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1. Introduction

1.1. Alzheimer’s Disease

With the increasing number of aging population worldwide, the age-related neurodegenerative
disorders like dementia is expected to reach 152 million patients by 2050." Although the Food and Drug
Administration (FDA) has approved cholinesterase inhibitors (donepezil, rivastigmine, and galantamine)
and an N-methyl-D-aspartate receptor (NMDAR) antagonist (memantine) for the treatment of
Alzheimer’s disease (AD), the most common cause of dementia, none of them could prevent the
progressive neurodegeneration of AD patients.’

Multiple factors, such as low levels of acetylcholine, f-amyloid (Af) deposits, and tau-protein
aggregation, have been suggested to contribute to the progression of AD.> As one of the major
pathological hallmarks, Af peptides deposition was previously thought to be the main cause of AD.
However, the high failure rate of clinical trials targeting Af indicates that there is no direct correlation
between the formation of senile plaques in brains and the progression of AD.* Recently, two
controversial drugs, GV-971 and aducanumab, respectively, have been approved by China FDA (CFDA)
and FDA for the treatment of AD, but their effectiveness still needs to be further evaluated by
postmarketing clinical trials.>°

Therefore, new targets and drug design strategies are still necessary to develop more effective drugs
for the treatment of AD. Recent years, some other targets like oxidative stress,”’ neuroinflammation,'’
histone deacetylase (HDAC),!' and biometals chelation'> have aroused researchers’ attention (Figure
1.1). Besides, the multi-target-directed ligands (MTDL) strategy based on “one molecule, multiple target”
paradigm has been developed by acting on multi-target synergistically for the efficient treatment of the
multifactorial disease like AD and cancer.'®> Multiple drug candidates have been developed based on
new targets and MTDL strategy possessing promising potential for treatment of AD.'*'® Herein, HDACs
and oxidative stress are of the most interests to us, and the relationships between HDACs and AD,

oxidative stress and AD, which will be reviewed in following text.

<& Inflammation

i

Biometals
Chelation

Figure 1.1. Some of the representative biological targets involved in AD pathology.
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1.2. HDACs and AD

HDAC:s are a family consisting of 18 isoforms with different specific locations and distinct functions,
which are grouped into four classes based on their phylogenetic features. Class I (HDACI, 2, 3, 8), class
IIa (HDAC4, 5,7, 9), class IIb (HDACS6, 10) and class IV (HDAC1 1) are unique Zn** dependent HDACs.
The sirtuins (SIRT1-7) constitute the class III HDACs and utilize NAD" as a cofactor instead of zinc.
HDACSs deacetylate lysine residues in histones and multiple non-histone substrates, leading to the
relaxation of chromatin structure and triggering transcriptional activation. HDACs are essential enzymes
in epigenetic regulation, which regulate the genetic expression without affecting the sequence of DNA."7

HDAC inhibitors generally comprise a zinc binding group (ZBG), a cap group binding to the surface
of the enzyme, and a hydrophobic linker group connecting the ZBG and the cap group. Based on the
structural differences, especially various ZBGs, most of the HDAC inhibitors can be classified as
hydroxamates, cyclic peptides, short chain fatty acid, and benzamides (Figure 1.2).'® Structures in
Figure 1.2 have been approved for treatment of cancer, meanwhile, it has been reported that multiple
HDAC subtypes are associated with the progression of AD. HDAC?2 controls multiple memory-related
genes, and is increased in the nuclei of hippocampal CA 1 and entorhinal cortex neurons in AD compared
with non-cognitively impaired aged controls.'”*' Kim e al. reported that the absence of HDAC4 results
in impairments in hippocampal-dependent learning and memory and long-term synaptic plasticity, while
HDACS’s absence does not. The spatial and associative memory functions were restored in a mouse
model for AD when HDAC6 was knocked out, while no severe effects under basal conditions.”> HDAC6
modulates the hyperphosphorylation of tau protein, which is correlated to the formation of
neurofibrillary tangles (NFTs), an essential hallmark of AD.****> HDAC6 also regulates mitochondrial
transport in hippocampal neurons, and its activity is closely linked with glycogen synthase kinase 34

(GSK3p) inhibition.2®

Hydroxamates Cyclic Peptide
oH;C
H H,C HN N |
NM' 3)”“ %Hl%o
SAHA ©/ o HsC T\o HN  cH, FK228
Ly
CH
o o 3

o

/@\/\ Short chain fatty acid
H
=

N. HiC CH
PXD-101 ©/ 6’3\\0 O CHs vPA

Benzamides

V©/\/ 0
LBH589
XN XN
\ H

k—_J\ S N

Cap Linker Chidamide

Figure 1.2. Structures of marketed HDAC inhibitors and their classification.



