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Huprines — an insight into the synthesis and biological properties
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The overlapping of tacrine and (—)-huperzine A templates yielded a family of highly potent cholinesterase inhibitors, so-
called huprines. A relatively easy access to these compounds led to the development of dozens of huprine derivatives allowing
to draw structure —activity relationship mainly for acetylcholinesterase and butyrylcholinesterase enzymes, but also with
application to other biological targets of interest. An extension of their pharmacological profile is commonly associated with
huprine scaffold binding to some other pharmacophores that yield high-molecular-weight heterodimers. The main purpose
in developing the huprine family is related to Alzheimer’s disease therapy. However, these compounds are also interesting
lead structures in the treatment of other disorders, such as Myasthenia gravis, African trypanosomiasis, malaria, and prion
diseases. The present review provides a rationale behind the development of huprines, detailed synthetic routes leading to
different classes of huprines, and a thorough discussion of their potential pharmacological applications.
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The following designations and abbrevations are used:

ABAD — amyloid beta protein,

ABN — 2-aminobenzonitrile,

ABTS — 2,2'-azinobis(3-ethylbenzothiazoline-6-sul-
fonic acid),

Ac — acetyl,

ACh — acetylcholine,

AChE — acetylcholinesterase,

AChEI(s) — acetylcholinesterase inhibitor(s),

AD — Alzheimer’s disease,

Ala — alanine,

All — allyl,

AMNT — aminomalonitrile tosylate,

APP — amyloid precursor protein,

Asp — aspartic acid,

AP — amyloid beta,
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BACE-1 — beta-secretase 1,

BBB — blood-brain barrier,

9-BBN-9-borabicyclo[3.3.1]nonane,

BChE — butyrylcholinesterase,

beAChE — bovine AChE,

BINAP — 2.2-bis(diphenylphosphino)-1,1’-binaphthyl,

Boc — tert-butoxycarbonyl protecting group,

BOP — benzotriazol-1-yloxytris(dimethylamino)phos-
phonium hexafluorophosphate,

CAS — catalytic active site,

ChE — cholinesterase,

ChEI(s) — cholinesterase inhibitor(s),

CNS — central nervous system,

COSY — correlation spectroscopy,

Cy 5.0 — cyanine 5.0 dye,

DAST — diethylaminosulfur trifluoride,

DBU — 1,8-diazabicyclo[5.4.0]Jundec-7-ene,

DCC — N,N'-dicyclohexylcarbodiimide,

DCE — 1,2-dichloroethane,

DEG — diethylene glycol,

DIBAI-H — diisobutylaluminium hydride,

DIEA — N,N-diisopropylethylamine,

DIMCARB — dimethylammonium dimethyl carba-
mate,

DMAP — 4-dimethylaminopyridine,

DMF — N,N-dimethylformamide,

DMSO — dimethyl sulfoxide,

DPPH — 2,2-diphenyl-1-picrylhydrazyl,

EDC — 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide,

ee — enantiomeric excess,

Glu — glutamic acid,

Gly — glycine,

GSK-3p — glycogen synthase kinase 3 beta,

HAT — Human African trypanosomiasis,

His — histidine,

HMDS — hexamethyldisilazide,

HOBt — hydroxybenzotriazole,

HPLC — high performance liquid chromatography,

5-HT — 5-hydroxytryptamine,

HupA — huperzine A,

HupX — huprine X,

HupY — huprine Y,

1Cs¢p — half maximal inhibitory concentration,

KA — kainic acid,

LDA — lithium diisopropylamide,

M| — muscarinic acetylcholine receptor 1,

M, — muscarinic acetylcholine receptor 2,

MAO — monoamine oxidase,

MAPK — mitogen-activated protein kinase,

mCPBA — meta-chloroperoxybenzoic acid,

MPLC — medium performance liquid chromatography,

MG — Myasthenia gravis,

Ms — mesyl,

MS — molecular sieves,

MTDL — multi-target directed ligand,

nAChR — nicotinic acetylcholine receptor,

NMDA — N-methyl-D-aspartate,

NMP — N-methyl-2-pyrrolidone,

NOS — nitric oxide synthase,

NSAID(s) — nonsteroidal anti-inflammatory drug(s),

OS — oxidative stress,

PAMPA — parallel artificial membrane permeability
assay,

PAS — peripheral anionic site,

PET — positron emission tomography,

PKC — protein kinase C,

PP2A — protein phosphatase 2,

PPA — polyphosphoric acid,

PrD — prion diseases,

PrP — prion protein,

p-TsOH — para-toluenesulfonic acid,

Py — pyridine,

ROS — reactive oxygen species,

SAR — structure-activity relationship,

Ser — serine,

SI — selectivity index,

Tau protein — microtubule-associated protein tau,
TBAI — tetra-n-butylammonium iodide,

TFA — trifluoroacetic acid,

TGS — target-guided synthesis,

THA — 1,2,3,4-tetrahydro-9-acridinamine (tacrine),
TMG — 1,1,3,3-tetramethylguanidine,

Ts — tosyl,

Tyr — tyrosine.

1. Introduction

1.1. Huprine family

Huprines are a family of compounds designed and devel-
oped as inhibitors of acetylcholinesterase (AChE, EC
3.1.1.7), an enzyme that terminates neurotransmission at
cholinergic synapses.!:2 Most of huprines have been tested
for their anti-AChE activity. Indeed, these small molecules
are highly potent inhibitors and, in many cases, even better
inhibitors than their parent molecules, i.e. 1,2,3,4-tetrahy-
dro-9-acridinamine (tacrine, THA) and (—)-huperzine A
[(—)-HupA] (Fig. 1).":3 The first reports about huprines
date back to the early 1990s.4-¢ They were generated by a
framework combination approach merging two substruc-
tures into a novel core scaffold. Huprines contain the
carbobicyclic bridged moiety of (—)-HupA and the 4-ami-
noquinoline system of THA (see Fig. 1).

The derivatives used in the design of huprines are well-
known inhibitors of cholinesterases (ChEs). Tacrine (see
Fig. 1) was identified as the first reversible AChE inhibitor
(AChEI) that received approval for the symptomatic treat-
ment of Alzheimer’s disease (AD).” It is a non-selective,
reversible non-competitive AChE inhibitor endowed with
high affinity for butyrylcholinesterase (BChE, EC 3.1.1.8).8
It effectively crosses the blood-brain barrier (BBB) and
inhibits central AChE in the sub-micromolar range. In the
late 1990s, THA was withdrawn from the market due to its
hepatotoxicity.” —!'' However, THA is still used as a leading
molecule in the design and development of new derivatives,
especially in so-called multi-target directed ligands
(MTDLs) that serve as potential drug candidates with
improved toxicological profiles and(or) additional pharma-
cological properties.!? 13

Huperzine A is a nootropic alkaloid isolated from the
Chinese folk medicinal plant Huperzia serrata. The struc-
tures of HupA and other alkaloids isolated from the same
source (such as huperzine B or huperzine U) are character-
ized by a bicyclo[3.3.1lnonane scaffold with one or two
piperidine rings at different oxidation levels.!'* Huperzine A
is a potent reversible inhibitor of AChE '3 that may affect
other neurotransmitter systems to improve memory, confer
neuroprotection against amyloid beta (AB) proteins, oxy-
gen-free radicals and glutamate.'®~1° HupA is clinically
used in China for AD treatment and has been marketed
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Figure 1. Design of huprines from (—)-huperzine A (HupA) and
tacrine (THA) and the structures of the two most active AChE
inhibitors from first generation huprines — huprine Y (1, HupY)
and huprine X (2, HupX) with corresponding atom numbering.

elsewhere as a dietary supplement with claims made for its
ability to improve memory and mental function.!®
Although huprines combine the fragments of two known
molecules, they still represent a unique class of compounds.
Further, various huprine modifications have been made in
order to determine the structure—activity relationship
(SAR) in AChE inhibition. Accordingly, these biological
assays highlighted two lead compounds designated as first
generation — huprine Y (1, HupY) and huprine X (2,
HupX, see Fig. 1).2° Most of the prepared huprines were
racemic mixtures. In order to obtain enantioenriched sam-
ples, chiral high performance liquid chromatography
(HPLC) or medium performance liquid chromatography
(MPLC) methods have been applied. The majority of the
synthesized huprines were anti-isomers. This syn-anti nota-
tion refers to the relative position of the double bond at the
three-carbon bridge between C(7) and C(11) atoms and the
heterocyclic ring. If the endocyclic C=C bond is between
positions 8 and 9 it forms an anti-arrangement. syn-Isomers
contain this double bond between positions 9 and 10.! The
structures of both enantiomers of 1 are depicted in Fig. 2.
The purpose of this review is to provide an in-depth and
comprehensive summary of the structurally diverse huprine
family, thoroughly describe their syntheses, and pharmaco-
logical profile. This review is a complete compilation of the
chemistry of huprines starting from the very first com-

(7S, 11R)1

(TR,11S)-1

Figure 2. Structures of anti- and syn-isomers of hurpine Y (1).

pounds containing the huprine scaffold that were developed
in 1994, continuing with the development of the first and
second huprine generations, finally leading to their use as
core pharmacophores in MTDLs. For better understanding
of their pharmacological profile, the introduction contains
short chapters regarding the primary target of huprines, i.e.
acetylcholinesterase and  butyrylcholinesterase.  Since
huprines are interesting lead structures not only for the
treatment of Alzheimer’s disease but also for Myasthenia
gravis, African trypanosomiasis, malaria and prion dis-
eases, we include brief information about each of them.

1.2. Acetylcholinesterase and butyrylcholinesterase
Acetylcholinesterase (EC 3.1.1.7) and butyrylcholinesterase
(EC 3.1.1.8) are members of the hydrolase family catalyzing
the hydrolysis of different types of substrates. AChE and
BChE are responsible for the cleavage of choline-based
esters and are thus called ChEs. AChE is also known as
erythrocyte ChE, ChE I or ‘specific’ ChE, whereas that
BChE is termed as plasmatic ChE, ChE II, ‘nonspecific’
ChE or ‘pseudocholinesterase’. Both of these enzymes are
also classified as serine hydrolases characterized by the
presence of a serine residue as a part of a catalytic triad
machinery [serine (Ser), histidine (His) and glutamic (Glu)
amino acids] in the active site, which is responsible for
substrate hydrolysis.?



1002

E.Mezeiova, O.Soukup, J.Korabecny
Russ. Chem. Rev., 2020, 89 (10) 999-1039

Acetylcholine (ACh, Fig. 3) is one such substrate, neu-
rotransmitter or messenger that help transmit signals across
a chemical synapse. On the other hand, butyrylcholine is a
synthetic molecule used to differentiate between the two
types of ChEs. Acetylcholinesterase has a narrow specificity
for ACh and very low or none activity on longer-chain
choline esters.?! Butyrylcholinesterase can hydrolyze ACh
in addition to other (bulkier) choline esters (e.g., butyryl-
choline and succinylcholine), noncholine conjugates (e.g.,
cocaine, acetylsalicylic acid and heroin) and arylamides
(e.g., the synthetic compound o-nitroacetanilide).?> Some of
the known substrates for BChE are displayed in Fig. 3.
BChE is less specific for ACh and can be inhibited by a
broader spectrum of ligands while retaining almost the same
catalytic activity as AChE. These substrate specificity and
activity differences in ChEs go hand in hand with their
structural characteristics. Whereas AChE is a catalytic
enzyme with several well-conserved aromatic residues lining
the cavity gorge, BChE possesses more aliphatic amino
residues (especially in the peripheral anionic site) respon-
sible for broader substrate specificity, thus being able to
accommodate bulkier substrates.??23
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Figure 3. The catalytic mechanism of ACh hydrolysis and chem-
ical structures of different BChE substrates.

1.2.1. Structure of cholinesterases

The first crystal structure of AChE from Torpedo californica
(TcAChE; Protein Data Bank entry 1EAS) was determined
by Sussman et al.?* in 1991. From this point, a large number
of crystal structures of human AChE (1B41, 1F8U) and

homologous AChEs from different organisms (Mus
musculus, 1N5SM, 1N5SR, 1JO6, 1JO7; Electrophorus
electricus, 1C20; Drosophila melanogaster, 1QO9, etc.)

have been solved, as well as the crystal structures of
human BChE (1P0I) and its complexes with several sub-
strates (with choline, 1POM; tacrine, 4BDS; tabun, 3DJY.
3DKK, erc.).?>?> For the purpose of this review, we con-
sider the crystal structures of tacrine (1ACJ, Fig. 4a),?°
HupA (1VOT, Fig. 45),>” 1 (1E66, Fig. 4¢)?® and their
spatial overlap (Fig. 4d) in the active site of TcAChE.
Cholinesterases belong to the o/B-fold hydrolase family.
This means that they contain a -sheet platform surrounded
by a-helices. The central B-sheet bears the catalytic machi-
nery, and the o-helices and loops are responsible for
specificity. The hydrolysis of any substrate takes place in
the active site of the enzyme. ChEs have their active sites
located at the bottom of a 20 A deep gorge and the hydro-
lytic process is mediated by the so-called catalytic triad
formed by His, Glu and Ser residues. Amino acid residues
of the so-called anionic site, also located in the active site of
the enzyme, can bind the cationic quaternary nitrogen of
choline-based esters (or other substrates) providing proper
orientation for the molecule in the gorge. The acyl pocket is
another part of the active site ensuring substrate orientation
during substrate catalysis.?? 23

The catalytic mechanism is a two-step procedure. It
starts with the formation of an acyl-enzyme intermediate
at Ser of the catalytic triad, followed by water-induced
cleavage of the formed ester leading to the regeneration of
the unbound Ser residue, which can then re-enter the next
reaction cycle (see Fig. 3).2 The transition state established
during the enzymatic reaction is stabilized by the amino
acid residues of the oxyanion hole [two glycine (Gly) amino
acids and alanine (Ala) residue] through hydrogen
bonds.??-23

One of the important architectural differences in the
active sites between AChE and BChE is their size. The gorge
(especially the acyl binding pocket) of BChE is bulkier than
that of AChE due to the presence of different amino acid
residues. In more detail, a number of aromatic residues
ubiquitous in AChE are replaced by aliphatic ones in BChE,
including those of polar nature. Another significant struc-
tural discrepancy between the ChEs is the peripheral
anionic site (PAS) located at the entrance of the enzyme’s
active site; it serves as an attraction center for outer-space
substrates. The PAS of AChE consists of five tyrosine (Tyr)
residues (human AChE (AAChE) numbering: Tyr72, Asp74,
Tyr124, Tyr 286, Tyr 341), whereas in BChE some of them
are missing; human BChE (#BChE), in particular, does not
own the AChE counterparts for three aromatic amino acids
(Tyr72, Tyrl124, Tyr286).23:29

1.2.2. Function of cholinesterases

The primary function of AChE is to terminate ACh neuro-
transmission at nicotinic and muscarinic ACh receptors.
These receptors are ubiquitous in the central nervous system
(CNS) and at neuromuscular junctions.? In addition to its
primary role, AChE has ‘non-classical’ activities that do not
require its catalytic function. Having said that, it is involved
in protein adhesion during synaptic development and main-
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Tyri21

Figure 4. Complexes of TcAChE with tacrine (a),2% huperzine A (b)27 and (—)-hurpine Y (1) (¢).? Generally, ligands (a, b, ¢) are depicted
in green, important amino acid residues in orange and the catalytic triad in yellow. Water molecules enabling ligand anchoring are shown as
blue spheres. Only important interactions like hydrogen bonds and hydrophobic interactions are displayed as dashed lines. Figure d
represents the spatial overlap of (—)-1 (purple), tacrine (yellow) and HupA (green) in the TcAChE active site. The rest of the enzyme is
rendered as a light-grey ribbon. The figures were created with the PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC.

tenance, in dopaminergic neuron functioning, neurite
growth and promotes the assembly of AP peptide into
amyloid fibrils.3%-3! The physiological function of BChE is
still unknown. Since BChE is widely distributed in the CNS,
it is possibly involved in neural function. In a healthy brain,
ACHhE is responsible for the majority of ChE activity (about
80%) while BChE contributes to the remaining 20%. How-
ever, the activity of AChE decreases to only 10% —15% of
normal activity with the progression of AD, whereas that of
BChE stays at the same level or it is even increased,
compensating for the loss of AChE activity.32=34 In plasma,
BChE is involved in the inactivation of some drugs or
activation of prodrugs.3’ It also detoxifies organophosphate
and carbamate inhibitors, preventing toxic AChE inhibi-
tion.3¢

1.3. Huprines in drug development

1.3.1. Alzheimer’s disease

Alzheimer’s disease (AD) has been described as a complex
neurodegenerative disorder associated with the malfunction
in cholinergic neurotransmission. Basically, AD is charac-
terized by progressive memory impairment with subsequent
appearance of other cognitive, behavioural and neuro-
psychiatric changes that impair social function and daily
living activities.?” The first therapies for AD were developed
pursuing the correction of neurochemical alterations found
in autoptic samples of post-mortem brain tissue from AD
patients.®® In line with the cholinergic hypothesis, the
activity of choline acetyltransferase, an enzyme responsible
for the synthesis of ACh, is decreased during AD onset
(progression); further, ACh release and choline uptake in
nerve terminals to renew the synthesis of ACh were reduced
in the same tissues.?*~#2 These and several other observa-

tions were the keystones in the formulation of the choliner-
gic hypothesis stating that the degeneration of cholinergic
neurons and associated loss of cholinergic neurotransmis-
sion in the cerebral cortex and other areas contributed
significantly to the impairment of cognitive functions in
AD patients.*? Seeking to improve cholinergic neurotrans-
mission, viable therapeutic approaches concentrated on
ChEs inhibitors able to compensate for the decreased syn-
thesis and synaptic availability of ACh. In contrast, current
AD therapies (donepezil, rivastigmine and galantamine,
Fig. 5) provide symptomatic relief delaying the disease
progression, as measured by cognitive and functional indi-
cators.** However, there is no evidence that these com-
pounds have any disease-modifying effect by interfering
with other pathophysiological mechanisms of AD, such as
AP or tau proteins.*’

Alzheimer’s disease is a chronic and complex disorder
with multifactorial etiology (Fig. 6).4¢-47 Two primary
pathological hallmarks of AD have been identified in the
form of AP and hyperphosphorylated tau protein aggre-
gates.*%-49 Their respective hypotheses (i.e. amyloid cascade
and tau hypotheses) suggest that amyloid plaques and
neurofibrillary tangles are the causative features of
AD.?%-51 Other theories take other factors into considera-
tion, such as oxidative stress (OS),2 %3 biometal dyshomeo-
stasis,’* neuroinflammation,>> mitochondrial disfunction,>°
etc. Because of the multifactorial character of AD, the
search for novel therapeutics has shifted from targeting
each pathological aspect of the disease to single chemical
molecules able to act in a synergistic way on multiple
targets. There is a considerable amount of research describ-
ing MTDLs, to which the readers are kindly
referred.!3-57-061
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Figure 5. Chemical structures of currently available AChEIs for
the treatment of AD (galantamine, donepezil, rivastigmine) and
MG (pyridostigmine bromide, neostigmine bromide).

1.3.2. Myasthenia gravis

Myasthenia gravis (MGQG) is an autoimmune disorder affect-
ing the endplate of the postsynaptic neuromuscular junc-
tions. It is a rare disease characterized by muscular
weakness and fatigue.®> This disorder is caused by auto-
antibodies directed towards nicotinic ACh receptors
(nAChRs) at the junction between the nerves and muscles.
Blocking, downregulating or destroying the nAChRs
reduces the number of available receptors interacting with
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the ACh released from the presynaptic nerve terminal.
A complementary loss of sodium channels results in reduced
neuromuscular transmission.®® Acetylcholinesterase inhib-
itors (AChEIs) provide temporary, symptomatic treatment
for all forms of MG. AChEIs such as pyridostigmine
bromide or neostigmine bromide (see Fig. 5), inhibit ACh
hydrolysis at the neuromuscular junction improving the
probability of successful neuromuscular transmission.
These inhibitors are usually effective in patients with ocular
or early MG; therefore, they are convenient for patients
who cannot receive immunosuppressive or adjunctive treat-
ment after immunotherapy with residual myasthenic
weakness. 0% 03

1.3.3. African trypanosomiasis and malaria

Human African trypanosomiasis (HAT) (also known as
sleeping sickness) and malaria are caused by protozoan
parasites.”? The first disease is caused by infection of
Trypanosoma brucei (T.brucei) which is transmitted by
infected tsetse flies. Malaria is a mosquito-borne protozoal
infection caused by parasites of the genus Plasmodium, of
which five species are currently known to cause this disease
in humans. In general, both HAT and malaria affect the
same populations (219 million cases in 2017).72-82 The
discovery of novel therapeutic drugs for HAT and malaria
stems mainly from the increased drug resistance, limited
range of available drugs, as well as their high cost and
significant toxicity. An interesting approach was presented
by introducing derivatives with dual anti-plasmodial —try-
panocidal profile, such as 4-amino-7-chloroquinolines 8384
or their close analogues, e.g., 9-amino-6-chloroacri-
dines.®5-8% These compounds could circumvent the issues
with resistant Plasmodium strains and result in better cost-
effective treatments.®® Since huprines are 4-aminoquinoline-
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Figure 6. Some of the pathogenic hallmarks, drug targets and potential drug strategies for the treatment of AD. For more details, readers
are kindly referred to the particular references: (¢) AB protein,>%%¢ (b) tau protein,>"-¢7 (c) serotonergic deficiency,’® (d) cholinergic
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based compounds, able to cross the BBB, some of the
monomeric derivatives and heterodimers were tested for
their trypanocidal and anti-plasmodial activities.

