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N-Aryl derivatives of edaravone were identified as potentially effective small molecule inhibitors of tau
and beta-amyloid aggregation in the context of developing disease-modifying therapeutics for
Alzheimer’s disease (AD). Palladium-catalyzed hydrazine monoarylation protocols were then employed
as an expedient means of preparing a focused library of 21 edaravone derivatives featuring varied N-aryl

substitution, thereby enabling structure-activity relationship (SAR) studies. On the basis of data obtained
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potent than edaravone.

from two functional biochemical assays examining the effect of edaravone derivatives on both fibril and
oligomer formation, it was determined that derivatives featuring an N-biaryl motif were four-fold more

© 2015 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
order, leading to cognitive impairment, memory loss and ultimately
dementia.! Currently, more than 25 million people worldwide are
afflicted with AD, a number that will quadruple by 2050.%° While
current treatments offer temporary, symptomatic improvement,
‘curative’ therapies that can arrest the progression of AD are
currently unavailable. The aberrant misfolding and aggregation of
beta-amyloid (AB), arising from cleavage of amyloid precursor
protein, is central to the pathogenesis of AD."*>* Accordingly, the
development of drug-like small molecules that can penetrate the
blood-brain barrier and interfere with AB aggregation, thereby
inhibiting the assembly of neurotoxic oligomers, represents a
promising disease-modifying therapeutic approach.

As part of our on-going research program to evaluate known
drug-like molecular platforms as putative therapeutics against
protein misfolding, we identified multiple chemotypes that

Abbreviations: AD, Alzheimer’s disease; AB, amyloid beta; ThT, Thioflavin T;
bio-AB4y, N-o-biotinyl-AB (1-42); SAR, structure activity relationship; OFB,
oligomer formation buffer.
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included N-aryl pyrazolones such as edaravone (1, Scheme 1).
The neuroprotective characteristics of edaravone are well-
described; the potent anti-oxidant and free-radical scavenging
properties of this compound have been exploited therapeutically
to reduce neuronal damage associated with acute brain ischemia.’
Moreover, since oxidative stress is known to figure prominently in
the pathogenesis of AD,® we became interested in preparing and
assessing the anti-aggregation properties of edaravone and related
analogs.

In preliminary work, N-aryl substituents emerged as a key phar-
macophore, and therefore an important locale for diversification
and structure-activity relationship (SAR) studies. Whereas
structural modification at the R position can be achieved by use
of established methods and commercial reagents (Scheme 1),
variation at the sp?-hybridized N-aryl position requires access to
structurally diverse monoaryl hydrazine synthons of the aryl-
NHNH, type. Conventional protocols employed for the formation
of monoaryl hydrazines include nucleophilic aromatic substitution
involving an activated aryl halide,” as well as diazotization of ani-
line derivatives followed by reduction of the resulting diazonium
salt.® While feasible,” such protocols can be viewed as being
problematic in terms of limited substrate scope, harsh reaction
conditions, and poor atom economy.
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Scheme 1. Synthetic route to edaravone and related N-aryl derivatives.
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Figure 1. Preparation of edaravone derivatives employing palladium-catalyzed hydrazine cross-coupling methodology.

Given the broad utility of monoaryl hydrazines in the assembly of
myriad heterocyclic scaffolds,'® the identification of modular syn-
thetic methods for the preparation of such synthons directly from
(hetero)aryl (pseudo)halides and convenient hydrazine sources
(e.g., N;H4-H,0) represents an important synthetic challenge that

until very recently remained unaddressed.'’ Whereas Buchwald-
Hartwig amination methods would appear to be well-suited for
(hetero)aryl hydrazine synthesis, the strongly reducing nature of
hydrazine presents a formidable challenge, both with respect to
unwanted hydrodehalogenation of the (hetero)aryl (pseudo)halide
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2 Full details of the experimental protocols employed in these assays and SEM are provided in the accompanying Supplementary data.
> ND = not determined. ICsq values were only collected for the most active compounds with >50% inhibition at 25 M in the AB4o-ThT assay and an ICs value of <50 uM in
the bio-AB4o.

reagent, as well as formation of catalytically inactive palladium Cl],/Mor-DalPhos catalyst mixtures, which were employed in the
black. Despite such challenges, the first reported protocol of this cross-coupling of inexpensive and readily obtained (hetero)aryl
type was disclosed by one of our research groups in 2010.'% Key to chlorides and tosylates, thereby affording structurally diverse
the success of this transformation was the use of [Pd(cinnamyl) monoaryl hydrazine derivatives in synthetically useful yields.
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Herein we report on the application of this novel cross-coupling
strategy toward the modular assembly of a small library of edar-
avone derivatives featuring variation in the N-aryl substituent,
and the subsequent assessment of the abilities of such N-aryl pyra-
zolones to inhibit AB4o42 aggregation. The protocol employed in
preparing a small library of edaravone derivatives is depicted in
Figure 1.