Inspired by the promising therapeutical potential of HDACs for treatment of AD, numerous of HDAC
inhibitors have been designed into multi-target compounds and show potential disease-modifying effects
for AD. The cap groups of HDAC inhibitors possessing high compatibility are normally diverse
aromatic groups, which can be replaced by different pharmacophores addressing a second target (Figure
1.3). Based on the close connection between GSK34 and HDAC, the first-in-class GSK34-HDAC dual
inhibitor (1) possessing balanced inhibition towards GSK3/ and HDAC6, together with neurogenesis
promotion and immunomodulatory effects have been designed, indicating disease-modifying effects in
vitro for AD.?’ Oyarzabal’s group reported compound 2 exhibiting balanced inhibition against HDAC6
and phosphodiesterase 5 (PDES), which can rescue the impaired long-term potentiation from APP/PS1
mice and reverse cognitive deficits in Tg2576 mice.”® Compound 3 and 4 were designed by merging the
pharmacophore groups of AChE inhibitor tacrine and NMDAR antagonist memantine into HDAC
inhibitors, and both of them show highly potent activity toward dual-target, and are promising drug
candidates for treatment of AD.?**° Meanwhile, Tseng et al. designed another series of HDAC-AChE
multi-target inhibitors based on tacrine and screened compound 6, which not only possesses potent
inhibition against HDAC6 and AChE, but also enhances the neurite outgrowth and shows significant
anti-Ap-aggregation.’! Our group designed a series of hybrid HDAC inhibitors incorporating with
melatonin and ferulic acid, and compound 5 was identified as potent selective HDAC6 inhibitor with
pronounced antioxidant capacity, in vifro immunomodulatory effects, and in vivo neuroprotection in an
Api.4> induced mouse model.** Transglutaminase 2 (TG2) catalyzes the formation of covalent bonds
highly resistant to proteolysis and contributes to the formation of toxic aggregates in the AD brain.*®
Thus, a new class of TG2-HDAC dual inhibitors have been designed and HDAC6 selective inhibitor 7
shows protective effects against glutamate impairment in mouse primary cortical neurons.** Compound
8 is an HDAC inhibitor showing pronounced antioxidant capacity and protective effects against toxic
stimuli induced by H>O, in PC3 cell lines, which was designed by incorporating a selenium-containing
multifunctional antioxidant ebselen.**

All in all, HDAC inhibitors have been widely investigated through MTDL strategy to discover novel
drug candidates for treatment of AD. However, the successful drug discovery for AD treatment remains
several challenging tasks and still suffers limitations. AD pathophysiology and the relationship with
HDAC needs to be further revealed and more effective animal models need to be established. Only few
of AD drug candidates targeting HDACSs have been studied in vivo, therefore, the multi-target drug
candidates needs to be thoroughly studied and the design needs to keep up with the latest discoveries in

AD pathophysiology and reflect on results of AD clinical trials.

1.3. Oxidative Stress and Neuroprotectants

Oxidative stress is a major common hallmark of AD and many other neurodegenerative disorders
such as Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and stroke. The dysregulation of
the redox state induces a regulated cell-death pathway named as oxytosis/ferroptosis, and also activates
multiple cell signaling pathways which provide neuroprotective effects against oxidative stress.
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Figure 1.3. A selection of multi-target HDAC inhibitors related to Alzheimer’s disease.

Multiple drug candidates have been developed based on oxytosis/ferroptosis and Keap-Nrf2-ARE
pathways showing pronounced neuroprotective effects and promising potential for treatment of AD,*

3¢ which will be discussed in following paragraphs.

1.3.1. Neuroprotectants against Oxytosis/Ferroptosis

Oxytosis and ferroptosis pathways were initially named by a lab of the Salk Institute for Biological
Studies®” and Stockwell’s lab,’® respectively, and were renamed as oxytosis/ferroptosis subsequently
since numerous pieces of evidence indicates that these are the same cell-death pathways.*> As described
in Figure 1.4, the initial step is the inhibition of cysteine uptake into the cells induced by system X¢°
inhibitors glutamate or erastin, which leads to intracellular glutathione (GSH) depletion. Following with
GSH depletion is the production of ROS and GPx4 inhibition, which causes the lipid peroxidation and
cell death directly. RSL3 is an inhibitor of glutathione peroxidase 4 (GPX4), also the initiator of
ferroptosis pathway. Both GPx4 inhibition and GSH depletion lead to the activation of 12/15-
lipoxygenase (12/15LOX) together with increasing of cGMP levels. Calcium influx is the downstream
of ROS and immediately leads to cell death.”



