kg) (Figure 4). This binary
mixture provided a powerful prophylactic strategy against
diisopropylfluorophosphate-induced toxicity in mice without
observable hypercholinergic symptoms and neuronal dam-
age, resulting in 0% mortality compared with 100% mortality
for those treated with either the vehicle and diisopropylfluo-
rophosphate or diisopropylfluorophosphate alone."

Attenuation of B-amyloid toxicity
Extracellular senile plaques are a histological hallmark in
the brains of AD patients.?’ The major components of the

(0]

N‘QNHQ
1\
<N

/N Br

0

F
imidazenil (6)
Figure 4 Structure of imidazenil (6).

senile plaques are B-amyloid (AB) fragments, which are
short peptides containing 36—43 amino acids. B-amyloid
(AR) fragments are formed by proteolysis of the membrane-
bound amyloid precursor protein (APP).2! APP is cleaved
by at least two pathways, one of which is the o-secretase
non-amyloidogenic pathway in which peptidase proteins of
disintegrin and metalloprotease families cleave APP into
soluble 0-APP fragments, and then release them into the
extracellular media.”?> o-APP fragments have been shown
to be both neurotrophic® and neuroprotective.?* However,
APP can be processed by a second pathway known as
B/y-secretase amyloidogenic pathway, which results in the
generation of the insoluble AP fragments. AP has been
reported to trigger apoptotic responses, such as neuronal
membrane blebbing and cell shrinkage, leading to cell
death.” Consequently, several potential therapeutic strate-
gies for AD seek to modify the B/y-secretase amyloidogenic
processing pathway.

There have been several studies suggesting an associa-
tion between AChE activity and AP formation. There is
evidence that AChE co-localizes with AR deposits in
AD patients.?® Evidence also suggests that AChE forms
a stable complex with AP and promotes the aggregation
of AP deposits.?” This association changes the enzymatic
activity of AChE and increases the neurotoxicity of the
AP deposits.?®

The apparent relationship between AChE activity and
AP deposition suggests (—)-huperzine A (1) may influ-
ence AB-induced neurotoxicity. For instance, it was found
that (—)-huperzine A (1) attenuated AB-induced memory
deficiency and neurodegeneration in rats.” In a Morris
water maze test, rats were administered either a mixture of
ABIJK)
A (1) (0.1 or 0.2 mg/kg, IP, once per day for 12 consecutive
days), AB, ,,
a vehicle control. Rats in the group receiving A

(intracerebroventricular infusion) and (—)-huperzine

(intracerebroventricular infusion) alone, or
140 alone

took longer to find the platform than those that received

ABHO
that received the vehicle. In a probe trial test, rats treated with

co-administered with (—)-huperzine A (1) and those
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(—)-huperzine A (1) and AB, ,, spent more time in the probe
quadrant than those treated with AB,
A (1) significantly reduced pathologic deformations induced
by AB 1-40
attenuated the formation of amyloid deposits throughout the

alone. (—)-Huperzine
in both the cortex and the hippocampus of rats, and

cortex.”

In addition to reducing the toxicity induced by AP,
(—)-huperzine A (1) has been reported to direct the processing
of APP toward the oi-secretase non-amyloidogenic pathway.*
A dose-dependent increase in the release of o-APPs, and
the inhibition of AR in human embryonic kidney 293 cells
transfected with human APP bearing the Swedish mutation
(HEK293 APPsw) was noted after the administration of
(—)-huperzine A (1). The increase in the secretion of oi-APPs
might be regulated via protein kinase C and mitogen-
activated protein kinase pathways, as the corresponding
kinase inhibitors significantly reduced the (—)-huperzine A
(1)-induced release of o-APPs.3%3!

Since (—)-huperzine A (1) inhibits AChE 50-fold more
efficiently than the (+)-enantiomer ent-1, the relationship
between absolute stereochemistry and attenuation of A}
toxicity has been studied.*? Surprisingly, it was found that
both enantiomers of huperzine A have similar potencies
towards the amelioration of B-amyloid toxicity in NG108-15
and PC cells exposed to AP, ...
neuroprotective properties of either enantiomer of huperzine

This would suggest that the

do not have a direct relationship to their AChE inhibitory
activities.