This procedure makes use of the palladium-catalyzed cross-
coupling of (hetero)aryl chlorides or tosylates with hydrazine
hydrate to afford the requisite monoaryl hydrazine intermediate,
followed by treatment with ethyl acetoacetate under acidic condi-
tions to afford the desired pyrazolone. In exploiting this modular
strategy, the expedient synthesis of edaravone derivatives featur-
ing a diversity of substitution patterns at the N-aryl position was
achieved (Fig. 1). Edaravone itself (1) was prepared in this manner
in good yield (76% from PhCl; 77% from PhOTs), as were isomeric
N-tolyl (2-4) and naphthyl (5) compounds. Ortho-ethyl substitu-
tion was well accommodated (6), as was 2,5-dimethyl substitution
(7, albeit in lower yield when employing the aryl tosylate).
Edaravone derivatives featuring N-phenyl groups comprising a
combination of methyl, fluoro, trifluoro and/or methoxy sub-
stituents (8-12) were each prepared in acceptable isolated yield,
as were derivatives featuring amine and ether addenda (13-16).
While heteroaryl (pseudo)halides in general proved to be challeng-
ing reaction partners in this cross-coupling chemistry (including
heteroaryl chlorides derived from thiophene, imidazole, or
quinoline), pyrazolones featuring pyridine or pyrimidine groups
at nitrogen were prepared successfully in good isolated yield
(17-18). Finally, given the privileged nature of the biaryl motif in
pharmaceutical chemistry,’>'* we directed our attention to the
preparation of such edaravone derivatives. N-(hetero) biaryl pyra-
zolones featuring methoxy, pyridyl, and indolyl functionalities
were all synthesized successfully (19-22). Notably, 15 of the edar-
avone derivatives prepared herein represent new compounds that
had not been reported previously in the chemical literature,
thereby underscoring the utility of the expedient palladium-
catalyzed methodology employed.

With a small focused library of edaravone analogs in hand, we
next investigated their ability to inhibit aggregation of AP
in vitro. For this purpose, we selected two functional biochemical
assays to study the effect of each compound on both fibril and oli-
gomer formation. To monitor fibril or larger aggregate formations
that are rich in beta-sheet conformation, analogs were screened
using the fluorescent dye-binding agent Thioflavin T (ThT).!®
Briefly, ABaoj42, in its monomeric form, is soluble in solution at
physiological temperature and pH, and takes a predominantly o
helical/random coil structure. Following the process of misfolding
and self-association, mature aggregates/fibrils can be formed that
are enriched in cross-p pleated sheets. ThT, a benzothiazole dye,

= -
o N
S o
1 )

00
o
L

% Inhibition, AB40
B [=2)
o o

N
o
L

o

0.1 1 10 100
Log [Compound 20] (uM

has a strong affinity for proteins with high B-sheet content, and
as such may be used to visualize AR aggregates. Unbound ThT
has fluorescence excitation (/ex) and emission (Zem) wavelengths
of 430 and 342 nm, respectively; upon binding to amyloid fibrils,
ThT undergoes a characteristic spectral shift (lex 442 nm, /Aex
482 nm), which can be used to differentiate bound and unbound
ThT. Using a kinetic aggregation assay format,'® compounds were
incubated at a single concentration of 25 UM with AR (20 puM)
in the presence of ThT (8 M) and fluorescence measurements
were taken over a period of 72 h. AB4o was chosen over AB,, due
its ease of handling and the reproducibility of this particular assay
system. The percentage inhibition of AB4o aggregation (measured
at 72 h) by the analog series, is shown in Table 1.