1.3.4. Prion diseases

Prion diseases (PrD), also referred to as transmissible
spongiform encephalopathies, are a group of neurodegener-
ative disorders caused by the conversion of the normal
prion protein (PrPC) into its abnormal amyloidogenic iso-
form, PrPS¢, which stands for proteinaceous infectious par-
ticle.®® The ‘prion only hypothesis’ postulates that the
multiplication of prion infectivity occurs in an exponential
manner, with the post-translational conversion of PrPC or a
precursor into PrPSc appearing to be mandatory. A PrPSc
molecule might interact with a PrPC molecule to form a
heterodimer, which is further transformed into two PrPSc
molecules. In the next cycle, two PrPSc molecules combine
with two PrPC molecules resulting in the formation of four
PrPSc molecules, which further combine with four PrPC
molecules, giving rise to an exponential process.?® Sporadic
Jakob-Creutzfeldt disease is the most common form of
human prion diseases. Fortunately, this fatal degenerative
brain disorder is relatively rare, affecting approximately one
individual in one million people per year.”!

Despite the significant differences in pathophysiology
and clinical symptomatology, AD and PrD share common
hallmarks. Some of the common features of both diseases
are pathogenic factors such as reactive oxidative species
(ROS), transition metal ions and, the most evident, mis-
folded and aggregated proteins.®2~%* The AP peptide and
PrP are key molecules in the pathogenesis of these disor-
ders, both of them undergo structural transitions that have
been associated with a gain of toxic function leading to
neurodegeneration.”?> Thanks to these similarities, therapeu-
tic approaches involving antioxidants, metal chelators and
protein aggregation inhibitors could be beneficial for both
types of disorders.?# ¢

Obviously, AD and MG are diseases sharing ChEs as a
specific target of interest. Designing and developing novel
chemical entities for the respective disorders reflect mostly
their physicochemical properties. In other words, the drugs
for AD must be active in the brain and thus crossing BBB in
order to target ChEs in the CNS. On the other hand, drugs
for MG are supposed to target ChEs in the periphery. To
ensure the peripheral effect, small charged molecules are
widely used. Currently available AChEIs for the treatment
of AD (galantamine, donepezil, rivastigmine, see Fig. 5) are
uncharged compounds with ability to penetrate BBB.
AChEIs used for the symptomatic treatment of MG (pyri-
dostigmine and neostigmine bromides, see Fig. 5) are qua-
ternary ammonium salts.®*°7 The high inhibition profile of
huprines for ChEs is rather unfavourable for their use in the
treatment of HAT, malaria and PrD. 4-Aminoquinoline
moiety is a widely accepted template to be further modified
to cope with these disorders. Indeed, the potential use of
huprines against protozoan infections (HAT, malaria) is
based on their structural similarity to currently used chlor-
oquine and its derivatives.®3-85 For the further develop-
ment of huprine-based drugs for these disorders, it is
necessary mostly to decrease their ChE inhibitory potency
and simultaneously enhance affinities for the known targets
(for instance, specific targets of interests for HAT might be
methionyl-tRNA synthetase, N-myristoyl transferase or
GSK-3 enzyme and others). Huprine derivatives are also
considered as lead structures for treatment of PrD based on

their ability to disrupt the architecture of misfolded pro-
teins, similarly to B-sheets of AB in AD.%4-%¢

2. Design and development of huprines

2.1. First generation huprines
The design and development of the first generation of
huprines and the follow-up work are described in two
previous reports by Camps and Muiioz-Torrero in 2001
and 2008, respectively.!-3 Huprines were constructed in an
attempt to find a molecule with high affinity for the active
site of AChE. However, at the time of design only the
structure of TcAChE had been solved by X-ray crystallog-
raphy, whereas the crystal structures of AChE with THA
and (—)-HupA were still unknown. Therefore, these
THA —HupA hybrids had to be designed on the assumption
that the heterocyclic 4-aminoquinoline and the carbocyclic
moiety can both span the different regions of AChE, thus
providing more plausible interactions with the enzyme.
The first reported huprine was derivative 3, which was
classified as the lead for further structural modifications
(Fig. 7).°> Despite the lack of the ethylidene appendage

characteristic of (—)-HupA, it still was a more
potent AChE inhibitor [bovine AChE (beAChE):
ICso = 65 nmol L—!] than the parent molecules

[beAChE: ICso(THA) = 130 nmol L1, ICso[(—)-HupA =
74 nmol L—']. A newer generation of huprines was com-
posed with different substructure variations in both HupA-
like and THA-like subunits (see Fig. 7).> % The carbobicy-
clic unit was modified at the methylene bridge or the three
carbon bridges between C(7) and C(11) atoms. The intro-
duction of any group at C(13), the replacement of methyl-
ene at this position by o-phenylene group, saturation or
isomerization of the C(8)=0C(9) double bond or the replace-
ment of the methyl group at position 9 resulted in an
activity drop. Further, the SAR study disclosed that
9-ethyl substituted huprine had a slightly superior inhibi-
tory capacity than compound 3. The replacement of the
benzene ring of the 4-aminoquinoline moiety by a cyclo-
pentene ring led to a complete activity loss. Moreover, the
second modification took place at an aromatic tacrine-like
moiety by mono-substituting positions 1, 2 or 3, or di-
substituting 1 and 3 concomitantly (equivalents to positions
8, 7 and 6 of THA) with halogen atoms (F, Cl) or methyl
groups. Among these analogues (and among all first gen-
eration huprines), the monosubstituted compounds (+£)-1
and (£)-2 were highlighted and selected as the most potent
compounds. Their racemic mixtures were 330- and 260-fold
more potent human AChE inhibitors than THA and HupA,
respectively. In enantiopure form, (—)-2 and (—)-1 reached
an outstanding inhibitory capacity >800- and 640-fold
more potent than the parent compounds, i.e. THA and
HupA, respectively.

Derivatives with either E- or Z-configuration of the
ethylidene appendage at position 13 were, surprisingly, less
potent heAChE inhibitors when compared to 1
[ICso(E-isomer) = 320 nmol L1, 1Cso(Z-isomer) =
1.150 nmol L—'].5 The 3D structures of the THA and
(—)-HupA complexes with TcAChE were solved in 1993 26
and 1997,%7 respectively (see Fig. 4). According to these
crystallographic data, the cyclohexene ring of THA and the
carbobicyclic system of (—)-HupA occupied a similar bind-
ing site of AChE. In contrast to the design of huprines, the
4-aminoquinoline system of THA and the pyridine ring of
HupA point to opposite directions. The crystallographic
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Figure 7. Structure—activity relationschip study of huprine 3 with selected structural modifications yielding the first generation huprines.

structure of the complex 7cAChE-(—)-2 was elucidated in
2002.2% Despite this fact, the binding mode of huprines to
ACHhE is still consistent with the used hybridization strategy
that closely mimics the THA binding pattern of the 4-ami-
noquinoline moiety. Regarding the carbobicyclic system,
only the unsaturated bridge between C(7) and C(11) atoms
from both (—)-2 and (—)-HupA compounds occupy the
same binding site. All these observations provide sufficient
rational background for giving rise to huprines as highly
potent AChEIs. In general, this can be attributed to the
extensive binding within the enzyme active site compared to
the parent ligands.

2.2. Second generation huprines

Further huprine development was driven by molecular
modeling studies exploiting the X-ray crystallographic
structures of the TcAChE complexed with either THA,
HupA or (—)-2 and also with other AChE enzymes
reported in the Protein Data Bank. Some of these huprines
are depicted in Fig. 8.

The idea for 13-amidohuprines by Camps et al.*®
arose from the presumption that neither HupA nor any
huprines fully expand the catalytic active site (CAS) of
AChE. Accordingly, the introduction of a small amido
group attached to position 13 could have enabled some
additional interaction with the AChE cavity gorge. How-
ever, these expectations were fruitless, giving rise to
huprines with a detrimental AChE inhibitory capacity
below that of 1.

Other modifications of the huprine scaffold were
inspected by Ronco et al.'2—105 With the intention of
improving the activity of huprines against AChE and in
order to obtain deeper insight into their binding ability,
three parts of the basic core were altered: a) the benzene
ring of the 4-aminoquinoline subunit was substituted by
heteroaromatic rings with different electron densities, or it
was substituted at position 2 and 3 with electron donating
groups like methoxy, b) reactive linkers were introduced to

101

the huprine scaffold at position 12, and c) various func-
tional groups were built into position 9. All of the huprine
analogues modified at the benzene ring, likewise at position
12, were less active in AChE inhibition compared to 2.

The functionalization at position 9 resulted in a number
of novel derivatives. The parent molecule in this case, ester 4
(see Fig. 8), was synthetized in three steps from the starting
diketone and was then modified into new analogues with
carboxyl, hydroxyl, amino, amido groups, ezc.'%* Among
them, several new compounds exerted an ZAChE inhibitory
potency with ICso in the low nanomolar range; however,
none exceeded the activity of compound 2. The introduction
of a triazole, attached via two-carbon tether at position 9,
led to significantly decreased anti-AChE activity. On the
other hand, the elongation of a two-carbon chain between
the huprine scaffold and the triazole into a four-carbon
linker generated two analogues with higher inhibitory
activity than 2.103

2.3. Huprines as homo- and heterodimers
Huprine homo- and heterodimers were developed in accord-
ance with the concept of MTDLs seeking to broaden their
biological profile to simultaneously confront the disease at
multiple levels (Fig. 9). The concept of MTDLs was mostly
postulated in regard to selective ligands lacking clinical
efficacy. Several manners to develop these MTDLs have
been proposed, including linking, fusing and merging
approaches to deliver the desired activity into a molecule.!¢
The development strategy has been described in a plethora
of studies.!?33.105 Huprine homo- and heterodimers were
designed on the basis to a linking approach in which
molecular pharmacophores are separated by a distinct
linker group that is not found in either of the selective
ligands. 107

The first huprine-based MTDLs were reported in
2005.19% A series of huprine—tacrine heterodimers have
been developed by the connection of 1 to THA through a
linker of appropriate length allowing the simultaneous
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Figure 8. Structural modification of second generation huprines.

interaction with both binding sites of AChE. Applying a
dual binding site strategy, a huprine moiety binds to the
active site and the tacrine-related unit binds to the peri-
pheral site, providing an increased affinity for AChE. The
ligand accommodation is in line with the compounds’
affinities, i.e. a more potent moiety is oriented within CAS
enzyme. Almost all of the dimers were more active human
ChE inhibitors (ChEIs) than the parent molecules. This set
of huprine—tacrine heterodimers was broadened for
another series of several racemic and enantiopure dimers
composed of 1 and THA or 6-chlorotacrine.’® In vitro data
demonstrated a highly potent ZAChE inhibition, and, more
importantly, an additional effect mitigating the chaperone
effect of AChE against AP, and PrP aggregation. Hetero-
dimers of the latter series were also tested for trypanocidal
and anti-plasmodial activity.'?® The molecular dimerization
had been successfully applied to a number of 4-amino-
quinoline derivatives to overcome drug resistance in malaria
patients.!1%- 111 All the tested dimers were found to be potent
trypanocidal and anti-plasmodial agents with ICsg values in
the sub-micromolar range.

Other combinations for huprine-based MTDLs contain
pharmacophores such as (S)-levetiracetam,!!? [6]-sho-
gaol,'!3 rhein ''%115 or a N-benzylpiperidine moiety from
donepezil (see Fig. 9).11¢ Beyond the ChEs inhibitory activ-
ity, these heterodimers exhibited a broader pharmacological
profile. Collectively, these heterodimers displayed one of
the most pronounced pathological features in AD— A and
tau protein aggregation. It is well known that the dual
binding site inhibitors of AChE are able to block the AChE-

CH20H

/

Position 9

C(O)NH>
CHoNH,

COzH

HoN
CH.CIF)

CH>OMs(Ac,Me)

CH>NHOH
CH=Cr|2
CHchzNMe3

—_—

Substitution at positions 2 and 3 or benzene ring
(A) modification

induced AP aggregation through their interaction with the
PAS region.!17:118 Some compounds were even able to
inhibit spontaneous A aggregation by directly interacting
with it, likely due to the presence of aromatic planar
moieties in their structure.!''”~12! The ability of dimers to
affect AP aggregation was tested in vitro and in vivo. The
biological evaluation included the inhibition of beta-secre-
tase 1 (BACE-1), AChE-induced and self-induced AP
aggregation and efficacy studies in an AD mouse model.
AB42 and tau anti-aggregating activity was determined in
intact Escherichia coli cells overexpressing these proteins.
Besides the overproduction and aggregation of AP and tau
proteins, oxidative stress (OS) was reported as one of the
earliest causative factors of AD.'?2:123 In this regard,
rhein—huprine and Shogaol—huprine hybrids exhibited
potent antioxidant properties.!!3 115

Huprine pharmacophores were also coupled with two
structures of general formula 5 (see Fig. 9) to produce dual-
site inhibitors, which were higher-affinity (about
10 000-fold) towards AChE in comparison with BChE.!0?
The ‘click chemistry” approach exploiting Huisgen 1.3-dipo-
lar cycloaddition was used for the preparation of com-
pounds with general formula 6 (see Fig. 9) following
target-guided synthesis (TGS) strategy.!?* In this concept,
the target enzyme was directly involved in the choice of its
suitable ligands.

Homodimers based on compound (+)-1 were prepared
in 2014.'25 This molecular dimerization was performed to
develop better antiprotozoal agents. Indeed, the strategy
was successful for many dimers of the 4-aminoquinoline
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Figure 9. Concept map showing some of the model molecules and fragments used in the design of huprine homo- and heterodimers.

family. Most of these dimers have more potent and selective
trypanocidal activity than the parent (+)-1, although they
were devoid of antimalarial activity. Nevertheless, all of
them were potent AChEIs, which is, however, a significant
drawback for antiprotozoal agents.!?’

3. Synthesis and biological evaluation
of monomeric huprines

The carbobicyclic huprine substructure employs diketone as
a starting material for the most part, as it is commercially
available or can easily be prepared. Compound 7 was
extensively used as a starting building block in the synthesis
of huprines with structural modifications at position 9.
Diketones 8—-12 were applied in the case of huprines
modified at the bridge between positions 7 and 11 (or
position 13).

The general synthesis of huprines is depicted in
Scheme 1. The nucleophilic addition of various organo-
lithium or organomagnesium reagents to a starting diketone
A furnished the attachment of different alkyl, alkenyl or
aryl groups giving various oxaadamantanols B. This
approach is limited by the use of organometallic reagents
that do not allow a substitution into position 9. Therefore,
the incorporation of ester functionality at position 9 was
achieved through the Reformatsky reaction, which is

Structures 7—-12

0
0 4 o
/ o /
0 7 0
V4 V4
(%
7 8 9
Vs Va Vs
Ve Ve Ve
MeO Me 0
OMe OMe Q/O
10 11 12

defined as the metal-induced reaction of an a-carbonyl
halide with an electrophile.’?® The coupling reaction of
diketone A with a-halo ester in the presence of zinc enabled
the preparation of desired product B. This synthetic route
led to huprines with an ethyl ester moiety at position 9 that
easily be easily functionalized. The activation of the alcohol
group of compound B with methanesulfonyl was followed
by acid-induced fragmentation of the generated mesylate C
to produce ketone D (mostly as a racemic mixture). Enone
D was submitted to a Friedlinder-type condensation'?” with



E.Mezeiova, O.Soukup, J.Korabecny

Russ. Chem. Rev., 2020, 89 (10) 9991039 1009
Scheme 1 0 Scheme 3
R
//o Addition of 7
nucleophile 0 Mesylation conc. HC,
/" orReformatsk 8 N MeOH
y — J N — >
reaction OH
X X -
A B
HoN
1 1
R R NHs (+)-19 (56%)
Acid-promoted Friedlinder aorb
0 fragmentation /O condensation ©[ —> (+)-19-HCI-2.5H.0,
—_— _ _—
OMs 7 CN [48% from 8; ICso (be) > 1 umol L~ 1]
X X 13
c D Vs
195 N

R' = Alk, Ar, alkylene, fused ( 7\
arylene, efc.; n _
X = (CHz)n, C(FG)s, efc:; HaN

Y = H, NHy, Hal, efc.;
R? = fused arylene

corresponding 2-aminoarylnitrile or 2-aminocycloalkenylni-
trile to produce huprine E (as a racemic mixture)
(Scheme 1).

3.1. Synthesis of structurally diverse huprines

3.1.1. Synthesis of first generation huprines

The first huprine reports date back to 1994 when Aguado
et al.* developed a series of compounds (££)-16—20 through
the Friedldnder condensation of corresponding diketones
7—-9 with 2-aminobenzonitrile (13, ABN), 2-amino-6-fluo-
robenzonitrile (14) or 2-aminocyclopentenecarbonitrile (15)
in the presence of aluminium trichloride as a catalyst in
1,2-dichloroethane (DCE) under reflux (or zinc chloride in
nitrobenzene at 120—130 °C). These reactions resulted in
mixtures of a mono-condensed product, i.e. huprine
(Schemes 2 and 3) and bis-condensed adducts (not shown)
that were separated by column chromatography. Huprines
(+)-16—20 were then converted into hydrochloride salts by
treating them with concentrated HCl upon heating in

y 0 Scheme 2
g N AICls, DCE
reflux
NC
7 13-15
conc. HCI,
MeOH

—— > (+)-[16-18]-HCI- nH,0

(£)-16 (41%), (£)-17 (19%),
()-18 (56%)

F
N 16:n=2
X
A =§) (13, 16), (14,17),  [ICso(be) > 1umol L=
Pz =
17:n = 1.5;
(CH2)3 (15, 18); 18:n = 0.75

DCE = CI(CHa).Cl [ICso(be) > 1 pmol L]

(£)-20 [20%, containing 23%
of bis-condensation
product (not shown)]

(a) AICI3, DCE, reflux; (b) ZnCl, PhNO2, 120 °C

methanol.# Some of these huprines were moisture sensitive
and retained some water molecules. The elemental analysis
of the products pointed to the presence of water in different
amounts that could not be removed, even after drying. This
phenomenon was more noticeable in the case of hydro-
chloride salts. Some of the developed derivatives were tested
for inhibitory activity against heAChE, suggesting that all
huprine analogues were inactive in the studied concentra-
tion range, i.e. ICso was higher than 1 umol L—1.

3.1.2. Synthesis of huprines with structural modifications

at the carbobicyclic substructure

3.1.2.1. Structural modifications at the methylene bridge between
positions 7 and 11

The carbobicyclic bridged moiety was modified at two
different regions. The first one is located between C(7) and
C(11) atoms, and in position 13. The first synthetized
huprine (£)-3 beared a methylene bridge. During the hit-
to-lead optimization process, huprines with a o-phenylene
bridge, methoxy, methyl, keto, ethylidene or different
amino groups at this position were developed.
Intermediate (4)-23 (7-methylbicyclo[3.3.1]non-6-en-
3-one) had been previously prepared by distinct procedures
starting from adamantine derivatives. Camps et al.'?®
reported the synthesis of (£)-23 in four steps from diketone
7 (Scheme 4) and this pathway has been generally used in
the preparation of several huprines (see Scheme 1). The
initial step in the synthesis of compound (#4)-3 was the
nucleophilic addition of a methyllithium or methylmagne-
sium reagent to bicyclo [3.3.1]nonane-3,7-dione (7). This
resulted in the formation of hemiacetal 21. Its transforma-
tion(dehydration) into a racemic mixture of enone (+)-23
was attempted with p-toluenesulfonic acid (p-TsOH) or 4A
molecular sieves in refluxing toluene; however, it did not
yield the desired product. Instead, the mesylation of 21 was
achieved using methanesulfonyl chloride in the presence of
Et;N to produce mesylate 22. The reaction of 22 with
lithium diisopropylamide (LDA) did not result in a base-
induced fragmentation to produce (4)-23. However, the
treatment of 22 with silica gel (acid-promoted fragmenta-
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tion) enabled the isolation of intermediate (4)-23 with small
traces of oxaadamantanol 21 as a side product.!?® Huprine
(£)-3 was obtained by the Friedlinder condensation of
ketone (+)-23 with 2-aminobenzonitrile and was then con-
verted into the corresponding hydrochloride using concen-
trated HCI.> The resolution of the racemic mixture (+)-3
was achieved by chiral MPLC, through this method samples
of (—)-3 [>90% enantiomeric excess (ee)] and (+)-3
(>80% ee) were obtained. Both enantiomers were modified
into hydrochlorides (—)-3-HCI-0.5H,0 and
(+)-3-HCI1-2/3H,0.° The racemic mixture (£)-3
(ICs0 = 65 nmol L") displayed two-times higher inhibi-
tory potency against beAChE than THA. Its eutomer
(—)-3 showed an even better activity, with ICso =
47 nmol L~ !, being roughly seven-times more potent than
its enantiomer (+)-3.