Protection against glutamate-induced

neurotoxicity

Glutamate receptors are important for the modulation of
synaptic plasticity and play significant roles in memory and
learning.>* Two primary glutamate receptors, named for
the agonists that bind to them, are the AMPA (o-amino-3-
hydroxyl-5-methyl-4-isoxazole-propionate) and NMDA
(N-methyl-D-aspartate) receptors. Recently, NMDA
receptors have gained much attention given that their over-
excitation is involved in many neurodegenerative diseases,
such as epilepsy** and AD.* A large body of evidence sug-
gests that suppressing NMDA receptors with antagonists is
effective in the attenuation of these diseases.*

Excessive glutamate overstimulates the NMDA receptors,
leading to an influx of calcium ions. This influx of calcium
is accompanied by a cascade of cell degradation processes,
ultimately leading to neuronal cell death.>” Consequently, this
excitotoxicity is believed to be a significant contributor to the
progression of several neurodegenerative diseases.*

It has been shown that (—)-huperzine A (1) prevents
glutamate-induced calcium mobilization in cell cultures.®
Treatment of cerebellum cell cultures from rat embryos with
100 uM glutamate resulted in the death of 55% of the neurons
when compared to vehicle control cultures. Pretreatment of
the cells with 100 nM (—)-huperzine A (1) before the addition
of glutamate decreased the mortality rate to 30%. A correla-
tion between calcium ion concentration and the concentration
of (—)-huperzine A (1) was also observed. Thus, treatment
with 10 UM glutamate increased calcium ion concentration
by 811 + 3 nM (means £ SEM, n=99). However, this change
was reduced by 20%, to 668 =4 (means £ SEM, n = 102) after
treatment with 100 nM (—)-huperzine A (1). Treatment of
cell cultures with 100 uM glutamate also induced significant
morphological changes, including the diffusion of cell aggre-
gates and the reduction of axon-like processes. However,
pretreatment of the cultures with 100 nM (—)-huperzine A
(1) attenuated these phenotypes.

In a related study, the attenuation of cell death in neu-
ronal cultures exposed to NMDA and (—)-huperzine A (1)
was determined.®’ (—)-Huperzine A (1) inhibited NMDA-
induced toxicity (500 uM) in a dose-dependent fashion.
Thus, cells treated with approximately 10 uM (—)-huperzine
A (1) had a survival rate of 85%, as opposed to 35% in the
control group. The NMDA receptor antagonistic character
of (—)-huperzine A (1) has been attributed to its binding
proximal to the MK-801 (dizocilpine) and phencyclidine
binding sites.*

The extent of NMDA-receptor antagonism as a func-
tion of huperzine stereochemistry has been the subject of
several studies; the NMDA-receptor antagonism exhibited
by huperzine A does not appear to be stereodependent. Thus,
(—)-huperzine A (1) and (+)-huperzine A (ent-1) inhibited
the binding of MK-801 in the cerebral cortex of rats with
similar potencies (IC,  values of 65+ 7 uM and 82 £ 12 uM
for (—)- and (+)-1, respectively [means = SEM, n = 5 for
each isomer]).*' In another study, (+)-huperzine A (ent-1)
was found to be an effective pre- and postexposure treatment
against NMDA-induced seizures.** This suggests that the
NMDA -receptor antagonist activity of huperzine A is inde-
pendent of its AChE inhibitory activity. These studies suggest
that the NMDA receptor antagonist activity of huperzine A
(1) warrants further investigation.