We next screened the compounds through a biochemical assay
specifically designed to monitor the formation of smaller,
neurotoxic-associated oligomers. This was achieved using an assay
system developed by Levine!” that measures sub-nanomolar con-
centrations of ABg4, oligomers utilizing biotin-labeled AB4, protein.
This robust assay system specifically recognizes multimeric
(>20 kDa) oligomers of N-o-biotinyl-Ap(1-42) (bio-AB42) but not
monomeric bio-AB4; via a single-site NeutrAvidin capture/labeled
streptavidin detection configuration. Compounds 1-22 were
screened in this assay system using a concentration range of
1-50 pM to generate a dose response curve from which ICsq values
were determined.

Analyzing the data in Table 1, compounds 1-12, 17 and 18,
which lack aromatic functionality outside of the phenyl pyrazolone
core, show no effect on inhibiting oligomerization in the bio-AB4,
assay (ICsp > 50 uM). The same compounds show weak to moder-
ate activity in the AB4o-ThT assay system, with compounds 5, 9,
10 and 18 exhibiting in the range of 50% inhibition at 25 pM. The
only outlier in this context is the pyrrolidine 14, which shows
47% inhibition at 25 PM (AB4o-ThT) and ICs = 16.8 UM (bio-ABy4y).
Most interestingly, increased potency is observed in both assays
when aromaticity is introduced in the para position of the N-aryl
pyrazolone. Compounds 19-21 all display strong inhibition with
ICso values in both assay system in the low micromolar range
(see Table 1). The AB4o-ThT and bio-AB4, dose response curves
for 20 are shown in Figure 2.

Similar activity profile was also observed with the N-linked
aromatic heterocycles 15 (AB4o-ThT, ICs50=26.0 uM; bio-AB4,
[C50=4.0 uM) and 22 (ABgo-ThT, ICso=19.6 uM; bio-AB4a,
ICs0=3.53 uM). Interestingly, the diphenyl aniline 13 demon-
strated similar anti-oligomer activity (bio-ABsy, 1Csg=4.0 uM),
but considerably lower inhibition in the ThT aggregation system
(AB4o-ThT, ICso>50 uM), indicating a potential separation in
oligomer versus larger aggregate inhibitory effects. Adding further
evidence that additional aromaticity needs to be positioned further
out from the phenyl pyrazalone structure, the benzyl ether 16
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Figure 2. Dose-response curves of the percentage of inhibition of AB4o and bio-AB4; of compound 20.
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Figure 3. Thioflavin T kinetic curves for the most active compounds against AB4o 13, 15, 16, 19-22 at 25 uM concentration.

showed potent A4, oligomer inhibition (bio-AB4a, ICso = 2.9 M)
and moderate activity in ThT assay (ICso=27 pM). The single
concentration ThT inhibition for the most active compounds in this
series is shown in Figure 3.

Considering the biological data obtained, various SAR conclu-
sions can be put forth. Functionalization of the phenyl ring
attached to the pyrazolone with alkyl, methoxy or fluorinated sub-
stituents, or the exchange of one or more hydrogens of the phenyl
ring for nitrogen, does not enhance the anti-aggregant activity of
the compounds versus edaravone (1) itself. Conversely, introducing
aromaticity in the N-aryl pyrazolone at any of the positions studied
increased compound potency exponentially as both AB4o and bio-
AB4> antiaggregants. Equivalently, high misfolding activity was
found with compounds possessing an N-linked heterocycle
attached to the N-aryl pyrazolone.

Although our lead compounds successfully inhibit the
oligomerization and aggregation of both AB4o and bio-AB4, with
ICsq values in the low micromolar range, due to poor preliminary
in vitro pharmacokinetic and pharmacodynamics properties
(very low microsomal stability and poor cell penetration), this
class of compounds was not subjected to any further lead
optimization.

In conclusion, we have demonstrated the utility of employing
palladium-catalyzed cross-coupling methodologies in the expe-
dient synthesis of monoaryl hydrazines for use in the assembly
of edaravone derivatives with application in inhibiting the
aberrant folding and aggregation of AB. The N-aryl pyrazolone
motif offers immense therapeutic value due to their broad bio-
logical spectrum which includes antimicrobial, antibacterial,
antiinflammatory, antitumor, antidepressant and neuroprotec-
tive activity.'® For these reasons, efficient synthetic routes to
novel pyrazolones, as described in this work, offer significant
advantages in the design and generation of small bioactive mole-
cule libraries.
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