Huprine (4)-27 possesses a o-phenylene bridge between
positions 7 and 11. Accordingly, diketone 8 (6,7,8,9-tetra-
hydro-5,9-propane-5H-benzocycloheptene-7,11-dione) was
applied for its synthesis (Scheme 5). Synthesis of (4)-26
was firstly attempted following the synthetic route illus-
trated in Scheme 1.'28 Acid-promoted fragmentation of the
corresponding mesylate failed possibly due to relative
stability of the carbocation formed during this reaction.
Huprine (+)-27 was furnished by selecting an altered
synthetic procedure described below (see Scheme 5). Treat-
ment of diketone 8 with ethylene glycol in the presence of
p-TsOH resulted in the protection of one C=0 group to
produce dioxolane 24.12° Its transformation into alcohol 25
was achieved via nucleophilic addition of methyllithium.
The reaction of 25 with MsCl, followed by elimination of
the OMs group and removal of acetal resulted in enone

Scheme 5
//O
// HO(CH2)20H /§ MeLi,
_P-TSOH, PhMe THE
8 24 (61%)
Me Me
OH 1) MsCl, Py o ABN,
- 2) 2N HCI /" ACl
o
0 \JO
5 (56%) (4)-26 (34%)
Me

conc. HCI,
MeOH

q ()27 -HCI- 2.25H,0 [44%,
reflux,
20 min ICs0(beAChE) =
2.1 pmol L=
H2N
+)-27 (71%
C-2T () Py is pyridine

(£)-26 which was subjected to the Friedldnder condensation
to produce a final product, (+)-27, exerting moderate
potency against beAChE (ICsp = 2.1 umol L—1).3-129

Another huprine bearing a o-phenylene bridge is com-
pound (#£)-31. Its synthesis was initiated similarly, i.e. with
diketone 8, which was converted into hemiacetal 28 using
sodium borohydride in methanol (Scheme 6).!2° The expo-
sure of oxaadamantanol 28 to Wolff—Kishner reduction
conditions furnished alcohol 29. Ketone 30 was generated
upon treatment of 29 with Me»S and (CF3CO),0 and then
with Ets;N (Swern oxidation) with ongoing 2-aminobenzo-
nitrile condensation to provide huprine (4)-31.>-12° The
alternative synthetic route for intermediate 28 started with
protecting one of the carbonyl functionalities of diketone 8
that led to derivative 32. Its reduction with NaBHg4 pro-
duced alcohol 33. Removal of the ketal group using HCI
was followed by intramolecular cyclization to give hemi-
acetal 28.129

Compounds (+)-19 (see Scheme 3) and (+)-34 contain
an o-phenylene bridge between positions 7 and 11 but differ
in a substituent at position 9. Huprine (4)-19 was prepared
directly by the Friedldndler condensation of 8 with 2-ami-
nobenzonitrile and retained the keto functional group at
position 9. Derivative (£)-34 was derived from ketone
(£)-19 by reduction with NaBH4 producing endo-hydroxyl
at position 9 (Scheme 7).3

All analogues carrying the benzobicyclo[3.3.2]decane
scaffold, (4)-27 (see Scheme 5), (£)-31 (see Scheme 6) and
(£)-34 (see Scheme 7) replacing the bicyclo[3.3.1]nonane
moiety characteristic of (—)-HupA, were much less active
inhibitors of beAChE than THA. On the other hand, the
derivative with a methyl group at position 9 was the most
active [(£)-27: ICso(beAChE) = 2.1 umol L—1].3-129

The reaction of 9,9-dimethoxybicyclo[3.3.1]nonane-
3,7-dione (10) with methyllithium or methylmagnesium
chloride gave oxaadamantanol 35 (Scheme 8).'2% Mesylate
36, obtained from 35 by a standard procedure (MsClI,
Et3N), did not react with silica gel at room temperature to
produce the corresponding enone. Using more forceful
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Scheme 6
//O Mezs, CHzClz,
o NaBH., 0 NH,NH; - H,0, (CF3C0)20, //o
// MeOH OH HCI < —70°C—rt,1.5h,
reflux, 4 h then EtsN, rt, 40 min
n” “OH
8 28 30 (91%)
29 (98%)
DEG, conc. HCl, acetone, ABN,
p-TsOH H20, reflux, 2.5 h (98%) DCE

Vs 5
H
O/> NaBH.,
(0] MeOH ~N
B
o)
0
33 \J

32

DEG is diethylene glycol

Scheme 7

(£)-34 (87%)

— » (£)-34-HCI [53%,
ICso (beAChE) = 42 pmol L~ 1]

(a) conc. HCI, MeOH, reflux, 20 min

conditions (heating to reflux), the acetal functional group of
compound 36 was hydrolyzed and compound 37 was
obtained instead of the desired fragmentation product.
The reaction of oxaadamantanol 35 with P,Os afforded a
mixture of 38 and enone (+£)-39. The mesylation of com-
pound 38 and ongoing fragmentation of the prepared
corresponding intermediate with concentrated H>SO4
resulted in enone (4)-39.'2% The Friedlinder condensation
of (£)-39 with 2-aminobenzonitrile produced a racemic

conc. HCI,
()-31-HCI- 2 H,0 [10%, MeOH
ICso (beAChE) = 42 pmol L—1]  reflux,
20 min

(+)-31 (28%)

mixture of huprine (+)-40 that was converted into its
hydrochloride using HCL.3

9-Methoxy-9-methylbicyclo[3.3.1]nonane-3,7-dione (11)
was used as a starting molecule for huprines (4)-43a,b with
methyl and methoxy groups, respectively, at position 13
(Scheme 9).128 The addition of a nucleophile (methyl group)
to diketone 11 was carried out with MeMgCl (conditions a)
or MeLi (conditions b) resulting in a mixture of products
41a.b. They were partially separated by column chromatog-
raphy (18% and 36% yields for 41a and 41b, respectively)
thus allowing the isolation of separate isomers. The confi-
guration of oxaadamantanol 41b was established by X-ray
diffraction analysis. The reactions of 41a,b with methane-
sulfonyl chloride (conditions ¢) provided mesylates that
underwent silica gel-promoted fragmentation to enones
(£)-42a.,b. Their condensation with 2-aminobenzonitrile in
the presence of AICls (conditions d) afforded huprines
(4+)-43a,b further obtained as hydrochloride salts (condi-
tions e).>

Derivatives with polar substituents at position 13,
namely, (£)-40 (see Scheme 8) and (&)-43a,b (sece
Scheme 9), displayed inhibitory capacity against heAChE
in the low micromolar range. The best potency was exerted
by huprine (£)-43b with 1Cso = 1.3 pmol L—!, which was
roughly 21-fold less potent than the unsubstituted analogue

Scheme 8
//O Me Me Me cheme
MelLi, THF, MsCl, EtsN, silica gel,
//o 0°C (67%) o) CH,Cl2 0 CH.Cl, %
—_—>
MeO or MeMgCl, THF, OH —-10°C OMs reflux, 2h OMs
0°C (53%) MeO HO 7
OMe OMe OH 37 (93%)
10 35 36 (98%)
Me Me Me
P20s, 0O o ABN, AICI3,
—>?e':|ii|2 OH + 7 DiE — 7 Ny PCEEO)L 4y 40-HEI-0.1H0 [24%,
sh S Y ren 7 ICso(beAChE) = 2.1 umol L~ ]
o o 0 =
38 (37%) (+)-39 (20%) HoN

| !

1) MsCl, EtsN, CH.Cly,
—-10°C

2) conc. H2SO4, CH2Cla,
rt, 4 days (24%)

(£)-40 (58%)
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Scheme 9
Me Me
//o
o) o)
/O aorb on c Vi d
Me Ra Ra
MeO s Rs
1 41ab (£)-42a (20%),
- 0,
Me (£)-42b (39%)
(£)-43a- HCI- 1.25 H,0 [16%,
> N €5 ICs0(beAChE) = 6.8 pmol L—1[;
Ra /N (4)-43b - HCI [35%,
& — ICs0(beAChE) = pmol L—1]
S

H2N

(+)-43a (29%),

(4)-43b (49%) Ra = OMe, Rs = Me (a);

Ra = Me, Rs = OMe (b)

(a) MeMgCl, THF, 0 °C (88% combined yield 41a:41b = 3:4);
(b) MeLi, THF, 0 °C (97% combined yield);

(c) MsCl, EtsN, CH2Cl», —10 °C; silica gel, CH2Cl, rt;

(d) ABN, AICI3, DCE; reflux, 12 h;

(e) solution of HCl in Et,O

(£)-3 [ICso(beAChE) = 65 nmol L—!] and 10-fold
potent than THA [ICso(beAChE) = 0.1 pmol L—1].
Huprines (+)-54 and (+)-55 with an ethylidene group at
position 13 were synthesized from ketone 44 converted into
ester 45 by treatment with MexCOs (Scheme 10).5 Its
exposure to methacrolein together with catalytic amounts

less

cyclo[5.4.0lundec-7-ene (DBU) furnished a mixture of alco-
hols 46. Treatment of 46 with O-(p-tolyl)thiocarbonate with
follow-up heating at 250 °C enabled their dehydration and
keto ester (£)-47 was isolated in 40% yield.!3° The Wittig
reaction of intermediate (£)-47 with triphenylethylidene-
phosphorane led to a mixture of corresponding alkenes.’
This mixture contained (Z)-isomer (£)-48 as a major
component and about 5% of (E)-isomer (+£)-49. The
hydrolysis of (+)-48 afforded acid (4)-50 which did not
contain ester or acetal functional groups. Its decarboxyla-
tion through Barton procedure 3! produced enone (4)-52,
which was submitted to condensation with 2-aminobenzo-
nitrile to produce the final (£)-54. Thiophenol-induced
isomerization of (4)-48 resulted in a mixture of esters with
(E)-isomer (£)-49 (95%) prevailing over (Z)-isomer (5%).
Huprine (£)-55 was synthesized from (+)-49 following the
same sequence of reactions as huprine (+)-54 which, in turn,
was derived from ester (4)-48 [through a three-step proce-
dure: a) hydrolysis, b) decarboxylation and c) Friedldnder
condensation]. Both isomers were converted into corre-
sponding hydrochlorides.” Derivatives (4)-54 and (4)-55
slightly resemble (—)-HupA by possessing a carbobicyclic
substructure; based on this fact, it was assumed that these
compounds would have better anti-AChE properties than
the reference compounds. However, huprines (+)-54 and
(+)-55 were less potent beAChEI than THA
[ICs0(heAChE) = 0.1 pmol L—!'] with ICsy values of
0.3 pmol L—' and 1.2 umol L—1, respectively.

The synthesis of 13-amino and 13-amido derivatives of 1
was reported by Camps er al.?% 190 The treatment of dike-
tone 12 with MeCeCl, resulted in a methyl group addition

of 1,1,3,3-tetramethylguanidine (TMG) or 1,8-diazabi- into one of the keto functionalities from the starting
0 OH Scheme 10
Me
Me2C0s COzMe
NaH —KH, 2 methacrolein, HO 1) CIC(S)OCsHsMe-4, Py, PhsP=CHMe,
THF TMG or DBU /§ ) 250 °C, 2—4 Torr O/> THF
o (o)
O O (0] (6]
% ¥
\J / 0" CoMe o CosMe
44 45 (86%) 46 (£)-47 (40%)

// —>
HII|I /Cone H|I|. / COZH H|I|. H|I|.

(£)-48 (85%) (£)-50 (85%)

PhSH PhMe
Men., CO,Me Meuw,, / COLH Meﬁ
(90%) (92%)

)-53 (62%)

(£)-52 (77%)

_9, (4+)-54-HCI-0.75H,0 [30%,

ICs0(beAChE) = 1.2 ymol L~ 1]

Me  H,N
(£)-54 (71%)

9, (4)-55-HCI [39%,
e ICso(beAChE) = 0.3 pmol L—1]
I,

()55 (79%)

(a) 1) 20% NaOH, H.0O, MeOH, THF, A, 48 h; 2) 2N HCI, dioxane, rt, 4 h; (b) 1) SOCI,, PhMe, 80 °C, 4 h, 2) Bu'SH, DMAP, PhMe, 2-mercapto-

pyridine N-oxide sodium salt, reflux, 14 h; (c) ABN, AIClz, 1DCE; (d) solution of HCI in Et;0; TMG = Me2NC(=

cyclo[5.4.0Jundec-7-ene

NH)NMe., DBU is 1,8-diazabi-
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Scheme 11
o MeMgBr, CeCls, NH2OH - HClI, dioxane,
THF 2 N HCI, dioxane K2CO3/NaxCO3 (1: 1) _
—78 °C-rt, 19h OH reflux overnight reflux, overnight
7 (63%)
(95%)
NiCl2, NaBHg4, MsClI, EtsN, silica gel,
MeOH CH2CI2 DCE
e
rt, 1 5h OH —10 °C, 30 min reflux
58 60a, b
(quant. yield) (78% combmed (88% c_ombined
yield) yield)
Me
ABN, AICl3,
O DCE
flux +
re Ra
Cl
i) 61a (83%) HoN (+)-62a: (+)-63a = 86:14
(£+)-61b (74%) (+)-63a, b (59% combined yield);
(4)-62b: (+)-63b = 98:2
| (71% combined yield)

Ra = NHMs, Rs = H (a);
Ra = H, RS = NHMs (b)

(4)-62a: ICso(beAChE) = 39 nmol L1, ICso(hAChE) = 41 nmol L~"; ICso(hBChE) >

material to produce oxaadamantanol 56 (Scheme 11).%°
Ketone transformation into 57 was achieved by hydrolyzing
acetal with HCl in dioxane. The amino group was inserted
in two steps. An initial reaction of 57 with NH>OH yielded
oxime 58 which was transformed into an inseparable mix-
ture of amine 59 by combining nickel chloride and NaBH4.
Mesylation of 59 was accomplished with MsCI in the
presence of Etz;N to obtain a mixture of mesylates 60a,b,
which were then separated by column chromatography.
Their recrystallization from EtOAc resulted in diastereo-
pure 60a,b. The anti—syn arrangement of methanesulfon-
amido and methanesulfonyloxy groups of 60a,b was
concluded through the observation of cross-peaks in the
COSY 'H—'H spectrum and later confirmed by X-ray
analysis. Compounds 60a,b were subjected to the reaction
with silica gel in 1,2-dichloroethane under reflux to produce
enones (+)-61a (83%) and (%)-61b (74%). When the frag-
mentation of 60a took longer than 45 min, the formation of
enone (+)-61b was observed instead of (+)-6la (see
Scheme 11). The condensation of (£+)-61a and (+)-61b with
2-amino-4-chlorobenzonitrile was achieved in the presence
of AICl; to produce an inseparable mixture of huprine
(£)-62a and its sym-isomer (£)-63a [(4)-62a:(£)-63a =
86:14, '"H NMR] and a mixture of huprine (£)-62b and its
syn-isomer (4)-63b, which were separated by column chro-
matography. An inseparable mixture of (+£)-62a and
(£)-63a with triflic acid allowed the isomerization of
(£)-63a, from which only (+)-62a was isolated.”®

The methanesulfonyl group of huprine (£)-62a was
deprotected by hydrolysis with polyphosphoric acid
(PPA).190 The conditions of choice for this reaction
included 160 °C for 45 min (conditions «) allowing the

triflic acid, 1,4-dioxane,
93 °C, 24 h (74%)

108 nmol L~ "; (£)-62b: ICso(beAChE) = 2500 nmol L~

formation of the desired amine (+)-64a (though in low
yield) and by-product (£)-65 which were separated via
column chromatography (Scheme 12). At 100°C for 1 h
(conditions b) two products were generated; however, nei-
ther of them was the expected compound (+)-64a. Also,
unreacted (£)62a (30%) remained. The treatment of (+)-66
with PPA at 160 °C for 45 min yielded amines (4)-64a and
(+)-65. The methanesulfonamide (+£)-62b was converted
into (£)-66 only in a reversible manner by applying succes-
sive treatment with PPA followed by heating, probably by
protonation of the C=C bond at the less substituted
carbon atom to produce a tertiary carbocation, followed
by the intramolecular addition of the sulfonamide nitrogen
atom and deprotonation.!00

Similarly, the Ms protecting the amide group of (4)-62b
was removed with PPA (see Scheme 12). The best condi-
tions for this reaction were found to be 140 °C for 3.5 h
allowing the formation of amine (4)-64b and a by-product
67. In this case, the generation of aminocyclopentaacridine
67 was probably due to 1,2-migration of C(10) from C(11)
to C(13) (resulting in an electron deficiency when leaving
the protonated sulfonamide group, together with deproto-
nation of the resulting carbocation and isomerization of the
C=C bond).1%0

Amines (£)-64a,b were subjected to a reaction with
mixtures of HCO>H—-Ac,O or AcOH—-Ac,O to produce
formamides (+)-68a,b and acetamides (+)-69a,b, which
were transformed into hydrochlorides (%)-69a,b-HCI
(Scheme 13).100

The discovered 13-amidohuprines (4)-62a,b, (+)-68a.b,
(£)-69a.b, as well as 13-aminohuprines (+)-64a,b and by-
products 65 and 66 were tested for their inhibitory capacity
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Me Scheme 12
PPA, 140 °C,
35h N __PPA
for (£)-62b]  Ra 78 N [for (+)-62b]
Rs =
H2N
67 (27%) (£)-64b (59%), (+)-62a,b
ICs0(beAChE) = 480 umol L,
ICs0(hBChE) = 600 pmol L-!
Me
HN 7 N (+)-64a: ICso(beAChE) = 0.5 umol L1,
+ _ cl ICso(RAChE) = 0.2 pmol L1,
ICs0(hBChE) = 6.5 pmol L—1;
H2N (+)-65: ICs0(beAChE) = 4.4 umol L—1;
(+)-65 (£)-66: 1Cso(beAChE) = 0.3 pmol L~
(a1) 160 °C, 45 min (£)-64a, 28%, (+)-65, 68%:;
(a2) 160 °C, 45 min (£)-64a, 19%, (+)-65, 57%;
b, ()65 + (b) 100 °C, 1 h (£)-62a, 30%, (£)-65, 47%, (£)-66, 17%;
PPA is polyphosphoric acid
(£)-66
Scheme 13
aorb aorb
[for (+)-64b] Ra [for ()-64a]

(+)-68a [R = H (83%)]
(+)-69a [R = Me (85%)]
(4)-69a-HCI

oL

(a) HCO2C, Ac0, reflux [for (+)-68a]; (b) AcOH, Ac.0, reflux [for (+)-69a]; (c) HCI, MeOH, rt;
(£)-68a: IC50(beAChE) = 84 nmol L=, ICso(hAChE) = 98 nmol L—", ICs0(hBChE) > 105 nmol L—"; (+)-69a: ICso(beAChE) = 1400 nmol L—7;
(£)-68b: IC50(beAChE) = 720 nmol L—; (£)-69b: IC50(beAChE) = 1300 nmol L~

against heAChE, hAChE and ZBChE. The derivatives of the
a series were more potent heAChEIs than their counterparts
from the series b. The most active inhibitors were (£)-62a
[ICso(beAChE) = 39 nmol L] and (+)-68a [ICso(beACh-
E) = 84 nmol L—!]. Their inhibition efficacy was also

increased regarding hAChE [for (£)-62a:
I1Cs50(hAChE) = 41 nmol L1, for (+)-68a:
ICso(hAChE) = 98 nmol L—'].  Moreover, these com-

pounds were found to be more potent ZAChEIs than THA
and (—)-HupA, but less potent than the parent 1. Deriva-
tives (£)-62a and (£)-64a were highly selective for A/AChE
over hBChE.

The structures of 74a,b apparently mimic the huprine
scaffold by containing a quinoline moiety and a bicyclic
bridge subunit. The preparation of the analogues 74a and
74b started with the reduction of carbonyl functionality of
70a and 70b, respectively, by using sodium borohydride
(Scheme 14).132 The substitution of the OH group was

mediated by PBrs to produce quinolines 71a and 71b. The
treatment of bromides 72a,b with methyl 3-piperidinecar-
boxylate (75) in the presence of K,COs resulted in their
amination to produce intermediates 73a,b, respectively.
Base-promoted deprotonation of ester a-carbon and the
subsequent nucleophilic aromatic substitution resulted in
the final products 74a,b. However, these two derivatives
were inactive against electric eel AChE (EeAChE).