’Time Course of Oxytosis/Ferroptosis ‘

Glutamate/

Erastin RSL3

L L
System X £ VGSH = *gg’:‘ =51 Lox = %icl;id perox = 4 caz Call

MP Death
100 =
Glutamate required ‘ /
s [ Soluble GC
RNA synthesis e
50 | LOX

Protein synthesis

mGSH
® ROS
A Cah

254

Percent maximum

Time (hrs)

Figure 1.4. Time course of major pathophysiological changes that occur during oxytosis/ferroptosis. Adapt from

Maher et al.?
OH
0s_CFs
v e o
SAN S g o
=

O._CH

HsC CHs TR

(0]
OCHj3 G/ 0o
9 (J147) 10 (CMS121) 11 (Ferrostatin-1)
Curcumin derivative Fisetin derivative
OH
(0]
. X
= (0] (o NS o OCH, = (o] O o oH
o
© \Q;Q\OH OH OH
OH O OH O
12 13
Cinnamic acid-silibinin hybrid Cinnamic acid-taxifolin hybrid
N_o : Q
NN
N Y
o/ o N
CH3
14 - CHs
Selective BChE inhibitor ChE- hCBzR dual inhibitor H,C’
o i H\/©\
N
N o
©/ N OH
(o]
16 o o
Azobioisosteres of curcumin Vitamin K derivative
HC O
OH /\/\CH
HsC 3
H5C
HO
18 19
h12/15-LOX inhibitor Estradiol derivative

Figure 1.5. Neuroprotectants based on the oxytosis/ferroptosis pathway.



In Figure 1.5, a selection of neuroprotectants based on the oxytosis/ferroptosis pathway is shown.
Compound 9 (J147) was developed based on the natural product curcumin and is currently in phase I
clinical trials (NCT03838185) for treatment of AD, which was initially screened in an
oxytosis/ferroptosis assay with low nanomolar ECs.>> 3’ By using the same drug-discovery platform,
compound 10 (CMSI121) was developed from the flavonoid fisetin with greatly enhanced
neuroprotective effects against oxytosis/ferroptosis and improved drugable properties.*’ Compound 10
also exhibited cognitive benefits in vivo in both rapidly aging SAMP8 mice and APPswe/PS1AE9
transgenic mouse models of AD and is currently in the investigational new drug (IND) process.*™*' The
Stockwell lab firstly described the ferroptosis pathway and identified compound 11 (Ferrostatin 1) as a
potent neuroprotectant against ferroptosis with ECso of 60 nM.*®

Compounds 12 and 13 were developed by our group based on the hybridization of cinnamic acid with
silibinin and taxifolin, respectively.** ¥ Both compounds 12 and 13 already showed highly potent
neuroprotection at 5 uM in oxytosis/ferroptosis assay, while the parent compounds cinnamic acid,
silibinin and taxifolin, respectively, were not able to protect cells from oxytosis/ferroptosis at 1 - 25 uM.
Compounds 14-16 are selective butyrylcholinesterase (BChE) inhibitor, ChE-hCB:R dual inhibitor, and
azobioisosteres of curcumin, respectively, also developed by our group, and screened as potent
neuroprotectants in oxytosis/ferroptosis assay.**

Vitamin K has been reported as neuroprotectant in preventing oxidative injury to develop
oligodendrocytes and neurons,?’ therefore the structure-activity relationship of vitamin K were studied
and compound 17 was identified as the most potent neuroprotectant against oxytosis/ferroptosis.**
Besides, compound 17 showed prevention against oxidative stress induced dysfunction of mitochondria,
which probably worked as an enhanced or alternative electron carriers. Compound 18 was identified as
a selective human reticulocyte 12/15-lipoxygenase (h12/15-LOX) inhibitor with ECso of 3.4 uM. As
mentioned above, LOX is involved in the oxytosis/ferroptosis pathway and compound 18 indeed protect
HT22 cells from glutamate induced oxytosis/ferroptosis with ECso of 10 £uM.* The antioxidant capacity
and neuroprotective activities of 17f-estradiol has been widely studied, and its derivative 19 showed

more potent protection (< 1 xM) against oxytosis/ferroptosis compared with 17-estradiol.”