Protection against free radicals

A large body of data suggests that free radical-mediated
oxidative injury caused by reactive oxygen species serves
as a contributing factor to many neurodegenerative diseases,
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including AD.#* Many structures in the brain, especially
phospholipids, are susceptible to oxidative injury. Several
studies have concluded that the brains of AD patients, when
compared with age-matched controls, show higher levels
of reactive oxygen species-generating elements, such as
iron,** higher concentrations of protein oxidation bio-
markers,”®* a greater extent of oxidative neuronal DNA
damage,’*! and increased production of malondialdehyde
from lipid peroxidation.’>*

Several studies have established the protective potential
of (—)-huperzine A (1) against free radical oxidative injury.
Levels of malondialdehyde in the hippocampus decreased
from 5.3 £0.23 umol/L (means £ SEM) in aged rats treated
with saline to 2.5 £ 0.12 pumol/L (means £ SEM) in aged
rats treated with (—)-huperzine A (1) (50 ng/kg, bid, 7 days).
This was accompanied by a corresponding decrease in the
concentration of the protein manganese superoxide dis-
mutase (from 6.0 = 0.40 kU/g protein to 4.5 £ 0.35 umol/L,
means + SEM), suggesting a decrease in radical scavenging
activity.>*

It has been reported that the toxicity of AP is mediated
by hydrogen peroxide.® The neurotoxicity of hydrogen
peroxide is well-recognized, since it produces highly reac-
tive hydroxyl radicals (HO"). Hydrogen peroxide can be
easily formed in the body by the dismutation of superoxide
radical (O,"), which itself is generated from the reduction
of molecular oxygen (O,) by Fe**. (—)-Huperzine A (1) was
shown to ameliorate hydrogen peroxide-induced oxidative
injury by enhancing the activities of endogenous antioxi-
dant enzymes such as glutathione peroxidase, catalase, and
superoxide dismutase.”’

Clinical trials

Many studies, including those outlined above, have estab-
lished the efficacy of (—)-huperzine A (1) in tissue culture
and animal models.?***% Consequently, the investigation of
(—)-huperzine A (1) in human subjects is an area of intensive
research. A number of human clinical trials have been con-
ducted in China and the United States.

A double-blind, parallel, placebo-controlled, multi-cen-
tered trial conducted in China, involving 103 age-matched
patients who met specific AD criteria, confirmed the effi-
cacy of (—)-huperzine A (1) on memory, cognition, and
behavior.®! Results on the Wechsler Memory Scale, Hase-
gawa Dementia Scale, the Mini-Mental State Examination
(MMSE), and activities of daily living were measured. A
total of 58% (29/50) of the patients treated with four tablets
of (—)-huperzine A (1) (200 pg po, bid, 8 weeks) showed

significant improvements in memory (P < 0.01), cognition
(P < 0.01), and behavior (P < 0.01), compared with 36%
(10/53) of the patients treated with placebo tablets (70 mg
po, bid, 8 weeks). A mean improvement of 2.98 points on the
MMSE was observed among the (—)-huperzine A (1)-treated
patients, compared to 0.43 points among the placebo group.
No serious side effects were observed in patients treated with
(—)-huperzine A (1). When compared with the potentially
hepatotoxic tacrine (3), which produced a mean improve-
ment of 2.0 points in MMSE, (—)-huperzine A (1) is a better
candidate for the symptomatic treatment of AD.

In another multicentered, prospective, double-blind,
double-mimic, parallel, positive-controlled, randomized
study in China, the difference in efficacy of (—)-huperzine A
(1) capsules and tablets (4 pills, 50 pg/pill po, bid, 60 days)
was studied across 60 patients who met the criteria for a prob-
able diagnosis of AD.? Patients treated with (—)-huperzine A
(1) capsules and tablets showed no difference in their degree
of improvement. Moreover, in both groups, pathological
changes in the plasma and erythrocytes were ameliorated. The
efficacy of (—)-huperzine A (1) was further demonstrated in
another prospective, placebo-controlled, double-blind, ran-
domized clinical trial conducted in China with 202 patients
diagnosed with AD.® The results unambiguously established
that those treated with (—)-huperzine A (1) (n= 100, 400 ug/
day, 12 weeks) showed significant improvements in cognition,
behavior, and activities of daily living when compared with
those treated with placebo (n = 102).