3.1.2.2. Structural modifications at the three-carbon bridge between
positions 7 and 11

As a second part, the three-carbon bridge between C(7) and
C(11) atoms or position 9 of huperzine A-like carbobicyclic
compound was modified. The ‘simplest’ huprine contained
a hydrogen atom at position 9. Camps er al.> reported
huprines containing different alkyl, alkenyl or aryl groups
using the nucleophilic addition of the appropriate organo-
metallic reagent to diketone 7. Huprines with functional
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Scheme 14
NaBH4 MeOH PBI’3 CH2C|2 CI N\ 75, K2C03, MeOH
—_— >
O °C, 15 min rt, 1h Br | _ 60 °C, overnight
R
70a,b 71a (95%),b ( 0% 72a (55%),b (52%)
KN(SiMeg)z, = .
PhMe R = H (a), Me (b);
80 °C, 30 min HN
75 =
73a (70%),b (68%) Me o O/Me

74a (35%),b (37%)

groups at this position were also synthesized. The prepara-
tion of derivatives with endo—exo alcohol functionality at
position 9 were prepared as well as huprines with carbon
chains terminated with other groups, including ester, car-
boxy, hydroxy, amido, amino, azido, methoxy, mesyl, nitro,
etc., was reported.

The synthesis of huprines (4+)-79 and (£)-82 with a
hydrogen atom at position 9 but different in the character
of the bond between C(8) and C(9) (unsaturated for com-
pound 79, saturated for 82) started from the known pro-
tected ketone 76 (Scheme 15).° Reduction of the keto group
of 76 using sodium afforded exo-alcohol 77. Its treatment
with CIC(S)OC¢H4Me-4 and then with HCI resulted in
dehydrated adduct 78 which was subjected to the
Friedldnder condensation resulting in huprine (4)-79. The
Wolff — Kishner reduction of carbonyl functionality of com-
pound 76 yielded acetal 80. Acidic hydrolysis of 80 upon
treatment with HCI produced ketone 81 and the final
product (+)-82 was prepared through the reaction of 81
with 2-aminobenzonitrile. Both huprines were converted
into hydrochlorides. Biological evaluation revealed that
unsaturated compound (+£)-79 was, by one-digit, a better
inhibitor than its saturated analogue (+)-82, being 38-times
less active than THA.

Huprines (4)-86a—g, differing in substitution at posi-
tion 9, were obtained in four steps from diketone 7
(Scheme 16).5-133 Initially, organometallic reagents were
employed in the attachment to oxaadamantanols 83a—g.
Each final huprine was obtained as the corresponding

hydrochloride salt. The separation of (£)-86a was achieved
by MPLC and this method offered (—)-86a (>90% e¢) and
(+)-86a (>85% ee) which were converted into hydrochlo-
rides (—)-86a-HCI (99% ee) and (+)-86a-HCI (99% ee),
respectively.® All these huprines were tested for their inhib-
itory capacity against beAChE; in the case of ethyl deriva-
tives [(—)-86a- HCl and (+ )-86a- HCI] also against ABChE.
The best beAChEI was huprine (4)-86a bearing an ethyl
substituent at position 9, the introduction of bulkier sub-
stituents in this position decreased their inhibitory potency.
Analogues with Pri [(£)-86¢], allyl [(&)-86f] and phenyl
[(£)-86¢g] substituents exhibited almost equal AChE affinity
comparable to THA [ICso(beAChE) = 0.1 pmol L],
while the analogues with Pr" [(£)-86b], Bu™ [(+)-86d] and
But [(£)-86f] substituents were two —three-fold less active.
The ethyl derivative [(4)-86a] was more active than its
methyl analogue (£)-3 [ICso(heAChE) = 65 nmol L,
Scheme 4]. The levorotatory isomer of 86a was nearly
32-times more active than its enantiomer [for (—)-86a:
ICso(beAchE) = 27 nmol L—1; for (+)-86a:
ICs0(beAChE) = 890 nmol L—1].

Huprines (+)-88 and (+)-89 bearing an alcohol moiety
at position 9 are exo- and endo-isomers, respectively.
Derivative (£)-88 was prepared from exo-alcohol 87 in
two steps (Scheme 17).° The first step involved the acid
hydrolysis using AcOH giving ketone 87 that, in turn,
condensed with 2-aminobenzonitrile affording exo-deriva-
tive (+)-88. Analogue (4)-89 was synthetized from diketone
7 in two steps. The Friedldnder reaction of 7 with 2-amino-

Scheme 15

o) OH

// 1) CIC(S)OCgHsMe-4 ABN, AICl3, N
Py, rt, 3 h, ()]
O/> Na, EtOH 0 y // DCE / \
o) 2) 5% aq. HCl, —
3) 200 °C, 0.5 Torr
0,

76 77 (80%) 78 (64%) H2N

NHz—
DEG

NHz-H20,

% aq. 6]
10% aq. HCl L//

(47% in two
steps)

l
|68

80

ABN, AICl3,
DCE

(£)-79 (59%)

conc. HCI, MeOH,
reflux, 20 min

(4)-79-HCI-1.25 H,0 [28%,
ICs0(beAChE) = 4.9 umol L~ 1]

e

(£)-82 (25%)

conc. HCI, MeOH,
reflux, 20 min

(£)-82-HCI-H20 [15%,
ICso(beAChE) = 42 pmol L—1]
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7 83a—g 84a—g (81%)
(38%—85%)

L’*

(+)-85a—g
(41% —94%)

Scheme 16

(+)-86a—g-HCI
(25% —49%)

e

(+)-86a—g (41%)

(a) RLi or RMgHal, THF, CeCls- 7 H20 (for 83b—c, 83e); (b) MsCl, EtsN, CH2Cly; (c) silica gel, CH2Cly; (d) AlCls, ABN, DCE, reflux;

(e) MeOH, solution of HCI in Et;0; R = Et (a), Pr" (b), Pr' (c), Bu" (d), But (e), All (f), Ph (g);

(+)-86a-HCI: IC50(beAChE) = 0.04 mmol L—", ICso(hAChE) = 0.04 mmol L~", ICso(hBChE) = 0.08 mmol L—1;

(£)-86b - HCI: ICs0(beAChE) = 0.4 mmol L—"; (4)-86¢ - HCI: ICso(beAChE) = 0.1 mmol L—"; (+)-86d - HCI: ICs0(beAChE) = 0.3 mmol L—";
(+)-86e - HCI: ICs0(beAChE) = 0.3 mmol L—"; (+)-86f- HCI: ICs0(beAChE) = 0.2 mmol L—; (+)-86g-HCI: IC50(beAChE) = 0.1 mmol L~

Scheme 17

conc. HCI, MeOH

- - . 0,
o S0 (£)-88°HCI-0.75 H,0 [68%,

ICs0(beAChE) = 1.6 umol L—1]

(4)-88 (48%)

OH OH
0/> AcOH, H,0 O ABN,AICl;, DCE
0 > /o
7 87 (86%)
6]
7 NaBH.,
o] 1)ABN,p-TsOH,PhMe MeOH
7
2) ZnClp, PhNO,
7

Ts is tosyl i) 16

benzonitrile produced ketone (#4)-16,* which underwent
carbonyl reduction upon treatment with NaBHj4 yielding
endo-derivative (4)-89.° Both alcohols were converted into
corresponding hydrochlorides. The ICso values for beAChE
inhibition laid in the low micromolar range, slightly favour-
ing exo-analogue (4)-88; however, it did not reach the
inhibition efficacy of THA [ICso(heAChE) =
0.1 pmol L—1].

Ronco et al.'93 discovered ester (4)-4, which represents
a precursor for a family of novel huprines with functional-
ized position 9. The ester group at position 9 was introduced
via the Reformatsky reaction of diketone 7 with ethyl
bromoacetate in the presence of activated zinc dust, afford-
ing oxaadamantanol 90 (Scheme 18).193 Its mesylation was
performed under standard conditions resulting in inter-
mediate 91. The next step, acid-promoted fragmentation,
was attempted as described previously using silica gel with
dichloromethane but it was fruitless. The optimized con-
ditions for the fragmentation of mesylate 91 included
aluminium trichloride as Lewis acid in 1,2-dichloroethane
under reflux to produce enone (4)-92. Huprine (+)-4 was
prepared from ketone (4)-92 by the Friedldnder condensa-
tion using the standard protocol. The one-pot procedure for
the fragmentation and Friedlinder condensation were
applied and compound (&£)-4 was obtained from 91.103
Oxaadamantanols 22 and 84a were also subjected to this
procedure to obtain huprines (4)-1 and (£)-2 (Scheme 19).

In an effort to expand the huprine family, (+)-93b—d
with a chlorine atom at position 12 were discovered also in a
one-pot procedure using AICI; for the fragmentation of

conc. HCI,
MeOH  _ (+)-89-HCI-1.5H,0 [19%,
ol ICso (beACNE) = 4.3 umol L~1]
(89%)
Scheme 18
o CO2Et CO,Et CO,Et
V4
P b,
! 90 (87%) (£)-92 (92%)
e d
2)d
(a) BrCH2CO2Et, CO,Et
Zn, THF, reflux, 3 h;
(b) MsClI, EtsN,
CHxCly, 0 °C, 30 min; \
() AICl3, DCE, reflux, 30 min; 7N\
(d) ABN, DCE, reflux
— Cl

HoN
(£)-4
[91% from (£)-92, 88% from (£)-91,
ICs0(hAChE) = 3.9 nmol L1,
ICs0(hBChE) = 140 nmol L]

mesylates 22, 84a and 91. This resulted in the formation of
the corresponding enones that were directly submitted to
the reaction with 2-amino-4-chlorobenzoic acid and then
POCI; to produce the final products 93b—d.!03

After the successful development of the synthetic path-
way for (%)-4, twenty three new huprine analogues
(+)-94—116 were prepared in one to five steps by trans-
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1 R Scheme 19
R
0 aorb
- 7/
OMs
— Cl
R2
(£)-1 (89%), (+)-2 (85%),
(+)-93b (40%), (£)-93c (37%),
(4)-93d (44%)

Z

22, 84a, 91

(a) 1) AICI3, DCE, reflux, 30 min; 2) ABN, DCE, reflux, overnight;
(b) 1) AICl3, 4 A MS, DCE, reflux, 30 min: 2) ABN, 1-4-dioxane, rt,
10 min then POCI3, 0 °C — reflux, overnight;

(£)-1, (£)-2: R?2 = CI; 93: R?2 = CI: R' = Me (b), Et (c), CO2Et (d);
R' = Me (22), Et (84a), CH,COEt (91)

forming its ethyl ester functionality at position 9 of (+)-4
into various functional moieties representing polar, protic
and hydrogen-bond donating groups using the conditions
described below (Schemes 20 —24).104

Reduction of the ester from (4)-4 into alcohol (£)-94
was accomplished with LiAlH4 (Scheme 20). Amide (£)-95
was generated upon treatment of (+)-4 with NHj in the
presence of a catalytic amount of NaCN. Alkaline hydro-
lysis was undertaken with a 2M NaOH solution producing
acid (£)-96, which was submitted to the reaction with SOCl,
and then DMF to afford (4)-97.104

Exposure of alcohol (£)-94 to different electrophilic
reagents (Ac,0O, (CF3CO),0, MsCl) yielded esters (+)-98,
(£)-99 and sulfonic ester (4)-102 (Scheme 21).1%* Modifica-
tion of (£)-94 giving halogenated derivatives (+)-100 and
(4)-101 was accomplished with thionyl chloride and dieth-
ylaminosulfur trifluoride (DAST). The treatment of (4)-94
with triphosgene and subsequently with ammonia allowed
the formation of amide (£)-103 and ester (+)-104 using
acrylic acid chloride.!%4

Several huprine analogues were developed by mesylate
(£)-102 conversion (Scheme 22). Accordingly, treatment of
(+)-102 with different nucleophilic reagents (MeONa,
KCN, Nal, NaN3) enabled the substitution of the OMs
group in methyl ether (&£)-105, nitrile (£)-106, iodide
(£+)-107 and azide (4)-110. Compound (+)-102 was sub-
jected to the reaction with (Boc)NHO(Boc) to obtain

Scheme 20

CO,Et R
a,orb,
orc,ord N

N
/ N / \
= cl = cl
HoN H2N
(+)-4 (+)-94-97

(a) LiAlH4, THF, 0 °C > rt, 1 h [(+)-94, 99%];
(b) NaCN, NHs, EtOH, reflux, 6 days [(£)-95, 7% after prep. HPLC];
(c) ag. 2M NaOH, reflux, 6.5 h [(£)-96, 99%];
(d) SOCIy, DMF, 75 °C, 1.5 h [(+)-97, 65% after prep. HPLC];
(£)-94: R = CH20H, IC50(hAChE) = 1.1 nmol L—1,
ICs50(hBChE) = 1.2 umol L1,
(£)-95: R = C(O)NHz, IC50(hAChE) = 29 nmol L—1;
(£)-96: R = COzH, IC50(hAChE) = 5.3 nmol L—7;
(£)-97: R = C(O)N(Me)a, ICs0(hAChE) = 26 nmol L~

(4)-108. Subsequent removal of its tert-butyloxycarbonyl
(Boc) protecting group by acid hydrolysis yielded hydroxyl-
amine (+)-109. Amine (£)-111 was generated from azide

(£)-110 by following Staudinger procedure (Ph;3P,
HZO).1°4~ 134
Scheme 21
OH R
a,orb,orc,
ord,ore,
N orf,org N
7N\ - 7N
— cl — Cl
H2N HgN
(+)-94 (+)-98-104

(a) Ac0, Et3N, THF, reflux, 21 h [(£)-98, 18%)];

(b) (CF3CO)20, Et3N, THF, rt, 40 min [(+)-99, 83%];

(c) SOCIy, EtOAc, 60 °C, 14 h [(£)-100, 25% after prep. HPLC];
(d) DAST, THF, —78 °C, 1.5 h [(£)-101, 58%]; DAST = Et,NSFj3;
(e) MsCl, EtzN, THF, 0 °C — rt, 30 min [(£)-102, 94%];

(f) 1) triphosgene, MeCN, 65 °C, 20 min, thenrt, 1.5 h,

2) NH3 [(£)-104, 58% after prep HPLC];

(g) CH,=CHC(O)CI, EtsN, THF, rt, 1 h [(+)-103, 34%];

(£)-98: R = OAc, ICs0(hAChE) = 1.4 nmol L—1;

(£)-99: R = OC(O)CFg, ICs0(hAChE) = 1.7 nmol L—1;
(£)-100: R = Cl, ICs0(hAChE) = 3.6 nmol L—1;

(£)-101: R = F, IC50(hAChE) = 4.2 nmol L—7;

(£)-102: R = OMs, IC50(hAChE) = 8.5 nmol L~ ";

(£)-103: R = OC(O)NH>, IC50(hAChE) = 19 nmol L—1;
(£)-104: R = OC(O)CH=CHy, ICs0(hAChE) = 20 nmol L~

Scheme 22
OMs R
a,orb,
orc,ord
N —_— N
/ A\ e,orf,org / N\
— Cl — Cl
H2N HoN
(£)-102 (+£)-105-111

(a) Na, MeOH, 65 °C, 24 h [(+)-105, 44%)];

(b) KCN, TBAI, MeCN : DMF : DMSO (6:3: 2, v/v/v), 70 °C,
5h [(£)-106, 57%]; TBAI = BujNI;

(c) Nal, acetone, reflux, 12 h [(£)-107, 54%];

(d) BocNH-OBoc, NaH, DMF, rt, 30 min, then 60 °C,

5h [(£)-108, 46%];

(e) TFA:CH2Clz (1:2, v/v), rt, 48 h [(£)-109, 45% after prep. HPLC];
(f) NaN3, DMF, 70 °C, 6 h [(£)-110, 84%];

(g) PhsP, H20, 0 °C - rt, 13 h [(£)-111, 60%];

(+)-105: R = OMe, ICs0(hAChE) = 1.7 nmol L=,
(£)-106: R = CN, IC50(hAChE) = 3.1 nmol L—1;

(£)-107: R = |, ICs0(hAChE) = 2.7 nmol L—1;

(£)-108: R = N(Boc)O(Boc), ICso(hAChE) = 15 nmol L—1;
(£)-109: R = NHOH, IC50(hAChE) = 9.7 nmol L~
(£)-110: R = N3, ICs0(hAChE) = 5.6 nmol L—7;

(£)-111: R = NH_, IC50(hAChE) = 240 nmol L—1;

Boc = C(O)OBut

Further nucleophilic substitution of iodide of (£)-107
upon treatment with HNMe, and NMe; produced amine
(£)-112 and ammonium salt (£)-113, respectively. Com-
pound (4)-114 was isolated as an elimination by-product
(Scheme 23).104
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Scheme 23
R

N aorb N

7\ > 7\

— Cl — Cl
H2N HoN

(£)-107 (+)-112-114

(a) HNMe; - HCI, NaHCO3, EtOAc: MeCN (5: 1, v/v), 76 °C,
13 h [(£)-112, 14% after prep HPLC];
(b) NMes, MeCN, 55 °C, 13 h [(£)-113, 27%, (+)-114,
55% after prep. HPLC];
(£)-112: R = CH2CH2:NMeg, IC50(hAChE) = 100 nmol L—1;
(£)-113: R = [CH2CH2NMe3] *[CF3COO0] —,
IC50(hAChE) = 260 nmol L—1;
(£)-114: R = CH=CH,, ICs50(hAChE) = 260 nmol L—'

1,2,3-Triazole derivative (£)-115 was prepared through
the 1,3-dipolar cycloaddition (Huisgen cycloaddition) of
azide (%+)-110 and methyl propiolate (Scheme 24). The
reduction of the ester group with LiAlH4 resulted in alcohol
(£)-116.104

Scheme 24
N3
7\ =
— Cl
HoN
(£)-110 (£)-115, 116

(a) HC=CCOzMe, Cul, MeCN, 25 h, rt [(+)-115, 60%)];

(b) LiAlH4, THF, 0 °C — rt, 30 min [(+)-116, 57% after prep. HPLC];
(£)-115: R = COzMe, ICs50(hAChE) = 130 nmol L—1;

(£)-116: R = CH,OH, ICs0(hAChE) = 210 nmol L~

All of the prepared derivatives were potent inhibitors of
hAChE with ICsy values in the nanomolar range.!%4
The top-ranked derivative in the series was compo-
und 94 [ICso(hAChE) = 1.1 nmol L—!, ICso(4#BChE) =
1.2 pumol L] having almost the same activity as the
reference huprine (4)-2 [ICso(hAChE) = 0.8 nmol L—!,
ICso(hBChE) = 240 nmol L—']. Additionally, 94 also
exerted the highest AChE selectivity index (SI for
AChE = 1130). Regarding SAR, its inhibitory activity
against AChE decreased with increasing bulkiness of the
substituents. This finding was further corroborated through
a molecular modeling study. Huprine (+)-125 was devel-
oped in order to contact simultaneously both sites of AChE,
CAS and PAS. Compounds (+)-117—124 were obtained as
intermediates  during the  synthesis of (£)-125
(Scheme 25).195 Compound (%)-125 differs from (&£)-116
(see Scheme 24) by the length of the carbon chain between
carbobicyclic and 1,2,3-triazole moieties. The synthesis of
(4)-125 started from mesylate (+)-102, which was converted
into diesters (4+)-117 and (+)-118 using dimethyl or diethyl
malonate in the presence of Na. The exposure of ester
(£)-117 to sodium chloride in DMSO at high temperatures
(Krapcho decarboxylation)'?>  furnished intermediate
(+)-120. Alcohol (+£)-125 was prepared from (4)-120 in

Scheme 25

CO:R ¢ [ R
on \/\(\
CO2R’
(£)-117 [R' = Me (64%)]
(£)-118 [R' = Et (58%)]

ld
R(CH2)sCOMe ——> R(CH2):OH 2>

(4)-120 Amin- 1) 121
[43% form (£)-117]

\/\OMS aorbh

(£)-102
[45% form (+)-117]

f
— > R(CH2)4OMs —> R(CH2):N; —I>

(+)-122 (£)-121 (68%)
(87% in two steps)

R(CH2)4—’\II/\>—C02Me ¢
—_ N:N B —

20 min
(£+)-124 (91%)

(a) CH2(CO2Me)z, Na, THF, reflux, 5 days;
(b) CH2(CO2Et)2, Na, EtOH, reflux, 44 h;
(c) LiAlH4, THF; 0 °C - rt;
(d) NaCl, DMSO, H20, 170 °C, 7 h; R = 72N
(e) MsCl, EtsN, THF; 0 °C — rt, 30 min; — Cl
(f) NaN3, DMF; 70 °C, 6 h; HaoN
(g) HC=CCO3Me, Cul, MeCN, rt, 23 h;
(£)-117: IC50(hAChE) = 9.1 nmol L—", ICs0(hBChE) = 55 nmol L~ 1;
(£)-118: IC50(hAChE) = 4.8 nmol L=, IC50(hBChE) = 0.2 umol L—1;
(£)-119: IC50(hAChE) = 14 nmol L=, IC50(hBChE) = 0.5 pmol L— 1,
(£)-120: IC59(hAChE) = 8.4 nmol L—", IC50(hBChE) = 33 nmol L—1;
(£)-122: IC50(hAChE) = 30 nmol L=, ICs9(hBChE) = 0.1 umol L—7;
(£)-122: IC59(hAChE) = 8.0 nmol L—", IC50(hBChE) = 80 nmol L—1;

)- (

) (

)- (

—_ = -

(4)-123: IC5o(hAChE) = 20 nmol L1, ICso(hBChE) = 85 nmol L~ *;
()-124: ICso(hAChE) = 0.5 nmol L~ 1, ICso(hBChE) = 0.3 umol L~ 1;
(£)-125: ICso(hAChE) = 0.4 nmol L1, ICso(hBChE) = 0.2 umol L1

the same way as (£)-116 from ester (4)-4 (see Schemes
20-24).