1.3.2. Neuroprotectants based on the Nrf2 Pathway

Oxidative stress activates multiple cell signaling pathways including Nrf2 (nuclear factor erythroid
2-related factor),*® HIF-1a (hypoxia inducible factor),”! ATF4 (activating transcription factor 4)°* and
others, which provide neuroprotection against oxidative damages. Nrf2 is a major regulator of cellular
stress response, which is accumulated and translocated to the nucleus after oxidants and electrophiles
interacting with Keap1 (Kelch-like ECH-associated protein 1). Nrf2 binds to the antioxidant response
element (ARE) in the nucleus and induces transcription and upregulation of antioxidant enzymes,
including NAD(P)H quinone oxidoreductase-1 (NQO1), glutathione S-transferase (GST), heme
oxygenase-1 (HO-1), etc. (Figure 1.6).*°
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Figure 1.6. Keap-Nrf2-ARE pathway activation response to oxidative stress. DGR: Double glycine repeat; Bachl1:
BTB domain and CNC homolog 1. Adapt from Thomas et al.3°

The Nrf2-based drug discovery represent a promising approach to neuroprotection in the treatment of
neurodegenerative diseases including Parkinson’s and Alzheimer’s diseases. Most of pharmacological
Nrf2 activators are electrophilic molecules that covalently modify cysteine residues present in the
KEAP1 protein by oxidation or alkylation, which have been comprehensively reviewed in several recent
papers.’® 3 Electrophilics including sulforaphane (20),>* resveratrol (21),> tert-butylhydroquinone
(TBHQ, 22),* nordihydroguaiaretic acid (23),’” and dimethylfumarate (24)°® have been widely studied
as Nrf2 activators and are now in different phases of clinical trials for neurodegenerative treatment.
More specifically, dimethylfumarate (24, BG-12 or Tecfidera, from Biogen) has been approved in 2013
by FDA for relapsing-remitting multiple sclerosis (MS). However, electrophiles can non-specifically
and covalently modify nucleophilic groups in proteins such as cysteine residues and produce severe
side-effects.

Therefore, Nrf2-based activators which are non-electrophilic and non-toxic are in urgent need to avoid
the severe side-effects for treatment of chronic neurodegenerative diseases. Compound 25 is a selective
HDACG6 inhibitor exhibiting highly potent neuroprotective effects in four independent in vitro models
of neurodegeneration through activation of Nrf2 and HIF1a pathways, while class I HDAC inhibitors
were not active, indicating that HDAC6 inhibition might be a new mechanism to activate the Nrf2
pathway.*® Moreover, several protein-protein interaction (PPI) inhibitors can interfere with the binding
of Nrf2 to Keapl and provide higher selectivity than electrophilic molecules. Compound 26 is a PPI
inhibitor blocking the Nrf2 peptide binding site and inducing Nrf2 stability in a cell-reporter assay
through a mechanism other than electrophilic addition.®® Besides, GSK-3-inhibitor tideglusib (27) was
reported the regulative effects to the Nrf2 pathway in MPP'-induced cell damage, indicating a new
strategy to design selective neuroprotectants based on Nrf2 pathway.®!

As shown above, multiple targets involved in each single signaling pathway in response to oxidative

stress, and these targets are correlated to each other. In this case, the MTDL strategy holds a bright future
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to develop novel neuroprotectants to insure sufficient safety and high efficiency for treatment of
neurodegenerative diseases.
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Figure 1.7. Neuroprotectants based on the Nrf2 pathway.

1.4. Photopharmacology

Light is a fascinating tool in its ability to control biological system with advantages of high spatial
and temporal resolution, noninvasive, remote action, as well as reversibility. Generally, administering a
photoactive drug in a state with low toxicity and efficacy to a patient, followed by irradiation to convert
it into a state with high biological activity in a defined region is the core principle to develop photo-
dependent molecular tools or drug candidates.
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Figure 1.8. Photopharmacological approaches: (A) photodynamic therapy; (B) irreversible photopharmacology
(photodecaging); (C) reversible photopharmacology (photoswitching). Adapt from Fuchter, M. J. et al.%

Main photopharmacological approaches have been described in Figure 1.8, including photodynamic
therapy (PDT), irreversible photopharmacology (photodecaging), and reversible photopharmacology
(photoswitching) approaches.®> Cancer patients under photodynamic therapy were administered with
photosensitizing dye molecule, followed by light dosing and inducing reactive oxygen species (ROS)

formation to kill cancer cells (Figure 8A).% Photodecaging is an irreversible approach by adding a



photoactive protecting group to a biological ligand and block its target-based activity, which can release
substance of interest under the action of light (Figure 8B).°* © Photoswitchable compounds are
reversible photopharmacological agents possessing two different structural states, which can be
switched to another state under the irradiation with corresponding wavelengths of lights.®* ¢’

Since the development of photopharmacology has been thoroughly reviewed in several recent
papers,®> %7 the following part mainly focused on the application of photopharmocology in HDACs,
which is the target of our interests.