The memory and learning enhancement effects of
(—)-huperzine A (1) were also investigated in 34 pairs
of matched junior middle school students in a double-
blind clinical trial in China.®* (-)-Huperzine A (1) (2
capsules, 50 pg/capsule, bid) was administered orally for
4 weeks. The memory quotient from the Wechsler Memory
Scale results showed an increase from 92 + 7 to 115 £ 7
(means = SEM, n = 34), as compared to the placebo group,
that demonstrated an increase from 94 + 8 to 104 = 9. The
performance of students in the (—)-huperzine A (1)-treated
group as determined by Chinese-language lesson quizzes
was also higher (odds = 10 £ 9, in contrast with 2 + 7 in
the placebo group).

A Phase Il trial of (—)-huperzine A (1) for treating mild-to-
moderate AD has been completed in the US.% This study was
amulticentered, prospective, three-arm, randomized, double-
blind, dose-escalation trial employing 210 patients. A group
of patients administered (—)-huperzine A (1) at 200 pg bid
did not show any significant improvements in the ADAS-Cog
(Alzheimer’s Disease Assessment Scale-Cognitive Subscale).
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However, a group administered 400 pg of (—)-huperzine
A (1) bid showed a 2.27-point increase in the ADAS-Cog
scale, whereas the placebo group showed a 0.29-point
decline at 11 weeks. At week 16, the ADAS-Cog scale
showed 1.92-point increase in the 400 pg bid group and
a 0.34-point increase in the placebo arm. (—)-Huperzine
A (1) was demonstrated to be well-tolerated at doses up to
400 pg bid for 24 weeks, and even in subjects who exhib-
ited undesirable symptoms on treatment with other AChE
inhibitors.

Synthetic studies

The manifold pharmacological effects of (—)-huperzine
A (1) have attracted much attention from the academic,
pharmaceutical, and defense sectors. However, the clinical
development of (—)-huperzine A (1) has been impeded by its
limited supply from natural sources. Extraction from natural
sources is low-yielding (the average yield is 0.011% from the
dried herb),* and unregulated overharvesting has decimated
the populations of Huperziaceae.'” Moreover, the species
that produce (—)-huperzine A (1) require nearly 20 years
from spore germination to maturity, and are not amenable
to large-scale cultivation.!'

As such, laboratory total synthesis offers a very attrac-
tive potential source of (—)-huperzine A (1), and to date,
there have been a number of total, formal, partial racemic,
or enantioselective syntheses of huperzine A. One of the
first total syntheses of (f)-huperzine A was reported by
Xia and Kozikowski in 1989 (Figure 5).” The compound
1,4-cyclohexanedione monoethylene ketal (7) was trans-
formed to the key -ketoester 8 in six steps and 35% overall
yield. The B-ketoester 8 was then subjected to a tandem
Michael addition—aldol condensation with methacrolein (9),
using 1,1,3,3-tetramethylguanidine (TMG) as a promoter.
The bicyclic product formed 10 was successfully transformed
to (£)-huperzine A in eight additional steps.

Six steps, 35%

Contemporaneous with Xia and Kozikowski’s work,
Qian and Ji*® reported a total synthesis of (£)-huperzine
A (Figure 5). Their strategy was similar to that of Xia and
Kozikowski®” and employed the same -ketoester intermediate
8. Using sodium methoxide as the base (rather than TMG, as
in Xia and Kozikowski’s work), the B-ketoester 8 was coupled
with methacrolein (9) in 96% yield. The conversion of 10 to
(3)-huperzine A was then achieved in seven steps.

Subsequently, Kozikowski et al reported a more efficient
route to the key B-ketoester intermediate 8 (Figure 6A).
This modified route proceeded in four steps and 48%
overall yield from 1,4-cyclohexanedione monoethylene
ketal (7) and methyl propiolate (12), via the pyridone 13.%
Chassaing et al’”® and Haudrechy et al”' later developed
an alternative strategy to access the B-ketoester 8 in six
steps and 24% yield from 2-hydroxy-6-methylpyridine 14
(Figure 6B).