All derivatives displayed good inhibitory activity against
hAChE with ICso in the nanomolar range.!®> The most
active were compounds 124 [ICso(hAAChE) = 0.5 nmol L]
and 125 [(ICso(hAChE) = 0.4 nmol L—!] being five and six
times more potent than the reference (%)-2
[ICs0(hAChE) = 2.7 nmol L—!]. Contrary to previously
synthesized analogues 115 and 116 (see Scheme 24), novel
huprines exhibited AChE inhibitory potency three orders of
magnitude higher. This activity increment can be attributed
to additional interactions of the triazole ring in the mid-
gorge AChE region which was consequently confirmed by
the X-ray diffraction analysis of a complex between 125 and
Mus musculus AChE. Derivatives 124 and 125 also dis-
played an intriguing selectivity for AChE over BChE up to
560-fold.

Radiotracers can be used for non-invasive study of the
cholinergic system. AChE tracers available for positron
emission tomography (PET) are [''C]-radiolabeled ana-
logues of acetylcholine (e.g., N-''C-methylpiperidin-4-yl
propionate) or AChE inhibitors such as [''C]-physostigmine
or [''C]-donepezil.!36-137 Besides [''C]-labeled PET radio-
tracers, compounds labeled with '8F can be used for PET
imaging.!3® In the work of Branquinho ef al.'* three
huprine analogues (£)-126, (£)-127 and (4)-131 were syn-
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R Scheme 26 Scheme 27
a
\/@;on/ls — ~X
)
()-102 (n = 1), ()-126 (n = 1, X = °F), N ﬁ ﬁ
(£)-122 (n = 3) (£)-127 (n = 3, X = "8F), 4
(£)-128 [n = 3, X = "8F (18%)]
76 (84%) )-133 (78%)
R<CH2)4—l\ll N .
R(CH2)4N3 b R N:N [ 5 (CH2)3CO2Bu CH2)3OH
(£)-123 MeO,C /> ﬁ
(£)-129 (70%)
R(CH2)4—I\II N . R(CH2)4—I\II/\>/§ )-134 )-135 (99%)
—> N=pN —> N=p
MsO X (CH2)30H
(£)-130 (£)-131, X = "8F (CH2)30H
(74% in two steps) (£)-132, X = "8F
—
(a) Kryptofix® K222, KF, MeCN; 50 °C, 12 h;
(b) HC=C(CH32)2,CO2Me, Cul, MeCN; rt, 24 h; 1-136 (99%)
(¢) 1) LiAH4, THF, 0 °C — rt, 30 min; 2) MsCl, EtsN, THF, b)
0°C — rt, 30 min; l g 121 98%)
(CH2)3N3 (CH2)sN3

thesized and labeled with fluorine-18. Compounds
(+)-126—128 were synthesized from intermediates (£)-102
and (4)-122 in one step (Scheme 26). Mesylate (£)-122 was
converted into huprine (4)-128 by treatment with
Kryptofix® K222 and KF. Derivatives (&)-131 and
(4)-132 were prepared starting from azide (4)-123 in four
steps. Ester (£)-129 was generated upon treatment of azide
(£)-123 with methyl 4-pentynoate in the presence of copper
iodide. The reduction of (£)-129 with LiAlH4 produced
corresponding alcohol, which was subjected to mesylation
with methanesulfonyl chloride and Et3;N to give derivative
(£)-130. Its reaction with Kryptofix® K222 and KF formed
huprine (£)-132.

['8F]-Labeled huprines were then used for in vitro and
in vivo PET studies in two different animal species —
laboratory rats and cats. Unfortunately, preliminary bio-
logical results demonstrated the inability of these com-
pounds to visualize AChE in vivo because of their poor
brain penetration.

Oukoloff et al.'*® improved the synthesis of huprines
functionalized at position 9 by implementing the Suzuki—
Miyaura cross-coupling of vinyl triflate (4)-133 with
various borane derivatives and the Friedlinder condensa-
tion as the last step. The first reaction in this approach was
the selective protection of diketone 7 using ethylene glycol
in the presence of p-TsOH resulting in ketal 76 formation
(Scheme 27). Its enolization was carried out by employing a
strong base (NaHMDS) and the generated enolate was then
trapped with PhNTf, that resulted in the desired product
(+)-133. Suzuki-Miyaura cross-coupling with 9-borabi-
cyclo[3.3.1lnonane (9-BBN)-derivative of tert-butyl pent-
4-enolate under optimized conditions resulted in ester
(£)-134. Reduction of the ester group of (+£)-134 with
LiAlH4 and consequent treatment of the generated alcohol
(£)-135 with PTSA produced ketone (£)-136. Its alcohol
moiety was converted into azide in two steps (mesylation
and substitution with NaN3) and compound (4)-137 was

% f%

(66% over two steps)
)-123 (60%)

(a) HO(CHz)zOH, 4A MS, BF3' Etzo, CH20|2, reflux, 16 h;

(b) PhNTf2,NaHMDS, —78 °C, 7 h;

(c) 1) CH=CH(CH2)>.CO2But, 9-BBN, THF, 0 — 80 °C, 2.5 h, then
H20 (99%); 2) (+)-133, K2POy4, THF, PdClx(dppf), 80 °C, 16 h (99%);
(d) LiAlH4, Et20; 0 °C;

(e) p-TsOH, acetone, rt, 4 h;

(f) ABN, AICl3, DCE, reflux;

(9) 1) MsCl, EtsN, THF, 0 °C; 2) NaN3, DMF, 70 °C

isolated in good yield. The Friedlander condensation of
(£)-136 and (+)-137 with 2-amino-4-chlorobenzonitrile
resulted in huprine (£)-121 and (+)-123, respectively.!40

Using slightly modified conditions, five other huprine
analogues were prepared (Scheme 28).!40 The treatment of
ketal (4)-133 with p-TsOH gave ketone (4)-138, which was
converted into derivatives (+£)-139-141 via Suzuki-—
Miyaura cross-coupling with boronate derivatives bearing
different functional groups. Final products (4)-142—144
were isolated following reactions of appropriate ketones
with 2-amino-4-chlorobenzonitrile. Reduction of (+)-143
with Raney Ni resulted in huprine (+)-145.140

To detect and visualize AChE in different tissues, two
near infra-red fluorescent probes were developed utilizing a
huprine scaffold that was extended with cyanine 5.0 dye
(Cy 5.0).1#! Fluorescent derivatives (£)-146a and (4)-146b
were developed by inserting an amide bond between huprine
analogues (4)-111 and (£)-145 with Cy 5.0 in the presence
of BOP (benzotriazol-1-yloxytris(dimethylamino)phospho-
nium hexafluorophosphate) as a coupling reagent and N,N-
diisopropylethylamine (DIEA) as a base (Scheme 29). Both
novel probes showed inhibitory activity against ZAChE in
the nanomolar range, demonstrating high selectivity for this
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Scheme 28 R Scheme 30
(CH2)sR HoN R
/> o, AICl3, DCE
O 7 NC R3  reflux, overnight
R2
)-133 )-138 (£)-139 [R = CO,Bu! (98%)], ~ _
(+)-140 [R = CN (52%)], (+)-23, (+)-85a 147
(£)-141 [R = CH2NO2 (74%)] R?
(CH2)
(£)-142 [R = COBu (40%)] N HOELO)
N (£)-143 [R = CN (79%)] — 72 ——2"'» (£)1,2,148-160-HCI
s /N (£)-144 [R = CH,NO2 (45%£|d _ . (2% —55%)
- Cl (+)-145[R = CHoNH,] R
H2N
H2N R2 R3

(a) p-TsOH, acetone, rt, 4 h;

(b) 1) tert-butyl pent-4-enolate, 9-BBN, THF, 0 — 80 °C, 2.5 h, then
H20, 2) (£)-133, K3PO4, THF, PdClx(dppf), 80 °C, 16 h;

(c) ABN, AICl3, DCE, reflux;

(d) Raney Ni, EtOH, 7 N NH3 (MeOH), rt, overnight (56%)

enzyme over AiBChE. The fluorescent derivatives were then
used to visualize AChE in situ.

3.1.3. Synthesis and biological evaluation of huprines with structural
modifications at the 4-aminoquinoline moiety
The modified 4-aminoquinoline moiety of huprines was
inspired by previous studies on tacrine structures and the
introduction of halogen atoms or methyl groups into differ-
ent positions of its benzene ring.!4? 143 Derivatives (&£)-1,
(+)-2 and (£)-148—160 possess a methyl or ethyl group at
position 9 (Scheme 30).%-20-98.133 The benzene ring of the
4-aminoquinoline moiety is substituted at one or two
positions with methyl, fluorine or chlorine. Huprines
(4+)-148—-160 were synthesized by condensing ketones
(£)-23 or (£)-85a with corresponding 2-aminobenzonitriles
147 in the presence of AICIl; and were then converted into
hydrochlorides. Only anti-regioisomers were detected. The
resolutions of (4)-1, (+)-2, (£)-149, (£)-152, (£)-155 were
furnished by MPLC.¢ 20,98

All novel huprines were tested for inhibitory capacity
against beAChE, hAChE and ABChE. The results are
summarized in Table 1. Most derivatives were potent bovine
and human AChEIs, showing higher activity when

|
Et ((l;H2)5

O)\OH

Cy5.0

n = 2 [(£)-111, (+)-146a], 4 [(+)-145, (-)-146b];
(£)-146a: ICso(hAChE) = 80 nmol L—1, IC59(hBChE) > 105 nmol L—;
(£)-146b: IC50(hAChE) = 31 nmol L—", ICso(hBChE) > 12500 nmol L "

(£)-1, 2, 148-160 (15% —91%)

R = Me (+)-23, Et (+)-85a; R?, R?, R* = H, Me, F, Cl

compared to reference compounds (—)-HupA
[ICso(beAChE) = 74 nmol L—!, ICso(hAChE) =
260 nmol L~ '] and THA [ICso(beAChE) = 130 nmol L—!,
ICs5o(hRAChE) = 210 nmol L—']. When separated using
MPLC, the levorotatory enantiomers were much more
active than the dextrorotatory counterparts. The best inhib-
itors of hFAChE from both methyl and ethyl series were
monosubstituted at position 3, analogues 2 and 1, respec-
tively. All tested derivatives preferentially inhibited AChE
over BChE.

Compound 2 was examined for its effect on cholinergic
receptors [muscarinic (M;, M;) and nicotinic ones
(nAChRs)] isolated from rat brains (male Spargue — Dawley
rats) using radioligand binding and functional studies
(synaptosomal superfusion method).!44 145 Racemate (&)-2
displayed the ability to displace [*H]-pirenzepine and
[*H]-quinuclidinyl benzilate binding in hippocampus mem-
branes,!** showing 14-fold higher affinity for M; over M
receptors. In functional studies, (£)-2 (1 pmol L—1)
increased the release of [*H]-dopamine in cortical synapto-
somes. This effect was partially reverted by atropine and
mecamylamine, suggesting an agonistic effect on M. The
inhibitory effect of (£)-2 (10 pmol L—1!) on [*H]ACh release
and the subsequent reversion by atropine suggest that the
drug also has an agonistic effect on M, receptors. Racemate
(£)-2 showed an agonistic effect on nAChRs in basic

Scheme 29

BOP, DIEA,
NMP

rt,3h

HaN
(£)-111, (£)-145

Cl
(£)-146a (20%),b (25%)
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Table 1. Inhibitory capacity of huprine derivatives 1, 2 and 148 —160 against heAChE, hAChE and #BChE. Grey area in the table highlights the

most active huprines.

Compound No. R! R? R3 R*
[ee (Y0)]

(£)-148 Me H H Me
(£)-149 Me H H F
(+)-149 (99% ce) Me

(—)-149 (99% ee) Me

(£)-150 Me H

(+)-151 Me F H F
()1 Me H cl
(+)-1(87% ee) Me

(—)-1(99% ee) Me

(+)-152 Et H H Me
(+)-152 (96% ee) Et

(—)-152 (97% ce) Et

(£)-153 Et Me H H
(+)-154 Et Me H Me
(£)-155 Et H H F
(+)-155 (94% ee) Et

(—)-155 (95% ce) Et

(£)-156 Et F H H
(+)-157 Et H F
(+)2 Et H H cl
(+)-2(97% ee) Et

(—)-2(99% ee) Et

(+)-158 Et H cl H
(+)-159 Et cl H H
(+)-160 Et cl H cl

conditions (3 mM K ™) and potentiated [PHJACh release
induced by ACh.!45

Also, compound 2 exhibited a protective effect against
neurotoxicity induced by H»O5 and kainic acid (KA).!46-147
The neuroprotective effect of 2 and 1 (0.01—-1 pmol L—1)
against oxidative insult (injury induced by 200 pumol L—!
H>0>) has been analyzed under two different conditions in
vitro: using undifferentiated and nerve growth factor (NGF)
differentiated PC12 cells.'#® Both huprines showed a similar
protective effect in both cell types; however, the structural
differences seem irrelevant for the neuroprotective effect.
The involvement of cholinergic receptors in the protection
by huprines was investigated with the help of atropine
(muscarinic antagonist, 0.1 pmol L—!) and mecamylamine
(nicotinic antagonist, 100 umol L—1). The neuroprotective
activity of huprines was reverted only in differentiated cells,
suggesting that the observed effects were mediated by
cholinergic receptors. Moreover, huprines increased the
activity of superoxide dismutase suggesting the ability of
these drugs to decrease ROS accumulation in response to
oxidative stress (OS). Compound 2 (0.8 mg kg—!, 21 days)
also displays neuroprotective activity against neuronal
injury caused by acute administration of KA

beAChE (hAChE), ICsg hBChE, ICs Ref.
/nmol L—! /nmol L—!

12 450 98, 133
8.5(4.6) 200 98,133
1.500 2.900 98
3.5 140 98
31 (35) 540 98,133
24(2.2) 960 98
4.2(0.8) 240 98
36 (120) 153 98
1.2(0.3) 247 98
12 210 133

480 120 133
4.5 350 133

30 510 133
3.6 (5.0) 33 98
7.4(3.8) 57 98

130 (110) 190 98
6.7(2.1) 32 98
46 (30) 110 98
2.6 (1.8) 190 98
2.8(0.8) 16 98

400 (23) 58 98
1.3(0.3) 160 98
260 (430) 760 98

16 (12) 330 98

40 (1.4) 1200 98

(28 mg kg—1).147 Further, pre-treatment with 2 protected
mice against changes in the pro(anti)-apoptotic pathways
(pAktl, Bcl2, pGSK3p and CDKS5) and in the neuroin-
flammatory process (GFAP and Iba-1) induced by KA.

The in vivo effects of 2 were investigated in two AD-
relevant mouse models, APPswe and 3 x Tg AD mice.'48-149
In this regard, 6 —7 month old transgenic mice (APPswe and
3 x Tg) and non-transgenic controls were treated daily with
(£)-Hup X (0.12 pmol kg—!, i.p.) or saline (0.9% NaCl
solution, i.p.) for 21 consecutive days.'4® Chronic treatment
with (£)-2 reduced the levels of insoluble ABi.4o in the
hippocampus of 3 x Tg-AD mice with no apparent effect in
APPswe mice. Moreover, (£)-2 increased cortical synapto-
physin levels and decreased the levels of @7 nAChRs in the
caudate nucleus of 3 x Tg-AD mice while increasing hippo-
campal a7 nAChRs in APPswe mice. The different response
observed in each mouse model is probably due to brain
neuropathology. The modulation of AP and synaptophysin
by (£)-2 in 3 x Tg-AD mice might be due to its interaction
with PAS of AChE and(or) via cholinergic mechanisms
involving the activation of cholinergic receptors.'#8

An aged AD animal model (12 month old
126/Sv x C57b/6 male mice) was used to investigate the
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behavioural effects of 2 as well as its effects on the
regulation of protein kinase C (PKC), mitogen activated
protein kinase (MAPK) and a-secretase (ADAMI10 and
TACE/ADAMI17) in relation to APP processing.'>® The
open-field and corner tests showed that compound 2 facil-
itates learning and memory in the Morris water maze and
improves some emotional indicators without inducing
adverse effects, affecting motor activity or anxiety-like
behaviour, in a dose dependent manner. Huprine X (2)
decreased full-length APP in the membrane of both cortex
and hippocampus of treated mice in comparison to saline-
treated animals. Moreover, the animals treated with the
highest dose of (£)-2 (0.12 pmol kg—") showed increased
levels of PKC and MAPK isoforms (phospho-PKCa and
phospho-42/44 MAPK). The activation of the PKC/MAPK
signaling pathway may underlie the observed behavioural
effects as well as the stimulation of the non-amyloidogenic
processing of APP.

In an attempt to tackle peripheral AChE and its poten-
tial implication in MG, an analogue of 1 with a permanently
charged quaternary nitrogen, compound (+£)-161, was
developed (Scheme 31).15! Methylation of the correspond-
ing nitrogen atom was performed using excess iodomethane
in refluxing methyl ethyl ketone and the final product
was isolated in high yield. Quaternization of (&)-1
[ICso(hAChE) = 1.07 nmol L—!, ICso(ABChE) = 180 nm|]
decreased the AChE inhibitory activity from 1.1 nmol L—!
[for (£)-1] to 59 nmol L—! [for (£)-161]. A parallel artificial
membrane permeability assay (PAMPA) was used to pre-
dict the ability of derivative (+)-161 to cross the BBB.
Derivative (4)-161 showed a lower Pe value than the
uncharged parent 1 [Pe 10.9 vs. 23.8 (10~° cm s~ ') for
(+)-161 and (£)-1, respectively]; however, it still fell within
the range of high probability of BBB permeation by passive
diffusion.

Scheme 31
Me Me
Mel,
7N MeOEt
_ reflux,
overnight Cl
HaN H2N
(+)-HupY (£)-161 [77%,

ICso(hAChE) = 59 nmol L,
ICso(hBChE) = 3000 nmol L1,
PAMPA: CNS +]

Huprine derivatives (£)-162—165 were designed by fix-
ing halogen atoms at position 3 while varying alkyl append-
age at position 9 (isopropyl or allyl group) (see
Scheme 16).132 Novel huprines were prepared by the
Friedldnder condensation starting from enones (4)-85c.f
(see 133) with corresponding nitriles 147 in the presence of
AICl; in refluxing 1,2-dichloroethane (Scheme 32). The
final products were then converted into their HCI salts.

Analogues (£)-162—165, parent huprines 2, 1, as well as
some previously prepared 9-substituted derivatives
[i.e. (£)-86a,c—g] (see Scheme 16) as well as (4)-148,
(£)-150, (£)-153, (£)-155-156 and (3+)-158-159 (see
Scheme 30) were tested for their trypanocidal, anti-plasmo-
dial activities and cytotoxicity in mammalian L6 cells.!>? All
tested compounds displayed trypanocidal potency, with
1Csp values in the nano- to micromolar range (ICso values

R Scheme 32
HoN R4
AICI3, DCE
O + —
V4 reflux, 14 h
NC R3
(+)-85c,f R?
147
R
N
7\ R
— —> (£)-162-165-HCI

— R
H2N

(56% — 94%)

R2 R3
(4£)-162—-165 (19% —58%)

(a) MeOH, HCI (MeOH), then recrystallization from AcOEt—MeOH,;
R = Pri[(£)-85c], All [(+)-85f]; R2, R3, R* = H, F, CI;

(+)-162,R! = Pri, R = R3 = H,R* = C;

(+)-163,R! = Al R? = R® = H,R* = CI;

(+)-164,R' = Pr,R? = F,R® = R* = H;

(+)-165,R' = AllLR2 = F,R3 = R* = H

between 0.6—6 umol L—'). The most potent huprines, with
an unsubstituted benzene ring, bear bulky moieties like a
butyl (£)-86d or tert-butyl group (£)-86e (see Scheme 16)
exhibiting ICso values of 0.70 and 0.88 umol L—!, respec-
tively. From the series with a substituted benzene ring, the
most potent were 3-chloro-substituted derivatives having a
chlorine atom at position 3, out of which (£)-1 (ICso =
0.8 pmol L—1), (£)-2 (ICso = 0.6 pmol L—!) and com-
pound (%)-163 (ICso = 0.8 umol L—!) are highlighted.
Cytotoxicity of the most pronounced huprines with trypa-
nocidal activity was established in the L6 cell line pointing
to selectivity for T.brucei over L6 cells (10—20-fold selec-
tivity profile). Only (+)-86g had very poor preference with
selectivity of 2.1 for T.brucei (see Scheme 16). From the
nineteen tested huprines, only two had anti-plasmodial
activity at a concentration below 10 pmol L—!, namely
(£)-86d (ICsp = 6.0 pmol L—!) and (£)-86g (ICso =
3.5 umol L—') in comparison to chloroquine diphosphate
(ICso = 0.5 umol L—1), which served as a positive control.
Despite the interesting dual trypanocidal —anti-plasmodial
profile of compounds (£)-86d.g, their therapeutic potential
is limited by their low selectivity for P.falciparum over L6
cells ST = 1.1 [(+)-86d], SI = 0.5 [(+)-86g].