Generally, the predominant way to design photoswitchable compounds is to take an established ligand
for a desired biological target and to synthetically modify it by incorporating photoswitchable groups,
such as azobenzene,”' dithienylethene,”” fulgimide,”” and azopyrazole.” Several HDAC inhibitors,
including romidepsin, Vorinostat (SAHA), Panobinostat and Belinostat, have been approved by FDA
as chemotherapeutic agents for the treatment of hematologic malignancies. However, despite significant
efforts, side-effects caused by off-site toxicity cannot be avoid. Thus, successful photoswitchable HDAC
inhibitors showing high activity in the thermodynamically unstable state and low cytotoxicity in the
stable state would be potential photocontrolled chemotherapeutic agents for improved, safer cancer

therapy with less severe side effects. A selection of reported photopharmacological HDAC inhibitors

shows in Figure 1.9.
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Figure 1.9. Structures and biological activities of a selection of photopharmacological HDAC inhibitors.

Szymanski et al. have designed the first-in-class of photoswitchable HDAC inhibitors based on
azobenzene, and compound 28 was screened and showed high potency and high difference in activity
between trans- and cis-isomers. Moreover, the cis-isomer of compound 28 is more potent than its trans-
isomer for class I HDACs inhibition (39-fold for HDAC?2), indicating that it has a “cis-on” effect and

t75

can be developed as a promising photocontrolled chemotherapeutic agent.”” Compounds 29 and 30 were

designed by merging two photoswitches dithienylethene and fulgimide, respectively, into the cap groups
9



of HDAC inhibitors. However, only small difference in activity could be observed between
corresponding opened- and closed-isomers, which indicated that dithienylethene and fulgimide as cap
groups were not optimal strategy to design photoswitchable HDAC inhibitors.”* Azopyrazole is an
excellent photoswitch with quantitative frans to cis conversion and high thermal stability of the cis-
isomer.” Compound 31 was designed based on azopyrazole achieving good inhibitory activities and its
cis-isomer exhibited more potent inhibition towards HDAC1 and HDAC6.”® Compound 32 is an ortho-
aminoanilide-based class I selective inhibitor with highly potent inhibition towards HDAC1-3 and high
difference between trans- and cis-isomers (cis-on). More importantly, the enriched cis-isomer could be
obtained by the irradiation of 470 nm blue light, indicating less toxicity and high penetrability to
biological tissues.”” The zinc binding groups of HDAC inhibitors are core structures contributing to
HDAC inhibition, thus, Ieda et al. designed compound 33 by esterification the hydroxamate group with
a photocage to produce a photocontrolled HDAC inhibitor.”®

Although significant progress has been achieved, further in vivo studies of photopharmacological
HDAC inhibitors are extremely in need. For this purpose, photocontrolled chemotherapeutic agents
possessing the ability of visible light conversion are necessary, and the selective inhibition of

photoswitchable HDAC inhibitors is essential to avoid the off-target toxicity.
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2. Scope and Objective

As described in the introduction part, age related diseases, especially AD, are facing a great challenge
since the high failure rate of clinical trials. To continue the efforts have been invested in the drug
discovery for AD treatment, this thesis mainly focuses on oxidative stress hypothesis by using MTDL
strategy to develop novel hybrid compounds, seeking for a cure for AD patients. This goal was addressed
by an approach: design, synthesis, in vitro and in vivo evaluation of hybrid compounds with antioxidant
capacity.

Besides, the pathogenesis of AD and other neurodegenerative diseases remains unclear, and many
proposed pathogenic mechanisms remain to be elucidated. To develop novel molecular tools to uncover
the mechanism of AD related targets, another approach used in this thesis is the design, synthesis,
photophysicochemical characterization, and bio-evaluation of photoswitchable compounds.

For the first purpose, HDACG6 inhibitors and oxidative stress targeted antioxidants related to AD
pathogenesis have been merged into one entity to design novel hybrid compounds possess synergistic
HDAC inhibition and antioxidant capacity. The best compound was screened by HDAC inhibition assay
and free radical scavenging assay, including DPPH and ORAC assays. The immunomodulatory effects
and in vivo neuroprotective effects of screened compounds were further studied to evaluate the efficacy
for treatment of AD (cf. Chapter 3).

To further investigate the role of oxidative stress in the progression of AD, a class of neuroprotectants
were designed by hybridizing of vitamin K derivative and several common antioxidants, including
ferulic acid, melatonin, lipoic acid, and trolox. These novel neuroprotectants were expected to show
more potent protection against oxytosis with improved antioxidant capacity. The best compound was
selected mainly based on oxytosis assay and was further studied in ferroptosis and ATP depletion assays.
The synergistic effects of vitamin K derivatives and antioxidants were studied by comparison to their
equimolar mixture in the ferroptosis and ATP depletion assays. The mode of action of selected
compound will be investigated by cellular ROS scavenging and western blot assays. Their
immunomodulatory effects and in vivo neuroprotective effects will be further studied to evaluate the
efficacy for treatment of AD (c¢f. Chapter 4.1).