In 1991, Yamada et al reported an enantioselective route
to (—)-huperzine A (1), which employed the chiral auxiliary
(—)-8-phenylmenthol to induce diastereoselectivity in the
key tandem Michael addition/aldol condensation step. Under
these conditions, the product 17 was obtained in 90% yield
and 4:1 dr (Figure 7A).” Unfortunately, the chiral auxiliary
significantly compromised both the yield and the number
of operations required to reach the target; the isomeriza-
tion of 19 to 20 was inefficient, and provided a modest E/Z
ratio of 1.4:1 after two repetitions. In addition, the chiral
auxiliary (—)-8-phenylmenthol ester could not be directly
hydrolyzed; reduction to the primary alcohol (lithium alumi-
num hydride) and reoxidation (Jones’ reagent) were required
to remove the auxiliary.

Kaneko et al investigated the tandem Michael addition/
aldol condensation of the B-ketoester 8 using a chiral amine
base as a promoter (Figure 7B).”>™ Among several chiral
amines screened, (—)-cinchonidine (21) provided the annulated
product 23 in 9.5%—-29% yield and 64% ee over three steps.

TMG, CH,Cl,, 24 °C, 93%

o
& 0" CH,
J\ | Seven steps, 39%

Xia and Kozikowski l

H chy

Eight steps, 26% [
CHa00G OCH, (><|a and Kozikowski) HoN
)
Seven steps, <10% S—NH
(Qian and Ji)

CHs
()-huperzine A (1)

NaOCH3, CH30H, ~70 — 24 °C, 96% ]

07 "N” “CH.
N 3

"

Figure 5 Total syntheses of (—)-huperzine A by Xia and Kozikowski®” and Qian and i.%

Qian and Ji
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Figure 6 Improved syntheses of the key B-ketoester intermediate 8. Kozikowski et al’s improved synthesis of the key [3-ketoester intermediate 8 (A);*® Chassaing et al’s®’

and Haudrechy et al's” route to 8 (B).

A significant improvement came from the introduction
of a palladium-catalyzed bicycloannulation by Campiani
et al in 1993. This transformation provided the interme-
diate 25, which was readily converted to (*)-huperzine
A (Figure 8A).” Using 2-methylene-1,3-dipropanediol
acetate (24) as electrophile, the bicycloannulation proceeded
smoothly in the presence of 5 mol% palladium acetate, TMG,
and triphenylphosphine to provide the tricyclic product 25 in
92% yield. The tricyclic product 25 could be transformed to
(+)-huperzine A in five steps.

This efficient bicycloannulation not only improved the
overall yield but also rendered the synthesis amenable to
ligand-induced enantioselective modification, and this possibil-
ity was explored by several research groups (Figure 8B). By
employing the chiral ferrocene ligand 26 (40 mol%), Kaneko
et al obtained the tricyclic product 25 in 92% yield and 64%
ee.” The ee could be improved to >99% by recrystallization of

methacrolein (9)

A 0. OR ROOC
™G
HO. = ~ —_—
| CH,Cly, 1t, 2d
N~ ~OCH4 OH
90% CHj
16
CH mCHS
R= 3
b CH, TN
3
H CH3
HoN ( — six steps
-
>—NH 56%

B
Ouy-OCHs methacrolein(9) i
(-)-cinchonidine (21) CH300C _
Ho R P —— <
L CH,Cly, ~10°C
N” > OCH;3 (N
43% o,

’ 22

>—OCH;

the endocyclic olefin 27; however, the low yield after recrystal-
lization (37%) coupled with the high loading of 26 diminished
the efficiency of this approach. In 2001, He et al reported that
the annulation of product 25 could be obtained in 82% yield
and 90.3% ee using the ferrocene ligand 28 (11 mol%).”

In 2002, Lee et al described a formal synthesis of
(f)-huperzine A. A key step in their synthesis involved
the manganese-mediated oxidative cyclization of the
B-ketoester 8 (Figure 9A).”® The o-quaternary ketone 30 was
obtained by alkylation of the B-ketoester 8 with 3-bromo-2-
methylprop-1-ene (29). Treatment of 30 with excess manganese
acetate and one equivalent of copper acetate formed a mixture of the
exocylic olefin 25 (40%) and the endocyclic olefin 27 (21%)).