Other modifications of a tacrine-like moiety took part in
the benzene region by substituting this moiety with cyclo-
pentene or various heterocycles. Huprines (+)-166—168
were prepared by the Friedldnder condensation of corre-
sponding (di)ketones 7, 8 and (4)-23 with 2-aminocyclo-
pentenecarbonitrile (15, Scheme 33).# > The modification of
derivative (4)-18 to alcohol (4)-168 was accomplished by
reducing its carbonyl functionality with NaBH4 in me-
thanol.® Huprines (£)-166—168 were less potent heAChE
inhibitors than THA. Analogues (£)-166 and (4)-168 were
also less active than their counterparts containing a benzene
ring. The highest discrepancy in affinity was observed in
derivative (4)-166; on the other hand, its benzene counter-
part (+)-3 (see Scheme 4) was almost 86 times more
active.> %8

The synthesis of 24 huprine derivatives was reported by
Ronco et al.'%? in 2009. These compounds were prepared in
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//O
N
78
HoN

,:(i )-167 (34%)
(£)-167-HCI-H20 [23%,
ICso(beAChE) = 3.0 umol L—1]

[()-23]

(a) AICI3, DCE, reflux;
(b) HCI, MeOH, 18- HClI;
(c) NaBH4, MeOH, rt, 12 h

four steps according to the procedure outlined in Scheme 1.
Two regions of the aminoquinoline substructure were
modified. The first approach was focused on benzene ring
substitution; initially two electron-donating methoxy
groups [compounds (+)-169a,b] were introduced or the
benzene moiety was replaced by pyridine [(£+)-172a,b and
(£)-179], furan [(£)-170a,b], oxazole [(+)-184—186], thi-
azole [(£)-188 and (+)-189] or pyrazole ones [huprines
(£)-171 and (£)-173]. Similarly, the Friedlinder condensa-
tion of ketone (4)-23 or (4)-85a with a corresponding
partner was applied.'%? The aromatic precursors for com-
pounds (4)-169—-173 (Scheme 34) were commercially avail-
able. The required aromatic partners for the preparation of
derivatives (£)-179, (£)-184 - 186, (+)-188 and (+)-189 were
obtained according to procedures depicted in Schemes 35
and 36. Secondly, amino functionality at position 12 was
either substituted by hydroxyl [(4)-191], chlorine [(4)-192]
or elongated into a two-carbon linker with another func-

Scheme 33

HaN

)-18 (56%)
,—_>(ﬂ: -18-HCI

[yield not given,
ICs50(beAChE) > 1 umol L—1]

(+£)-168 (85%)
b
L, (+£)-168 - HCI- 2.2 H,0 [50%,
ICso(beAChE) = 13 pmol L]

o[ ()-166 (10%)

(£)-166 - HCI-3H,0 [4%,
ICs0(beAChE) = 5.6 umol L]

Scheme 36]. All resulting huprines were evaluated for their
inhibitory capacity against FZAChE as racemic mixtures.!%?

The oxidation of 4-cyanopyridine (174) with m-chloro-
peroxybenzoic acid (mCPBA) afforded N-oxide 175
(Scheme 35), which, upon chlorination with PCls in reflux-
ing POCl;, produced a monochlorinated derivative 176 as a
major compound. Exposure of 176 to sodium azide fur-
nished the substitution of a chlorine atom to give 177. In the
next step, the hydrogenation in the presence of Pd/C
resulted in 3-aminoisoniconitrile 178, which was converted
into huprine (+£)-179 by condensation with ketone
(£)-85a.102

Cycloalkyl oxazole derivatives 182, 183 were synthesized
from aminomalononitrile tosylate (AMNT) and carboxylic
acids 180, 181 following the procedure of Freeman et al.'33
(Scheme 36). The Friedldnder condensation of 182 and 183
with enone (4)-23 or (£)-85a under standard conditions
produced huprines (4)-184—-186.192 In order to obtain

tional group at the end of tail [(4)-190, (£)-193-195, see  (+)-188 and (£)-189, 2-propylthio-4-amino-5-cyano-
R Scheme 34
N
7\
= OMe
HaN
OMe » (4)-172a [ICs0(hAChE) = 0.8 umol L ",
(+)-169a [ICso(hAChE) = 12 pmol L~ 1], ()-170a [ICoo(hAChE) = 4.8 jumol L], ICso(HBChE) = 34 pmol L~ 1],
(4)-169b [ICs0(hAChE) = 5.1 pmol L] (£)-170b [ICs0(hAChE) = 6.5 umol L] (4)-172b [ICs0(hAChE) = 0.9 pmol L]
Me
- N
7\
ITIH __/TNH
=N (4)-23, (+)-85a HoN =N
S

i) 171
[ICso(hAChE) > 5.0 x 10~5 mol L]

(£)-173 \'V'e

[ICs0(hAChE) > 5.0 x 105 mol L]
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Scheme 35
CN CN CN
mCPBA, cl
XYy CHCls Xy POCI3, PCls AN NaNs, DMF
| >l > | ®c
_ reflux +.J 120-130°C > 95 °C,
N l\ll N overnight
174 (o 176 (46%)
175 (92%)
CN CN
Ha, Pd/C,
X N3 3 atm, EtOH AN NHz 85a, AICI;, DCE
_ _ reflux, overnight
N N

177 (60%) 178 (78%)

mCPBA = QC(O)CZH

Cl

(£)-179 [70%,
ICso(hAChE) = 0.7 pmol L—1]

1,3-thiazole (187) obtained via the multicomponent reaction
was combined with (£)-23 and (&4)-85a, respectively.!0?
Within the huprine family with modified benzene rings,
the highest inhibitory capacity against ZAChE was obtained
for racemic mixtures of 4-amino-1,7-naphthyridine ana-
logues (+)-172a,b (see Scheme 34) and 4-amino-1,8-naph-
thyridine  (%)-179  (see Scheme 35). However, these

Scheme 36

AMNT, DCC, H2N

0 P
R )J\ ):)vernight j: />_

ketone (£)-23 or
)-85a, AICI3, DCE

reflux overnight

OH
180, 181 182 (71%), 183 (73%)
RZ
R' = cyclo-Pr [180, 182, (+)-184,
()185], cyclo-Bu [181, 183,
Y N (%)-186];
— Y—o R2 = Me [(+)-184, (+)-186],
— )\ Et [(&)- 185]
HzN N™ Rt

AMNT = H—|—NH3 oTs
(4)-184 (48%), (+)-185 (70%), CN

(+)-186 (45%)

KOH, DMF,
PBr + HoNCN + CICN+CSp 22
rer+ Ha 2 To.e0°C
R
(+)-23 or (+)-85a,
ACL,DCE
—_ N
I reflux overnight /N
N
187 (42%) — Pn
HoN S)\S/

(4)-184: IC50(hAChE) > 50 umol L—7; (+)-188 [R = Me (70%)],
(£)-185: ICso(hAChE) > 50 umol L—; (4)-189 [R = Et (56%)]
(4)-186: IC50(hAChE) = 0.3 pmol L—1;

(4)-188: IC50(hAChE) = 7.7 umol L—7;

(4)-189: IC50(hAChE) = 7.3 pmol L—1

compounds were two orders of magnitude less active than
the reference compounds (+)-1, (£)-2.

The structural modification of (4)-2 and(or) (%)-1 at
position 12 was also taken into account. These analogues
were designed to investigate the possible interaction with
amino acid residues at the bottom of the AChE active site.
Huprine analogues (£)-190—195 bear heteroatoms such as
Cl, O (alcohol functionality) or an azide moiety at position
12, or at the terminal position of a two-carbon chain bound
to amino functionality of the aminoquinoline group.'0?
Acylation of (+)-1 was performed with chloroacetyl chlor-
ide to obtain compound (£)-190 in 24% yield. The deriva-
tive with a fluorine at position 12 was also tested; however,
only alcohol (#)-191 could be isolated. A two-carbon linker
was introduced by the nucleophilic aromatic substitution of
a chlorine atom in analogues (%+)-192a,b that were previ-
ously discovered through the reaction of enones (+)-23 and
(+)-85a, respectively, with 2-amino-4-chlorobenzoic acid in
refluxing POCI; (Scheme 37). The exposure of (+)-192a,b to
ethanolamine in the presence of Nal as a catalyst furnished
amino alcohols (£)-193a,b. Their hydroxyl groups were
substituted wusing SOCl,, and the resulting chlorides
(+)-194a,b were converted into azides (%)-195a,b upon
treatment with sodium azide.!0?

Structures 190, 191
Me

7 N
) R = NHC(O)CHCl [(+)-190,
— Cl ICs0(hAChE) = 2.5 umol L—1;

R OH [(£)-191,
(1)-190, 191 ICs0(hAChE) = 15 umol L—1]

The replacement of the amino group at position 12
decreased the inhibitoty capacity against hAChE by four
orders of magnitude for both the Cl derivative 192 and
analogue 191. From this point of view, it can be deduced
that the central 4-aminopyridine moiety of huprine is
essential for its inhibitory activity and cannot be replaced
by an isosteric group. On the other hand, the derivatives
developed by monoalkylation of the amino group showed a
hAChE-inhibitory activity in the nanomolar scale, with the
exception of 190. The highlighted huprine in this regard was
193b (ICso = 6.8 nmol L—!), which is only six times less
potent than reference compound (+£)-2.

3.2. Enantioselective synthesis of huprines,
preparation of syn-huprines and their biological evaluation
A series of terpenoic chiral 9-aminotetrahydroacridine ana-
logues were synthesized from natural monoterpens. Most of
this subset does not contain a bridged bicyclic moiety
typical of huprines, with the exception of compounds 198,
199. These two were prepared by condensing ketones
(+)-nopinone (196) and cis-verbanone (197) with 2-amino-
benzonitrile in the presence of BF3-Et,O as a catalyst to
yield 198 and 199, respectively (Scheme 38).'54 Products 198
and 199 presented inhibitory activity against rat AChE
(ratAChE) in the micromolar range, two orders of magni-
tude less than the reference compound THA.

Compounds 205, 206 were prepared as chiral bidentate
P,N-ligands (Schemes 39, 40).!3> These compounds, simi-
larly to 198 and 199 (see Scheme 38), can be conceived as
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R R Scheme 37
NH,
R
CI—< />—COQH,
HO(CHz)2NHz, J N J N
O POCls Nal, PhOH \ SOCl, \ NaN3
V4 N ; _ _— _ —
reflux N 150 °C cl Cl
— cl HN HN
(+)-23 or
(+)-85a
(£)-192a (27%), OH cl
(£)-192b (46%)
R (+)-193a (77%), (£)-194a (97%),
(£)-193b (95%) (£)-194b (99%)
N
7 R = Me (a), Et (b);
—> — cl (£)-192a: IC50(hAChE) > 22 umol L—1; (£)-192b: IC50(hAChE) > 19 umol L—1;
HN (£)-193a: IC50(hAChE) = 9.7 nmol L—; (£)-193b: ICs0(hAChE) = 6.8 nmol L1,
ICso(hBChE) = 3.6 umol L—"; ()-194a: ICso(hAChE) = 43 nmol L—1:
(+£)-195a: ICso(hAChE) = 8.7 nmol L—", ICso(ABChE) = 2.4 pmol L~7;
Ns ()-195b: ICs0(hAChE) = 14 nmol L~", ICso(hBChE) = 82 pmol L—*
(+)-195a [78% from (+)-193a],
(£)-195b [69% from (+)-193b]
huprine analogues with a modified carbobicyclic substruc- Scheme 38
. .. . Me
ture. Because of their original development as chiral o)
ligands, these were not subjected to biological evaluation. Me/@f NH>
Instead, their ability to provide asymmetric induction in (196)
metal-catalyzed processes was assessed. The treatment of / N
200 with Bu'Li and then DMF resulted in benzaldehyde 201 Me N=
that was then subjected to hydrolysis of the N-Boc group to SEN’Et o
produce 202 (see Scheme 39). Its Friedlinder condensation ~ H,N PhMe 198 [57%, ICso(ratAChE) =
with ketone 196 gave 5-fluorotetrahydroacridine 204 in low J@ reflux. 24 h Me 1.9 umol L—1]
yield (9%). An alternative method of huprine 204 synthesis ’

NC
avoids the isolation of aldehyde 202. The reaction of 201

with ketone 196 afforded 204 that was hydrolyzed to 204 in
88% yield. A diphenylphosphanyl group was introduced by
nucleophilic substitution of an electrophilic fluorine atom
with LiPPh; to afford phosphine 205.

Using the same conditions for the synthesis of analogue
209 was unsuccessful. After benzaldehyde 202 treatment
with (+)-camphor (206) in the presence of Bu'OK, no
product was isolated. Compound 207 was obtained in low
yield (21%) through the reaction of the lithium enolate
anion of 206 (LDA, THF, —40°C) with 202 (see
Scheme 40). Cyclization of intermediate 207 with HCI in

13

NH2
Me// AN

N

199 [63%, ICso(ratAChE) =
2.6 umol L—]

carbitol under reflux resulted in 209, which was converted
into huprine 210 in the same manner as analogue 205.155

Scheme 39
E Butli,
BocHN from —78°C,  BocHN 3NHCI,
to —50°C,3h dloxane
then DMF,
—78°C—rt
200 201 71%) 202 55%)
196, Bu'OK, 196, carbitol,
1,4-dioxane, sat. KOH
rt,2h in MeOH (15%)
_LiPPhs, THE N PPhe
—10 °C,0.5h,
then 60 °C, 2 h

204 (88%)

3N HCI
eﬂux 2h
NHBoc

205 (82%)
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Me Scheme 40
F 0 LiPPha, THF, Me
HoN 1) 206, LDA, THF, Melt|r carbitol, —10°C,0.5h, N PPh
—40°C,2h cat. HCl _ Me then60°C,2h  pMe 7\
e —_—
oHC 2)122314540 °Cot, NHBoc "eflux, 1h R o
202

Me
(o}
206 = @

The synthetic procedure applied for the racemic mixture
of (+)-86a, as well as of its enantioenriched isomers (+)-86a
and (—)-86a, is displayed in Schemes 41 and 42.° The
enolization of ketone 76 was achieved with LDA to produce
the corresponding racemic enolate that was submitted to
reaction with N-phenyltriflimide (210) to produce triflate
(£)-211 (see Scheme 41). Its reaction with tributylvinyltin
in the presence of Pd(PPhs)s and LiCl resulted in ketal
(£)-212c¢. This procedure was used to obtain (£)-212a.b but
it failed probably due to the lower reactivity of tetramethyl-
and tetracthyltin. Compound (+)-212b was prepared
through the treatment of (4)-211 with the appropriate
organocuprate reagent generated in situ from the complex
Me,S.CuBr and EtMgBr (see Scheme 41). Acid hydrolysis
of derivative (£)-212b using 2N HCI produced ketone
(£)-85a. Hydrolysis of (£)-212¢ was carried out on silica
gel; the crude reaction mixture of vinylation products was
kept for 16 h on the column before elution. The Friedldnder
condensation of (£)-23 and (&4)-85a with 2-amino-4-benzo-
nitrile was previously described® and yielded (&)-3 and
(+)-86a, respectively. Condensation of (£)-23 with
2-amino-4-chlorobenzonitrile furnished huprine (£)-1.°

207 (21%)

Scheme 41
0] OSO,CF3
V4 1) LDA, THF,
o/> —78°C, 10 min /> aorb
o) 2) Tf,NPh (210),
—78°C—rt, 20 h
76 )-211 (77%)
1
/> cord eorf \
/° R2
(+)-212a-¢ (+)-23, (+)-85a,
(£)-213, (4)-3, (+)-86a, (£)-1
(£)-1,R" = Me, R? = Cl;
(£)-3: R! = Me, R? = H; (+)-86a: R! = Et, R2 = H;

R'" = Me [(£)-212a), (+)-23], Et [(+)-212b, (+)-85a],

CH = CH [(£)-212¢, (£)-213];

(a) Me2S - CuBr, EtMgBr, THF, —78 °C—rt, 16 h (212b, 58%);

(b) LiCl, Pd(PPh3)4, THF, tributylvinyltin, reflux, 20 h, 212¢ (51%),

213 (8%);

(¢) 2N HCI, THF, rt, 6 h (64%);

(d) this reaction was carried out under conditions described as (b),
but for the work up the crude product was kept on the silica gel
column for 16 h before elution [(+)-213 60% from (+)-211];

(e) previously described for (+)-3, (£)-86: 2-aminobenzonitrile, AICl3,
DCE, reflux, or ZnClz, PhNO., reflux (see Schemes 4, 16);

(1) 2-ABN, AICl3, DCE, reflux, 7 h [(£)-1, 66%)]

208 (85%)

209 (75%)

The above described procedure was used for the synthe-
ses of enantioenriched enones (—)-86a and (+)-86a.° Enan-
tioselective deprotonation of ketal 76 and its trapping under
non-racemizing conditions was achieved using bis[(S or R)-
I-phenylethyl]lamine [(+)-213 or (—)-213] (Scheme 42). The
corresponding amine 213 was treated with Bu"Li and then
with lithium chloride, and ketal 76 was added to generate
enolate which was formed upon the reaction with N-phenyl-
triflimide. This method resulted in (—)/(+)-211. The treat-
ment of each enantiomer with ethyl cuprate (prepared in
situ from ethylmagnesium bromide and CuBr-SMe,) pro-
duced (—)-212b. Hydrolysis of (+)-212b was first under-
taken with 2N HCI in THF. Under these conditions, the
process was accompanied by significant amount of epime-
rization. However, hydrolysis of (—)/(+)-212b promoted
by silica gel in CH,Cl; led to enones (—)-85a and (+ )-85a
with high ee values. The Friedlinder condensation of
(—)/(+)-85a with 2-aminobenzonitrile in the presence of
AICls furnished adequate huprines which were converted
into hydrochlorides (+)-86a-HCI and (—)-86a-HCI. The
observed epimerization of enones 85a can be explained by
protonation and deprotonation at the carbon—carbon dou-
ble bond (thus its migration) caused by the acid conditions
of this reaction. Condensation of (—)/(+)-85a with 2-ami-
nobenzonitrile in the presence of ZnCl, as the Lewis catalyst
in nitrobenzene resulted in a similar degree of epimeriza-
tion. Both hydrochlorides (+)- and (—)-86a-HCI were
crystallized from MeOH —EtOActo giving analytically
pure samples of salts with ee = 99% and >99%, respec-
tively.¢

An alternative explanation for the reduced ee values
observed for compounds (+)-86a (53% ee) and (—)-86a
(57% ee) during the reaction of enones (—)- and (+)-85a
under conditions d (see Scheme 41) is provided in
Scheme 43.13¢ Given the Friedlinder condensation nature
being non-regioselective, isomerization of generated syn-
huprines (7R,115)-86a and (7S,11R)-86a (migration of the
endocyclic C=C double bond) takes place due to the acidic
conditions of the reaction. In this manner, syn-derivative
(7R,115)-86a [or (75,11 R)-86a] is converted into anti-isomer
(7S,115)-86a [or (7R,11R)-86a] which is enantiomeric with
the directly obtained (via condensation) anti-isomer
(7R,11R)-86a [or (7S5,115)-86a], thus decreasing the ee of
the desired enantioenriched product.!3°

To verify this hypothesis, Camps et al.!¢ performed an
acid-promoted isomerization of anti- and syn-isomers (4)-3,
(+)-86a and (4)-215a,b, racemic mixture (4)-215b and
enantioenriched syn-huprines (—)-215b and (+)-215b. The
synthesis of syn-huprines (£)-215a and (&£)-215b was
reported previously in two steps from enones (4)-23 and
(£)-85a (Scheme 44).157 The reaction of (#)-23 and (4)-85a
with 2-(trifluoromethyl)aniline in refluxing toluene pro-
duced mixtures of (E)- and (Z)-stereoisomers of imines
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OSO0,CF3
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76 )-211 —)-212b —)-85a
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la e E )-86a - HCI (53% ee)
7 Me Me |
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H |
/> /> o _» | |
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,:(+)-86a~HCI (22% ee) :©/\H |
|
(@) 1) (+)-213 [for the preparation of (+)-86a] or (—)-213 [for the synthesis of (—)-86a], Bu"Li, THF, IL (—)-213 JI
—78°C - 1t, 1 h, then solution of LiCl in THF and solution of 76 in THF at —78 °C, 15 min; ~ — — — —————77
2) 210, THF, —78 °C - rt, 16 h; (b) EtMgBr, Me,S - CuBr, THF, —78 °C— rt, 16 h; (c) silica gel, CHCly, rt, 27 h;
(d) ABN, AICI3, DCE, reflux, 14 h; (e) MeOH, sat. HCI (Et,0)
) Scheme 43
_ - - anti-lsomers e
Et Et Et enantiomers Et
Et
o _@ R R S
O b /2 R i W\ el B G2 U i W\
(R) (S) (R) (S)
(R) — — = =
(—)-85a HoN NHz | i HoN NHz |
(TR,11R)-86a (7TR,11S)-86a (7TR,11R)-86a (7S,11S)-86a
(anti-isomer) (syn-isomer)
anti-lsomers
enantiomers
Et i Et i
Et
(S) N N
+
(S 7 7N 7 N
) R X __ RN
(S)
(+)-85a I HaN | i HaN |
(7TR,11R)-86a (7R,11S)-86a (7TR,11R)-86a (7S,11S)-86a
anti-isomer syn-isomer

(a) ABN, AICI5, DCE

(+)-214a,b, which were used directly in the next step.
Cyclization of (4)-214a,b upon treatment with sodium
hexamethyldisilazide (NaHMDS) generated a mixture of
anti- and syn-isomers (£)-3, (+)-86a and (£)-215a.b.
syn-Regioisomers (£)-215a and (+£)-215b were isolated in
pure form from the corresponding mixtures by silica gel
column chromatography and were then converted into their
hydrochlorides (4)-215a- HCl- 2 H,O and (£)-215b- HCL.'57
Chiral medium performance liquid chromatography was
used for the resolution of racemic syn-isomers (+)-215b to
give enantioenriched (+)-(7S,11R)-215b (70% ee) and
(—)-(7TR,115)-215b (84% ee) (Scheme 44).15¢

The treatment of (4)-3/(4+)-215a (~ 2:1 mixture) and
pure (+)-215b with AICl; in DCE resulted in the isome-

rization of syn-isomers into anti-derivatives and only com-
pounds (£)-3 and (+)-85a were isolated. The treatment of a
mixture of (£)-86a/(£)-215b (& 1:1) with triflic acid in
dioxane yielded (+)-86a. Under the same conditions, enan-
tioenriched (+)-215b-HCI1 (77% ee) and (—)-215b (84%
ee) afforded (+)-86a (76% ee) and (—)-86a (82% ee)
(Scheme 45).13¢ These results suggest that the observed
regioselectivity of Friedlander reactions may be due to the
equilibrium in the initially formed syn-anti mixtures to more
stable anti-products.