Furthermore, the mechanism of quinones to produce neuroprotective effects against oxidative stress
remains unclear. We have designed a series of quinone derivatives based on five different quinone
structures to study the structure-activity relationships of their antioxidant capacity and neuroprotective
effects against oxytosis. The antioxidant capacity was evaluated by ORAC assay and neuroprotective
effects were studied by glutamate induced oxytosis in HT22 murine neuronal cells. The screened
quinone structures can be a useful guidance for further developing of more potent neuroprotectants for
treatment of neurodegenerative diseases (cf. Chapter 4.2).

For the second purpose, to uncover the role of HDACG6 in the progression of neurodegenerative
diseases, we have designed a series of photoswitchable HDAC6 inhibitors as molecular tools for the

mechanism study. Two series of photoswitchable HDAC6 inhibitors were designed based on 3-
11



arylazoindole and azoquinoline, respectively. The photophysicochemical properties of target
compounds were characterized by UV-vis spectroscopy, and corresponding cis-isomers of compounds

with moderate thermal stability were further tested in HDAC inhibition assay (cf- Chapter 4.3).
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3.1. Introduction

Histone deacetylases (HDACs) play essential roles in the progression of neurodegenerative disorders,
including AD. Besides, HDACs show tightly relationships to other targets for AD research, like
oxidative stress, metal chelation, tau protein phosphorylation, and Af-aggregation. For example,
hydroxamic acid-based HDACs inhibitors exhibited enhanced protection from oxidative stress through
HDAC-independent mechanism or metal chelation.” The inhibition of HDAC6 results in tau acetylation
and modulates tau phosphorylation.* Several HDACs inhibitors are able to lower Af level in mouse
models of AD or reverse Af-induced deficits in synaptic plasticity.®' In view of the comprehensive
physiological effects of HDACs on several AD related targets and the HDAC-independent mechanism
regarding to AD, HDACs may be a perfect pointcut to design multi-target-directed ligands (MTDLs)
which can modulate relevant targets involved in the pathological network for the effective treatment of
AD.

Natural products melatonin and ferulic acid have shown promising pharmaceutical effects potentially
beneficial in AD, such as antioxidant effects, neuroprotection and neurogenesis promotion.*** In this
study, we chemically merged the structures of melatonin and ferulic acid into HDAC6 inhibitor A to
develop novel multi-target-directed drug candidates for AD with the aim to combine effects in a
synergistic manner without losing affinity and selectivity at HDAC6. Accordingly, 15 target compounds

have been designed (Figure 3.1), synthesized and preliminarily bio-evaluated in vitro and in vivo.
Antioxidant HDACS inhibitor
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Figure 3.1. Design of melatonin- and ferulic acid-based HDAC inhibitors.
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3.2. Synthesis

As described in Scheme 3.1, the synthesis of target compounds 3a-b and 5a-d starts from the
introduction of various ester linker groups to 5-methoxytryptamine (1) through nucleophilic substitution.
The synthesis of compounds 8a-c¢ starting with nucleophile substitution between various ester linker
groups and melatonin (6). Afterwards, the hydroxamate groups were obtained in NH,OH-KOH
methanol solution from respective methyl ester intermediates. In Scheme 3.2, the core step to synthesize
compounds 10a-c was the introduction of ferulic acid moiety to intermediates 2a-c, respectively. The
ferulic acid was activated by excess ethyl chloroformate, meanwhile, the phenolic hydroxy group was
esterified but could be hydrolyzed in following NH,OH-KOH methanol solution during the formation
of hydroxamate group. 5-Methoxytryptamine (1) reacted with Boc-Gly-OH and the boc protecting group
was removed to afford intermediate 12. Subsequently, compounds 15a-¢ were obtained through an
according procedure by synthesis of compounds 10a-c, respectively.

Besides, the temperature-dependent occurrence of cis/trans amide bond rotamers of tertiary amide
compounds 10a-c and 15a-c is a well-known phenomenon, which produced troubles to characterize the

structures of corresponding target compounds due to two sets of NMR signals.