Ward and Caprio prepared the selenide 32 in five steps and
17% yield from 5-bromo-6-methyl-2-methoxypyridine (31;
Figure 9B).” A pyridyl radical was formed by treatment with
tributyltin hydride (n-Bu,SnH) and azobisisobutyronitrile;

i
ROOC
== —OCHs two steps == OCH,
S N —_— >N
yield not rep.
CHs
17 18 (dr 4:1)

(dr 9:1 for 1617 at —20°C)

Ph3PCHCHj3, THF, 0—24°C
yield not rep.

CH3H
PhSH, AIBN ROOC
-~ \/, OCHjs
170°C
two cycles;
yield not rep. CHs
19 (E/1Z = 1:10)

two steps

(-)-cinchonidine (21)

22-67%
RA% pa

Figure 7 Yamada et al’s route to (—=)-huperzine A (A)’? and enantioselective Michael addition/aldol condensation by Kaneko et al (B).”>7
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Figure 9 Lee et al's manganese-mediated oxidative cyclization (A);’® approach to (£)-huperzine A by Ward and Caprio”® and Ward et al®' (B).
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Figure 11 Synthesis of (—)-huperzine A (1) by Tun et al.*

subsequent 6-exo-trig cyclization produced the alcohol 33
(46%) along with the reduction product 34 (54%). Ward
and Caprio®® and Ward et al®! further demonstrated this
methodology with several structurally-related precursors.
However, the synthesis of (+)-huperzine A has yet to be
completed by this route.

In 2007, Lucey et al reported a formal synthesis of
(¥)-huperzine A (Figure 10A).#> The protected cyclohex-
enone 35 was coupled with the dihalopyridine 36 to form the
alcohol 37 as a 92:8 mixture of syn and anti diastereomers
after reduction of the carbonyl group. Intramolecular Heck
cyclization of the major syn alcohol 37 provided the tricyclic
structure 38 in 72% yield. The latter was then transformed
to the ketone 27 in 7% yield over seven steps. Intermediate
27 was previously employed in Kozikowski’s synthesis of
huperzine (vide supra).

Koshiba et al developed a distinct synthesis of
(-)-huperzine A (Figure 10B).** Desymmetrization of the
commercially available anhydride 39, followed by six sub-
sequent steps provided the key bicyclic intermediate 40 in
49% overall yield and >99% ce. Treatment of 40 with trif-
luoromethanesulfonic acid initiated cation-olefin cyclization
to form the tricyclic product 41 in 61% yield. The tricyclic
product 41 was then converted to (—)-huperzine A (1) in
15 steps and 6% overall yield.

Tun et al reported an eight-step synthesis of (—)-huperzine A
(1, Figure 11). The synthesis begins with the enantiomerically
pure enone 42.% The addition of phenyldimethylsilyl
cuprate and trapping of the incipient enolate with the dibro-
mopyridine 43 provided the addition—alkylation product
44 as a single diastereomer in 84%—91% yield. Cyanation,
palladium-catalyzed enolate heteroarylation, and Wittig
olefination then formed the exocyclic alkene 47 in 71%—76%

toluene, -78 °C

X
7 Si(CH3),Ph

CHj

45

Pd(Pt-Bus), (5 mol%), NaOt-Bu
toluene, 110 °C

o
NC |
EtPPh;Br, LHMDS Ph(CH3),Si ==>—0CHj
>—OCH; - SN
N Et,0,21°C

CHs

46

47
71-76% from 44 (5:1 dr)

yield over three steps (5:1 mixture of E and Z isomers). Four
chemical modifications then provided (—)-huperzine A (1)
in 56%—70% yield.

Conclusion

The manifold pharmacological effects of (—)-huperzine
A (1), especially when considered in the context of its
favorable toxicity profile, argue for its development for
the treatment of neurological disorders. Although further
study is required to fully elucidate the precise mechanisms
underlying these effects, available evidence suggests
(—)-huperzine A (1) is superior to many existing antineu-
rodegenerative agents and may operate, in some instances,
by orthogonal mechanisms. A long-standing impediment
to the clinical development of (—)-huperzine A (1), espe-
cially in the United States, has been the lack of a stable
and economical source of the metabolite. Recent advances
in the total synthesis of (—)-huperzine A (1) may provide a
solution to this latter problem.
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