The comparison of inhibitory activities of racemic mix-
tures of synm-isomers (+£)-3, (+)-86a and anti-isomers
(£)-215a, (£)-215b revealed that in both cases anti-ana-
logues are more potent AChEIs (Table 2).
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R R
2-(trifluoromethyl)aniline,
//O PhMe _ N @
reflux, 2 days 2
(+)-23, FaC
(+)-85a

+)-214a (75%),
+)-214b (76%),

_— e~ o~ —~

(+)-85, 214, 215: R = Me (a), Et (b); (£)-3, 23: R = Me

syn-lsomers

Et Et Scheme 45
Vi N
N + HCI, MeOH
H2N
(7S,11R)-215b (7TR,118)-215b
Chiral MPLC .
anti-lsomer
Et
TfOH
—> (7S,11R)-215b-HCl — > 7N
(77% ee) dioxane,
93°C e
H2N
(7TR,11R)-86a (76% ee)
anti-lsomer
L~ (7R115)}215 o1,
dioxane,

(84% ee) ¢
93°C

(7S,115)-86a (82% ee)

4. Synthesis and biology of huprine
homo- and heterodimers

The synthesis of homodimers (+)-216a—e linked with
(+)-1 was previously reported by Sola er al.'>> in 2014.
Bis-huprines (+)-216a-e were prepared by a one-pot reac-
tion using two equivalents of (7R,11R)-1 and one equiv-
alents of o,m-dihaloalkane in the KOH-DMSO system
(Scheme 46). All dimers were modified to give dihydrochlo-
rides (+)-216a—e-2HCIL!''* which were purposely devel-
oped as antiprotozoal agents. The molecular dimerization
of compounds with known antiprotozoal activity was suc-
cessful regarding the members of the 4-aminoquinoline
family.86-158 =160 A]] these bis-huprines showed ICso values
in the range of 0.5-0.9 pmol L~ against cultured blood-
stream forms of 7. brucei, which is comparable with that of
the parent (+)-1 [ICso (7. brucei) = 0.6 pmol L—!]. Fur-

E)-214a: (2)-214a ~ 3:
E)-214b: (2)-214b ~ 3:2

. Scheme 44
anti-lsomers syn-lsomers
R R
NaHMDS,
JHF N N
—78°C ot 7N + 7\
HoN H2N
(+)-3 (26%), (+)-215a (14%),
9 (+)-86a (33%) (4)-215b (14%)
l HCI, MeOH
(+)-215a-HCl,
(+)-215b-HCI

Table 2. Pharmacological data for racemic mixtures of anti- and
syn-derivatives of 3, 86a and 215a—b.

anti-Isomers syn-Isomers

R R
N N
ﬁ\// \>\: E&// \z
H 2 N H 2 N

Compound R 1Cso

(4)-3-HCl Me ICso(beAChE) = 65 nmol L~
1Cso(hAChE) = 52 nmol L—!
ICso(hBChE) = 130 nmol L—!

(£)-86a- HCl Et 1Cso(heAChE) = 39 nmol L—!
ICso(hAChE) = 38 nmol L—!
ICso(hBChE) = 79 nmol L—!

(+)-215a- HCI Me ICso(heAChE) = 0.5 pmol L~
1Cso(hAChE) = 0.4 pmol L—!
ICso(ABChE) = 0.1 pmol L~

(4+)-215b- HCI Et ICso(beAChE) = 0.2 pmol L~

ICso(hAChE) = 0.08 pmol L—!
ICso(ABChE) = 0.06 pmol L~

ther, ICyq values ranged between 0.7—1.1 umol L—!, which
was lower than that for (%)-1 [ICoo (7. brucei)=
2.9 pmol L—']. Relative to (&)-1, the increased trypanoci-
dal activity of novel huprines does not seem to be dependent
upon the length of the linker or the presence of a benzene
ring within the linker. Therefore, it might be ascribed to the
dimerization strategy even though the mechanism of trypa-
nosome growth inhibition remains elusive. Compounds
(+)-216a—e-2 HCIl were also evaluated against the chlor-
oquine-resistant K1 strain of P.falciparum. No noticeable
enhancement of anti-plasmodial activity was observed for
these dimeric compounds, reaching ICso values >
5 umol L=, which were much higher than the values for
artemisin (positive control, ICsop =91 nmol L—!). The
tested bis-huprines were toxic against L6 cells (rat skeletal
myoblasts) in a range of 1.6—29 umol L—!. Homologues
(+)-216d with the longest alkylene tether, and (+)-216e,
with the p-phenylene-bis(methylene) bridge, displayed the
highest trypanocidal activity over cytotoxicity (SI = 38 and
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Me Scheme 46
N
Me / R
— Cl
1) KOH,DMSO, 2h _ H
74N 2) a,-dihaloalkane, o) M
— DMSO, rt, 3 days n e
Cl HN
H2N _
(+)-1 |
Cl N
(+)-216a—e

HCI.MeOH_ (1) 216a—e-2HCI

n = 8[(+)-216a, 21%], 10 [(+)-216b, 25%], 12 [(+)-216c, 26%],
14 [(+)-216d, 50%], (CHz2)2-(p-CeHa)-(CHz)2 [(+)-216€, 11%]

28, respectively). However, bis-huprines exhibited more
pronounced anticholinesterase than trypanocidal activity
showing ICso values for ZAChE in the two to three-digit
nanomolar range [ICso(hAChE) in the range of 18—
430 nmol L—1)].

Rhein (see Fig. 9, Schemes 47 and 48) is a natural
compound that can be found as a glucoside in Rheum
species, senna leaves, and also in several species of
Cassia.'®' Rhein possesses various pharmacological effects,
including nephroprotective, hepatoprotective, anti-inflam-
matory, anticancer, antioxidant, and antimicrobial activ-
ities.'%2 It was believed that the aromatic rings of rhein
could establish m-stacking interactions with the character-
istic aromatic residues at the PAS of AChE and that the
hydroxyanthraquinone scaffold might confer tau anti-
aggregating properties to the rhein—huprine derivatives.
The synthesis of rhein—huprine hybrids (£)-219a-h started
with the alkylation of the racemic mixture of (£)-1 (see
Scheme 47).11% The treatment of (£)-1 with the correspond-
ing o-bromoalkanenitriles gave nitriles (4)-217a—h. The

subsequent reduction of nitrile with LiAlH4 resulted in
amines (+)-218a—h. The treatment of rhein with ethyl
chloroformate furnished adequate anhydride, which was
subjected to the reaction with (£)-218a—h to give hupri-
ne —rhein heterodimers (4)-219a—h. All final products were
converted into corresponding HCI salts. The biological
profiling of (£)-219a—h included the evaluation in vitro of
the inhibitory activity against AAChE, ZBChE, human
B-secretase (hKBACE-1) as well as against ZAChE-induced
and self-induced AP aggregation. All novel hybrids were
also evaluated for their AP and tau anti-aggregating activ-
ities in Escherichia coli cells overexpressing these peptides.
According to the obtained data, compound (£)-219e was
the lead candidate from the series. Encouraged by these
results, two enantiopure dimers (—)-219e and (+)-219e
were separated and biologically evaluated. Hybrids (—)-
219e and (+)-219e were synthesized from (—)-1 or (+)-1
following the same synthetic procedure for racemic mixtures
(see Scheme 47). The levorotatory hybrid (—)-219e was
1200-fold more potent as an AAChE inhibitor than its
enantiomer (+)-219¢ [ICs50(hAChE) = 2.4 nmol L—!
[(—)-219¢], ICso(hAChE) = 2900 nmol L= [(+)-219e].
Regarding ABChE inhibition, the hybrid (+)-219e was two
times more potent than (—)-219e [ICso(ABChE) =
510 nmol L= [(—)-219¢], ICso(ABChE) = 270 nmol L—!
[(+)-219¢]]. Both of these findings were consistent with the
stereoselective interaction of the parent 1. No enantioselec-
tive differences were found in the inhibition of ZAChE-
induced aggregation of A4 (37% —38% inhibition at
100 pmol L—1),  self-induced  aggregation of  APa
(38% —43% inhibition at 10 umol L—') and ABACE-1
activity (ICso = 80 nmol L—! for both enantiomers). The
protective effect of (—)- and (+)-219e¢ on the synaptic
integrity against AB-insult was evaluated by establishing
the induction of long-term potentiation. Moreover, the
levels of synaptic proteins in the hippocampal sections of
C57bl6 mice led to the conclusion that both enantiomers
exerted a protective effect. The in vivo experiments with
transgenic APP-PS1 mice showed that (—)-219e and
(+)-219¢ can diminish the levels of hippocampal total

Me Scheme 47

4, CHoCly, EtsN,
LiAIH4, CICOzEt, 0 °C,
aor b Et20 30 min,
rt overnlght then 218,
0°C —rt, 3 days
X
Y X )
(+)-217a-h (25% —87%), (+)-218a-h (25% —quant.), (+)-219a—h
(—=)/(+)-217e (34%, 42%) (=)/(+)-218e (97%, 86%) or (=)/(+)-219e (10%—27%)
solution of HCl in ' OH O OH |
MeOH, CH,Cl, ' [
———  » (£)-219a-h-HClor (—)/(+)-219e-HCI | O‘O |
| |
(a) for (+£)-217a—g: or o-bromoalkanenitrile, KOH, 4 A MS, DMSO, rt, overnight; : HO,C I
(b) 1) 4AMS, morpholine, NCCgH4CHO-4, reflux, 48 h, PhMe, 79%; | o) :
2) glacial AcOH, NaBH3CN, rt, 3 h [(£)-217h, 91%]; : Rhein I

= (CHz)n [n = 3 (a), 4 (b), 5(c), 6 (d), 7 (e), 8 (f), 9 (9), 1,4-CeHa (h)]
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Scheme 48
Me
NC AlICl3, KOH, DMSO, rhein, EDC, HOB,
0 DCE n-CoH19CN LiAlH4, Et2O EtsN, rt, 1h
A+ - T ovemign”
reflux, rt, overnight rt, overnight then 223,
H2N overnight EtOAc, DMF, rt
(£)-23 220a-d H,oN
(+)-221a-d CN NH,
Me (37%—80%) (+)-222a—d (29% — 82%)

HCI (Et20),
CH2C|2
—_— >

(+)-224a—d (45% —90%)

soluble AP and increase the levels of APP both in the initial
and advanced stages of the AD model.

Seeking to improve the bioavailability of rhein—hu-
prine heterodimers, a second generation of these hybrids
was designed by the structural modification of the huprine
moiety, specifically to modulate its basicity.!'> The Fried-
linder condensations of ketone (4)-23 with the correspond-
ing aromatic partners 220a—d under standard conditions
(AICl5, DCE, reflux) gave adequate huprine derivatives
(£)-221a—d (see Scheme 48). Alkyl chains were introduced
by treating (£)-221a—d with 9-bromononanenitrile in the
presence of KOH in DMSO. Subsequent reduction of the
nitrile moiety in (4)-222a—d gave amines (+)-223a—d.
Ethyl chloroformate exposure to rhein furnished an
adequate anhydride that was subjected to the reaction with
(4)-223a—d to generate (+)-224a—d heterodimers. The final
products were transformed into corresponding HCI salts.
Novel rhein —huprine dimers were evaluated regarding their
inhibition against FZAChE, A1BChE, 1BACE-1, AB4> and tau
aggregation; further, they were also tested for antioxidant
properties. All the hybrids, as well as the novel huprine
analogues, were less potent ZAChEI than 1 and 219e (see
Scheme 47) showing ICso values in the submicromolar to
low micromolar range. Heterodimer 224a had the best
inhibitory capacity with ICsop = 180 nmol L—!. The kinetic
studies showed that 224a acted as a mixed-type ZAChEIL.
Compounds 22la,c,d were two-—five-fold more potent
against ABChE than hZAChE; derivative 221b was roughly
equipotent towards both enzymes. In contrast, all hybrids
were selective AAChEIs, with ICsg values for ABChE in the
micromolar range, highlighting the analogue 224a
(ICso = 2.55 pmol L—1"). The inhibitory activity against
hBACE-1 was measured only for hybrids 224b (22% at
1 umol L—1) and 224¢ (34% at 80 nmol L—"). The novel
rhein—huprine dimers retained the A4, anti-aggregating
activity of lead compound 219e and showed slightly
increased tau anti-aggregating capacity with a inhibition
threshold of 10 pmol L—! for AB4, and tau aggregation of

(+)-224a—d-HCI

(+)-223a-d
(31%—100%)

F
EDC = EIN=C= NCH2)3NMe

HOBt = @:
N

\

24% —46% and 26% —52%, respectively. The antioxidant
activity of the novel derivatives was assessed by 2,2'-
azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
2,2-diphenyl-1-picrylhydrazyl (DPPH) and total phenolic
assays. Modified huprines 221a—d exhibited 3—6 trolox
equivalents antioxidant activities in the ABTS*" and
DPPH assays. Hybrids 224a—d were 10-—22-fold and
12—-13-fold more potent than trolox in the ABTS** and
DPPH assays, respectively.

In the search for potent anti-HAT agents, m-cyano-,
m-amino-, o-guanidinoalkyl chains or simplified 4-amino-
quinoline analogues were introduced at the primary amino
group of huprines.'®®> From these derivatives, cyano and
aminoalkyl analogues (4)-217a—h and (£)-218a—h were
previously developed (see Scheme 47). The novel com-
pounds contain either guanidine, piperidine or morpholine
at the tail of the linker. Compounds (4)-225b and (+)-225e
were synthesized by the reaction of (+)-218b or (+)-218e
with 1H-pyrazole-1-carboxamidine hydrochloride in the
presence of EtsN (Scheme 49). The treatment of (+)-1 with
1-(3-chloropropyl)piperidine hydrochloride or 3-morpholi-
nopropyl methanesulfonate in the presence of KOH pro-
vided (£)-226a or (+£)-226b, respectively (Scheme 50). The
final products were converted into hydrochlorides. The
racemic mixtures of compounds from the huprine and
tacrine series were screened for their antitrypanosomal
activity, cytotoxicity, anti-AChE activity and CNS avail-
ability. The most intriguing ones were carbonitrile (£)-217e
(see Scheme 47) and guanidine-containing (£)-225e (see
Scheme 49). The former compound [(+)-217¢] displayed an
1Cs value of 320 nmol L—! (IC9o = 420 nmol L) against
T. brucei, which was 14-fold more potent than the positive
control nifurtimox and two-fold more potent than the
parent 1 (7-fold more potent than 1 in terms of 1Cqo). The
introduction of the guanidine moiety at the end of the side
chain increased the antitrypanosomal potency relative to
the corresponding primary amine intermediates. However,
in the case of the carbonitrile-bearing analogue the activity
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Scheme 49

HCI (MeOH),
Cl CHzclz
Cl

HN
H2N & )/'_ NH:

HN
(+)-218b.e

(£)-225b (30%),
(+£)-225€ (59%)

—> (+)-225b,e-2HCI

(a) 1H-pyrazole-1-carboxamidine hydrochloride, EtsN, MeCN,

reflux, overnight; n = 6 (b), 9 (e)
Me Scheme 50
Me
N
7N
o HCI (Et20),
N a Cl cHyCl,
7N — —_—
HN
= Cl
HoN /~ \
+)1 N Y
(£) N

(£)-226a (5%), (£)-226b (17%)
— > (+)-226a,b-2HCl

(a) 1) KOH, 4 A MS, DMSO, rt, 2 h; 2) 1-(3-chloropropyl)piperidine
hydrochloride or 3-morpholinopropyl methansulfonate, DMSO, rt,
overnight; Y = CHz (a), O (b)

was retained with no deviation observed. Novel guanidine
(4)-225e displayed the same antitrypanosomal potency as
(£)-217e (ICsp = 330 nmol L—'). The introduction of
piperidino or morpholino substituents at the side chain did
not enhance antitrypanosomal potency. Carbonitriles
(£)-217a—h and primary amines (+)-218a—h were less
toxic to L6 cells than to 7. brucei, with nitriles being less
cytotoxic than the corresponding amines. A 25-fold selec-
tivity profile [defined as ICso (7. brucei)/ICso (L6 cells)] was
displayed by derivative (4)-217e, whereas 1 and nifurtimox
were only 2- and 3.5-fold more potent, respectively. Inter-
estingly, the introduction of ®-cyano- and w-aminoalkyl
chains at the primary amino group of 1 dropped AChE
inhibitory activity (up to 500-fold), but carbonitriles
(£)-217a—h, amines (4)-218a—h and novel derivatives
(£)-225b,e and (£)-226a,b had more pronounced AChE
inhibitory properties than it would be desirable for anti-
trypanosomal effect in nanomolar ICsy values ranging
between 9.7 158 nmol L—! against eeAChE.

The development of three shogaol—huprine dimers
(£)-228 and (£)-230-231 was reported by Peréz-Areales
et al.'’® These compounds combine a racemic mixture of
(£)-1 with the 4-hydroxy-3-methoxyphenylpentenone moi-
ety of shogaols. [6]-Shogaol (see Fig. 9) is a biologically
active compound found in ginger (the rhizome of Zingiber-

officinale) that exhibits potent antioxidant and anti-inflam-
matory activities.!®* Alkylation of (&)-1 with 5-bromo-
I-pentene resulted in intermediate (£)-227, which was sub-
jected to cross metathesis with enone 228 in the presence of
Hoveyda—Grubbs second generation catalyst to give dimer
(£)-228 (Scheme 51).!''"3 Compound (£)-217h was used as
the starting material for the synthesis of hybrids (£)-230
and (£)-231 (Scheme 52).!!3 Reduction of nitrile function-
ality of (+£)-217h with diisobutylaluminium hydride
(DIBAI-H) produced aldehyde (£)-229. Its transformation
into dimer (£)-230 was performed by condensation with
zingerone 232 in the presence of dimethylammonium
dimethyl carbamate (DIMCARB). This reaction gave the
desired product (+)-230 and side product (4)-231 with a
dimethylaminomethyl group at position 3.'!3 The inhibitory
capacity of the developed shogaol —huprine hybrids against
recombinant hAChE ranged between 6.7—21 nmol L—1,
while the ICso values for ZBChE were in the submicromolar
range (between 180-—980 nmol L—1). Compound (+)-228
was classified as the most AChE-selective derivative with a
SI value of 147. All dimers exhibited potent antioxidant
activity in the ABTS radical cation decolorization assay,
DPPH assay (3—12 trolox equivalents) and also in the total
phenolic assay. The AB4> and tau anti-aggregating activity
was in the range of 39%—71% and 35% —51%, respec-
tively, at a concentration of 10 umol L—!, pointing out that
the novel derivatives were more potent than 1 (about 9%
inhibition at 10 pmol L—! for both).