Scheme 3.1. Synthesis of Target Compounds 3a-b, Sa-d and 8a-c from S-Methoxytryptamine (1)*
o
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“Reagents and conditions: (a) methyl (E)-3-(4-(bromomethyl)phenyl)acrylate for 2a, methyl 4-
(bromomethyl)benzoate for 2b, K,CO;, THF, H,O, reflux; (b) NH,OH-HCIl, KOH, MeOH, r.t.; (c) (E)-4-(3-
methoxy-3-oxoprop-1-en-1-yl)benzoic acid for 4a, 4-(methoxycarbonyl)benzoic acid for 4b, (E)-3-(4-
(methoxycarbonyl)-phenyl)acrylic acid for 4¢, 6-methoxy-6-oxohexanoic acid for 4d, TBTU, TEA, THF, r.t.; (d)
acetic anhydride, DCM, 0 °C to r.t; (e) i) methyl (E)-3-(4-(bromomethyl)phenyl)acrylate for 7a, methyl
4-(bromomethyl)benzoate for 7b, methyl 6-bromohexanoate for 7¢, t-BuOK, THF, reflux; ii) SOCl,, MeOH, r.t.
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Scheme 3.2. Synthesis of Target Compounds 10a-c and 15a-c from 5-Methoxytryptamine (1)*
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“Reagents and conditions: (a) methyl (E)-3-(4-(bromomethyl)phenyl)acrylate for 13a, methyl 4-
(bromomethyl)benzoate for 13b, methyl 6-bromohexanoate for 13¢, K,CO;, THF, H>O, reflux; (b) ferulic acid,
ethyl chloroformate, TEA, dried THF, 0 °C; (c) NH,OH-HCI, KOH, MeOH, r.t.; (d) Boc-Gly-OH, EDCI, DMAP,
TEA, THF, r.t.; (e) 10% TFA in DCM, r.t.

3.3. Biological Evaluation

HDAC:s Inhibition. In preliminary screening for the inhibition of target compounds against HDAC3
and HDAC6, the ICsos of potent HDAC inhibitors were measured and shown in Table 3.1. Among them,
compounds 8b and 10b showed the most potent HDAC6 inhibition, which are 57-fold and 53-fold
selectivity over HDACS3, respectively. Besides, compounds 3a and 5b shown potent inhibition to
HDACS3 with ICso of 5.1 and 3.6 nM, respectively. To further confirm the selective inhibition of HDAC6,
the ICsos against other subtypes of HDACs of compounds 8b and 10b were measured and are listed in
Table 3.2. Both of them still show highly selective inhibition (more than 20-fold compared to other
subtypes) toward HDACG6, and their selectivities are higher than reference compound ACY1215.
Moreover, the cellular potency of compounds 8b and 10b were examined in HT22 cells by Western blot
assay (Figure 3.2). Compound 8b and 10b selectively induced the increase of acetylated tubulin
(AcTub), indicating that both compounds 8b and 10b are selectively inhibiting HDAC6 activity in
cellular environment.

Furthermore, computational docking studies were carried out to identify the putative binding modes
of compounds 8b and 10b for HDAC6 (PDB: 6DVM).The docking results are presented in Figure 3.3,

1.32

detailed description can be find in He et al.’” or appendix I for both compounds. The results indicate
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Table 3.1. Structures, In Vitro HDAC (HDAC3, HDAC6) Inhibitory, DPPH Radical Scavenging
Activities and ORAC Values of Target Compounds.
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that binding of the capping groups to the L1 loop pocket can be assumed to be the likely reason for

HDACS selectivity, in line with the elegant crystallographic analyses presented by Porter et al.®’

Table 3.2. Inhibitory Activities of Compounds 8b and 10b at HDAC1 - 4 and HDAC6 - 9

8b 10b
HDAC Subtype ICs0 [nM] Selectivity ICs0 [nM] Selectivity
classes YPE (pICso+ SEM) Ratio to (pICs0+ SEM) Ratio to
(n=2) HDAC6 (n=2) HDACS
262 771
HDACT 6 58+ 0.07) 23 (6.1 +0.09) 2
336 2851
HDACZ 547+ 0.09) 30 (5.55+0.41) 93
Class 1 641 1613
HDAC3 619+ 0.09) 37 (5.79 £ 0.16) >3
838 3590
HDACS 6 08+ 023) E (5.45 £ 0.54) 17
3431
HDACH (5,3 0.06) 306 > 10 uM > 326
ClassTla  HDAC7 1653 148 > 10 uM > 326
(5.78 £ 0.10)
HDAC9 362 3 >10 uM > 326
(6.44 £ 0.11)
1.2 307
ClassIlb  HDAC6 5 59,7 06) - (7.51 £ 0.06) -
Ctrl Compound 10b 8b ACY1215
DMSO 500 500 100 100 20 20 500 500 500 500 nM
S i
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Figure 3.2. Western blot analysis of acetylated tubulin (AcTubulin), acetylated histone H3 (AcHH3), acetylated
histone H4 (AcHH4) and Hsp90 in HT22 cell lines after 24 h treatment with compounds 10b (500, 100 and 20
nM) and 8b (500 nM) using ACY 1215 (500 nM) as positive control. Tubulin was used as a loading control.
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Figure 3.3. Proposed binding modes of compounds 8b (A) and 10b (B, C) at the active site of HDAC6. The two

alternative binding modes shown for 10b correspond to the best-ranked result (B) and the most populated cluster
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of the docking results (C). Distances are given in A, selected interactions are highlighted with dashed lines. The
Zn*" ion is represented as a grey sphere. Loops 1 and 2 are denoted as L1 and L2. The deep active-site pocket is

visualized with a transparent light-grey surface.