Camps et al.'°® developed huprine—tacrine hetero-
dimers. The synthetic approach started from enone
(+)-85a which was converted by condensation with anthra-
nilic acid into a mixture of regioisomers (+£)-233 and
(+)-234 (Scheme 53). The treatment of (4)-233 and
(+)-234 with POCI; led to the desired (4)-236 in moderate
yield and by-products (+)-235 and (+)-237 that were sepa-

Scheme 51

b
N —_—

\ (£)-227 (30%)

i) 1
%_j [6]-Shoagol

)-228 (15%) | L ____ )

(a) 1) NaOH, 4 A MS, DMSO, 1 h: 2) 5-bromo-1-pentene, rt, overnight;
(b) 4, p-benzoquinone, Hoveyda— Grubbs second-generation Cat.,
CHxCl,
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Scheme 52
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O OH
232 = ;

OMe
R = H (13%),
CH2NMe2 (15%);
DIBAL-H = Bu5AIH

(£)-230, (£)-231

rated by column chromatography. Nucleophilic aromatic
substitution of chlorine of intermediate (4)-236 by reacting
with the known amine 238 in refluxing 1-pentanol provided
dimer (£)-239. However, the primary synthetic route was
changed due to the low yield in the last step and the
formation of a number of regioisomers. The linkers between
the adequate subunits were introduced via alkylation of

sponding o,m-dibromoalkanes (or o,w-dichloroalkane
derivative for series d) in the presence of KOH (Scheme 54).
This resulted in the formation of compounds 241a—f and
242a—f which were subjected to in reaction with a racemic
mixture of (4)-1 to provide heterodimers (4)-243a—d and
(£)-244a—d.'°8 This synthetic route was also applied in the
preparation of derivatives (£)-243e—g, (4)-244e-g,
(+)-245f,g and (&4)-246f,g (dimers with a longer chain
between respective subunits), as well as enantiopure deriv-
atives (—)-243b, (+)-243b, (—)-244b and (+)-244b.%6 109
All the huprine—tacrine heterodimers were very potent
inhibitors of ZAChE, exhibiting ICsy values in the subna-
nomolar to low nanomolar range (between
0.3—12 nmol L—1).96:199 The most potent derivatives were
(£)-243¢  [ICso(hAChE) = 0.4 nmol L—!'] and (&)-244c¢
[ICso(hAChE) = 0.3 nmol L], which were approximately
1.6—2-fold more potent than the parent 1 and about
750—1000-fold more potent than tacrine. The derivatives
(£)-243a-f and (+)-244a-f were tested for their ability to
inhibit ABChE, AChE-induced AP aggregation, AChE-
induced PrP106—126 aggregation, Af;_4> self-induced
aggregation and BACE-1.¢ All the huprine - tacrine heter-
odimers were selective inhibitors of ZAChE, exhibiting
4—105-fold higher selective inhibitory capacity against
hAChE than AZBChE. Regardless, they still preserved I1Csg
values against ABChE in the nanomolar range (between
25—140 nmol L—"). Tested at 100 umol L—', huprine—
tacrine hybrids exhibited a significant inhibitory capacity
against FAChE-induced Af;.40 aggregation with a percent-
age of inhibition between 39% —67% for the tacrine-based
heterodimers and between 23% —47% for 6-chlorotacrine-
based hybrids. All of the tested heterodimers also inhibited
AChE-induced PrP106— 126 aggregation, showing an inhib-
ition percentage between 79% —93% (at 100 umol L—1). All
compounds inhibited AP self-induced aggregation when
tested at a concentration five-fold lower than that of AP,
showing an inhibition percentage between 28% —64%.

THA or 6-chlorotacrine (240) by reacting with the corre-  Their ability to inhibit in vitro human recombinant
Et Et Scheme 53
NH i NH p:>o(;|3
(£)-233 (+)-234 i) -235 +)-236 (62%) )-237
(£)-233: (+)-234 ~ 1:9 (68%)
238, n-CsH110H,
T anthranilic acid, reflux, 42 h
PhMe, reflux, 2 h Et
Et
0 N
7 HNE Nk, a
238 = X —
(+)-85a | \ HN
0
HN
7 N\
—N

(+)-239 (21%)
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Me Scheme 54
KOH, DMSO, N = H (THA, 241), Cl (240, 242);
4AMS 7N 241a—g (28% —40%),
— R2 242a—g (19%—44%);
HN R2=CI(1),H(3);
241a—g, 242a—g §< 241,242: X = (CH2), [n = 6 (a),
—)-1)(£)-1, (£)-3 7(b), 8(c), 9 (e), 10 (f), 12 (a),
a,0-dihaloalkane, AN 1 (CH2)sN(Me)(CHz)s (d)];
TKOH,U\MS, 7\ R Y = Br(a—c, e—g), Cl (d);
DMSO 243:R' = H,R? = CI;
—N 244:R'" = R2 = C|;
NHz 245:R' = R2 = H;
N (H)(=)/(£)-243a—g (23%—T7%), 246:R' = Cl,R2 = H
| (+)(=)/(£)-244a—g (30% —52%)
N/ R (+£)-245f (88%),g (83%)
THA, 240 (+)-246f (70%),g (62%)

BACE-1 was determined at a single concentration of
5 pmol L—!. 6-Chlorotacrine-based heterodimers exhibited
BACE-1 inhibitory capacity between 18% —47%. With the
exception of the long-tethered homologues (+)-243e and
(£)-243f, the heterodimers bearing an unsubstituted tacrine
were inactive against BACE-1. The 1Csg values for BACE-1
inhibition were determined for the most active compounds,
i.e. (£)-243f, (—)-244b, (+)-244b and (+)-244a—d, being
between 5 to 7 umol L—!. Using the PAMPA-BBB assay, all
the huprine-tacrine dimers were predicted to cross the BBB,
with the exception of (+)-243e and (4)-243c, for which an
uncertain BBB permeation was predicted.

The high anti-AChE capacity of huprine — tacrine dimers
represents a major drawback regarding their antiprotozoal
properties. However, the presence of two 4-aminoquinoline
moieties and their ability to cross the BBB still supported
their use in both stages of HAT.!® All of them exhibited
I1Csp and ICy values in the range of 0.1-0.6 umol L~ ! and
0.3-0.8 umol L~ against T. brucei, respectively. This try-
panocidal capacity was also observed in octa- and deca-
methylene derivatives 243c, 244c¢, 243f and 244f. All of the
tested heterodimers were more potent than monomeric 1
(up to four-fold for ICso and up to 10-fold for 1Cyp). The
anti-plasmodial capacity was measured against P.falcipa-
rum. The heterodimers with longer linkers (deca- and
dodeca-methylene analogues) were essentially inactive or
only moderately potent anti-plasmodial agents. Most
dimers with shorter chains displayed ICso values in the
submicromolar range, with some of them being two-—
three-fold more potent than the reference chloroquine.
With the exception of derivatives 243e and 244e, all of the
tested heterodimers were more cytotoxic than 1. Com-
pounds 243e and 244e displayed similar or a five-fold
lower cytotoxicity compared to 1, therefore showing the
best selectivity profile against 7. brucei (SI = 34 and 167,
respectively). Only derivative 243e had a favourable selec-
tivity index regarding P.falciparum (S1 = 20). The results
concerning the balanced dual trypanocidal and anti-plas-
modial activity makes of 243e the most promising hit from
the series.

Another approach for the synthesis of huprine—tacrine
heterodimers included the use of palladium-catalyzed ami-
nation.'®5 To optimize these conditions, the reactions
between 247a,c and (£)-192, (4)-248¢c with n-hexylamine
were initiated to determine the best ligand, palladium
source, solvent and base, all in terms of reactivity. Chloro-

quinolines such as 9-chlorotacrine derivatives 247a—e
huprines (4)-192a and (4)-248b—e were then converted
into N-alkylated compounds 250a—e, 25la—e and 252
using ideal conditions as BINAP (2,2-bis(diphenylphos-
phino)-1,1’-binaphthyl), Pd>(dba), and Cs>COs3 in 1,4-diox-
ane (Scheme 55). The SnAr reaction of ester (£)-249
resulted in compound decomposition,!'?3 while Pd-catalyzed
amination furnished compound (+)-252 in 39% yield (not
optimized).'6>

The efficiency of this method was demonstrated by
applying it as an initial step in the formation of (£)-243b
and (&£)-254, respectively. Amination of 9-chlorotacrine
(247) with 1,7-diaminoheptane afforded the intermediate
253 (Scheme 56). Compound 253 was reacted with (4)-248b
or (+)-192a to produce (+)-243b and (+)-254, respectively,
following the optimized synthetic protocol.!¢3

The preparation of racemic mixtures or enantiopure
heterodimers 258 and 259 and their biological assessment
was reported in 2010.!''® These compounds combine the
huprine subunit (2 or 1) tethered via an ethylene or
propylene linker to a donepezil-like moiety (piperidine ring
substituted at position 4 with 5,6-dimethoxyindan-2-yl).
The rational for this combinations is corroborated by the
fact that huprines are well-known CAS binders, whereas the
4-[(5,6-dimethoxy-2,3-dihydro-1H-inden-2-yl)methyl]piperi-
dine moiety is stacked at PAS in the crystal structure of
AChE.?8166 The alkylation of compound 255 with 2-bro-
moethanol or 3-chloro-1-propanol resulted in alcohols 256a
and 256b which were subjected in the reaction with thionyl
chloride to produce 257a and 257b. The final products were
obtained by the alkylation of racemic mixtures or enantio-
pure huprines 1 and 2 with chlorides 257a,b following
standard conditions (Scheme 57). These huprine — donepezil
heterodimers displayed ICsy values against ZAChE in the
low nanomolar range. The levorotatory enantiomers, bear-
ing a (7S,11S)-huprine subunit, are the automers in this
family, show roughly two-fold potency over the correspond-
ing racemic mixtures and are much more potent than the
dextrorotatory isomers. The most potent ZAChEI of the
series was (—)-259b (ICsp = 2.6 nmol L—1), which
was eight-fold more potent than donepezil (ICso =
21 nmol L—1') but six-fold less potent than the parent
(=)-1 (ICs50 = 0.4 nmol L—'). The most potent 2-based
dimer was derivative (—)-258b (ICso = 3.9 nmol L—1);
however, it still was 14-fold less active than (—)-2
(ICso = 0.3 nmol L—"). Given their nature, the huprine—
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Scheme 55
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donepezil hybrids displayed a more potent ZAChE profile
over hBChE (2-143-fold) with ICsy values for ABChE
between 88 —420 nmol L—'. The ABChE inhibitory capacity
increased in the presence of an ethyl substituent at position
9 of the huprine subunit favouring also dextrorotatory
huprine moiety bearing a 7R,11R-configuration. The most
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n

MeO

MeO
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(£)-243b [R = CI (28%)],
(£)-254 R = H (73%)]

potent ZABChEI was racemic derivative (4)-259b. Novel
dimers were then tested for their ability to inhibit AChE-
induced AP;_40 aggregation and self-induced AP, _4> aggre-
gation. The inhibition percentage against AChE-induced
ABi_40 aggregation at a concentration of 100 pmol L~

ranged between 25% —50%. The huprine — donepezil dimers
were also able to inhibit self-induced AP aggregation, tested
at a concentration 5-fold lower than that of AP, and
showing an inhibition percentage between 16% —30%. The
BACE-1 inhibitory capacity of these novel hybrids was
screened at a single concentration (5 umol L—1) and all the
heterodimers exhibited potent inhibitory capacity, which
ranged between 12% —31%. The most active BACE-1
inhibitors, compounds (£)-258b (29%), (—)-258b (31%,
ICso = 11 pmol L—!) and (—)-258a (25%), were more

R Scheme 57
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potent than the parent huprines and almost equipotent to
donepezil. According to the PAMPA-BBB assay all these
novel derivatives were able to cross the BBB.!1¢

The prepared huprine—donepezil heterodimers were
also tested for cytotoxicity and trypanocidal and anti-
plasmodial properties.'% All of the dimers displayed potent
trypanocidal activity, with ICsy and 1Cgo values ranging
between 0.2—-0.5 and 0.4—1.3 pmol L, respectively. They
were up to four-fold more potent than 1 based on the ICsg
values and up to eight-fold more potent based on ICyg
values. However, most of these novel dimers were essen-
tially inactive against P.falciparum with the sole exception
of (—)-259b (ICsp = 0.8 umol L"), which was equipotent
to the reference antimalarial drug chloroquine. All the
heterodimers were slightly more cytotoxic than 1, but their
superior trypanocidal capacity resulted in a similar or even
better selectivity index against 7. brucei than 1.

Huprines analogues (+)-195a,b with a two-carbon chain
and an azide group at its tail (prepared according to the
procedure depicted in Scheme 36) reacted with tetrahydro-
isoquinoline derivatives (+)-5¢.d in the presence of Cul as a
catalyst (Scheme 58).1°2 This Huisgen reaction allowed the
formation of heterodimers (4)-260ad and (4)-260bc, which
proved to be potent ZAChE inhibitors with ICso values of
4.0 and 6.0 nmol L—!, respectively. Both compounds were
highly selective ZAChE inhibitors in comparison to #ABChE
and only 6% and 7% inhibition was observed at
10 pmol L~ for (4)-260ad and (+)-260bc, respectively.

Oueis et al.'%7 followed a TGS strategy in the synthesis of
new huprine heterodimers. This concept exploits biomolecule
targeting (protein or DNA) to assemble its best multi-site
ligands directly from a pool of fragments bearing comple-
mentary reactive functional groups. For example, if the target
molecule is an enzyme, it is directly involved in the choice of
its suitable ligands. Only derivatives that can fit into the
active site of the enzyme should be close enough to overcome
energy barrier of the reaction and thus react.!67-168

This approach used one of the first ever described ‘click
chemistry reactions’ — Huisgen 1,3-dipolar cycloaddition
between terminal alkynes and azides.'®® Huprine derivatives
(+)-110 and (%)-123 bearing alkyl azide functionality and
compounds 261a—d bearing an alkyl acetylene group were
incubated in the presence of the model enzyme — mouse
AChE (mAChE) (Scheme 59). Control experiments without
the enzyme were also performed. The reaction mixtures
were analyzed by reverse phase high performance liquid
chromatography (RP-HPLC) and compared to samples
obtained by thermal or copper-catalyzed 1,3-dipolar cyclo-
addition. From ten possible dimers only (%)-262 (anti-
isomer) and (£)-263 (mixture of syn- and anti-isomers,
~ 2:1) were detected. The same series of reagents were
incubated in the presence of recombinant ZAChE and
similar results were obtained.!¢”

Heterodimer 264 is composed of a levetiracetam-like
unit and (+)-1 or (—)-1 linked with a heptamethylene
chain.!’>  Levetiracetam [2-(2-oxopyrrolidin-1-yl)butyr-
amide] is used as anti-epileptic drug.!’® The chronic treat-
ment with this drug can effectively inhibits the aberrant
network activity and help improve memory function in
patients with amnestic mild cognitive impairment as well
as in APP/PS1 and hAPPJ20 AD mouse models.!”! =173 The
first step in the synthesis of compounds 264 was the
alkylation of enantiopure huprines (—)-(7S,115)-1 or
(+)-(7R,11R)-1 with 7-bromoheptanenitrile (Scheme 60).
These reactions led to nitriles (75,115)-217¢ and (7R,11R)-
217c¢ that were subsequently reduced using LiAlH4 to give
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amines (75,115)-218¢ and (7R,11R)-218¢c. The treatment of
the carboxylic acid (S)-levetiracetam with ethyl chlorofor-
mate afforded an anhydride which was submitted to the
reaction with 218¢ to give enantiopure amides
(25,7 R,11""R)-264 and (2S,7"'S,11"'S)-264.''2 The final
products were then converted into corresponding hydro-
chloride salts.

The combination of 1 and a levetiracetam-subunit was
used to hit several biological targets of interest potentially
involved in AD: a) hAChE [for (2S,7"'S,11"S)-264: 1Csy =

4.2 nmol L—1; for (25,7”'R,11"" R)-264: ICs50 = 56 nmol L]
N ) Scheme 59
MeO mAChE or
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(b) LiAlH4, Et20, 0 °C — rt, 20 h; (c) 1) (S)-levetiracetam, CICOEt,
EtsN, CH2Cly, 0 °C, 30 min; 2) amine 218c, CH,Cly, rt, 3 days; (d) HCI

and hBChE [for (2S,7"S,11""S)-264: 1Cso = 230 nmol L—1;
for (25,7"R,11""R)-264: 1Cso = 58 nmol L—!], b) tau
aggregation (54% inhibition for (2S5,7S,11"'5)-264;
50% inhibition for (25,7"'R,11""R)-264 at 20 umol L—!
drug concentration) and c) A4, aggregation (36%
inhibition for (2S5,7/S,11"'S)-264; 26% inhibition for
(2S,7"R,11""R)-264 at 20 uymol L—! drug concentra-
tion). The brain AChE inhibitory capacity of these
derivatives and their ability to penetrate the BBB was
demonstrated after intraperitoneal injection into
C57BL6J mice. In addition, hybrid (25,7"'S,11""S)-264
reduced the incidence of epileptic seizures, cortical amy-
loid burden and neuroinflammation in APP/PS1 mice
after a 4-week treatment with a 5 mg kg~ ! dose. Deriv-
ative (25,7"'S,11"'S)-264 also rescued transgenic mice
from cognitive deficits.

5. Conclusion

The huprine family represents a successful example of the
merging approach. The structures of THA and (—)-HupA
are overlapped resulting in a novel group of inhibitors of
ChEs. The most potent first generation analogue was 2 with
a sub-nanomolar ICsy against FZAChE. This derivative in its
racemic form was >270-times more potent ZAChE inhib-
itor than THA and over 340 times more potent than
(—)-HupA. In its enantiopure form, (—)-2 reached over
800- and 640-fold higher inhibitory capacity than the parent
compounds. The development of second generation
huprines was driven by molecular modeling studies using
the crystallographic structures of TcAChE complexes with
different inhibitors. The introduction of triazole attached

i

(a) 1) NaOH, 4 A MS,DMSO, rt, 2 h: 2) Br(CH2)7CN, DMSO, rt, overnight;

HN™ 7

(7TR,11R)-218¢ (45%)
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e
| { Ft |
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! CoH !
|
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via a carbon chain at position 9 led to analogues 124 and
125, which had even higher inhibitory capacity against
AChE than 2. Further, an interesting class of huprines is
formed by homo- and heterodimers. These derivatives were
mostly developed in accordance with the concept of
MTDLs and the so-called linking approach was used in
their design. Two molecular pharmacophores were conju-
gated by a distinct linker that was not a part of the original
templates. The resulting ligands displayed a broader spec-
trum of activities associated to AD besides the inhibitory
capacity against ChEs. The primary objective was, in most
cases, to target AP and tau aggregation. Other significant
characteristics of AD that were also inspected were OS and
neuroinflammation.

The chemistry of huprines is simple and straightforward
and most of the derivatives with structural changes in all
parts of the scaffold were prepared in clegant few-step
syntheses. The relatively easy generation of different struc-
tural analogues led to the exploration of SAR and the
development of one of the most potent ChEIs. However, a
major limitation can be seen in the inability to obtain
enantioenriched products with satisfactory ee values. This
phenomenon was explained by the equilibrium shift of the
initial syn/anti-mixtures during the Friedlinder reaction
towards more stable anti-products. Thus, some other tech-
niques like chiral HPLC or MPLC should be used to obtain
enantioenriched samples. The huprine-based homo- and
heterodimers were also prepared in one to several step
syntheses.

The potential application of huprines is reflected by
their inhibitory capacity against ChEs. Likewise, inhibitors
of these enzymes, specifically, donepezil, galantamine and
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rivastigmine, provide symptomatic relief in patients with
AD. The current trend in the search for new AD therapeutic
drugs has been focused into the complex nature of the
disease. One potential strategy suggests the proper design
of so-called MTDLs with multiple biological targets.!’* The
huprine scaffold is used in the design of several such ligands.
ChEs inhibitors (e.g., pyridostigmine bromide, neostigmine
bromide) are also used in the treatment of MG, providing
once again symptomatic relief for all forms of this disorder.
Similarly, huprines containing a permanent charge in their
structure have also been proposed in the treatment of MG,
though with limited success. The huprine scaffold contains
an aminoquinoline substructure, which is a core framework
in the construction of HAT and malaria agents. The treat-
ment of these protozoan parasite diseases is difficult
because of drug resistance, the limited range of available
drugs, as well as their high cost and significant toxicity.
Several huprine derivatives exhibit potent trypanocidal and
anti-plasmodial capacity and represent interesting lead
structures in the development of novel HAT and malaria
therapeutic drugs. Thanks to the similar features of AD and
PrD, therapeutic approaches involving antioxidant, chela-
tors and protein aggregation inhibitors could be beneficial
for both disorder types. Moreover, these findings shed light
into huprines as a versatile scaffold with broad therapeutic
implications.
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