Antioxidant Capacities. Free radicals readily damage DNA, lipids, and proteins affecting the cellular
function.®® DPPH assay and ORAC assay are widely used methods to evaluate antioxidant capacities
based on their electron transfer (ET) and hydrogen atom transfer (HAT) capacities, respectively.®
According to the data in Table 3.1, compounds 8b and 10b are not only potent HDACG6 selective
inhibitors, but also potent antioxidants. Especially compound 10b, which shows comparable radical

scavenging capacity to ferulic acid and melatonin in DPPH and ORAC assays, respectively.

Neurotoxicity. The low neurotoxicity is essential property for the application of HDAC inhibitors as
CNS-targeting therapeutics. Thus, we tested our target compounds in HT22 hippocampal nerve cells for
neurotoxicity. As shown in Figure 3.4, Compound 10b shows no significant neurotoxicity, and slight

neurotoxic effects were observed for compound 8b and reference compound ACY1215.
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Figure 3.4. Neurotoxicity of target compounds in HT-22 cells at 10 uM. Statistical analysis was performed
applying One-way ANOVA followed by Dunnett’s multiple comparison post-test. Levels of significance:
**%p<0.001, *p<0.05 referring to control cells treated with DMSO.

Immunomodulatory Effect. Recent studies have demonstrated that HDACG6 inhibitor tubastatin A
alleviates LPS-induced neuroinflammation, representing a new strategy to counteract inflammation and
consequently neurodegenerative progression.”’ Herein, we tested the possible immunomodulatory
effects of compounds 8b, 10b, and the control ACY 1215 in N9 microglial cells. As shown in Figure
3.5, compound 10b strongly reduces nitrite accumulation (F) and IL1S release (I) compared to
compound 8b and control ACY 1215, as well as iNOS expression induced by LPS-mediated microglia
activation (L). Moreover, compound 10b increases the expression of phagocytic protein TREM2 (O)
and TGFS2 (R), indicating an immunomodulatory effect that switching neurotoxic M1 to

neuroprotective M2 microglia.
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Figure 3.5. Effect of compounds 8b, 10b and control ACY1215 on murine N9 cells induced in a M1 activation
state by LPS (100 ng/mL) treatment. IL1p release in N9-conditioned medium and expression of iNOS, TREM?2
and TGF/2 were analyzed by Western blot after 24 h treatment with LPS in presence of increasing concentrations
(0.1, 0.5, 1, 2.5 and 5 uM) of compounds ACY 1215 (A), 8a (B) and 10b (C). Nitric oxide release was evaluated
through Griess reaction in media conditioned for 24 h by microglial cells treated with LPS in presence of
compounds ACY1215 (D), 8a (E) and 10b (F); as shown in Figure 3.5F, only compound 10b induced a
significative reduction of NO release, with the strongest effect at 5 pM. Additionally, IL1p release (G, H, I) and
iNOS expression (J, K, L), both markers of M1 neurotoxic microglia, strongly decreased in presence of increasing
concentrations of compound 10b (I, L) compared to LPS-treated control; in parallel, expression of M2 microglial

markers TREM2 (O) and TGFS2 (R) increased in cells co-treated by LPS-10b compound suggesting a shift from



neurotoxic M1 to neuroprotective M2 microglia. No significant differences on iNOS (M1 marker), TREM and
TGFpB2 (M2 marker) expression were observed in N9 cells after treatment with ACY1215 and compound 8b
compared to LPS-treated ones. All quantitative data are presented as means + S.E. from at last 3 independent
experiments. Statistical significance between different treatments was calculated with GRAPHPAD PRISM 6 (La
Jolla, California, USA) by using one-way analysis of variance (ANOVA) followed by post-hoc comparison
through Bonferroni's test. *p<0.05; **p<0.01 compared to un-treated control; *p<0.05; #p<0.01 compared to LPS-

treated control.

In Vivo Studies. Compound 10b and the control ACY1214 were chosen to evaluate their
neuroprotective properties in an Af»s.3s-induced in vivo model of AD in mice. As shown in Figure 3.6A
and C, compound 10b significantly attenuated the Af»s-3s-induced spontaneous alternation deficits at
0.3 mg/kg compared to 1 mg/kg of ACY1215. Furthermore, compound 10b showed superior protection
against both Af»s-3s-induced spontaneous alternation and passive avoidance deficits compared to an
equimolar (0.7 uM) mixture of the three entities ACY-1215, melatonin, and ferulic acid (Figure 3.6E
and Figure 3.7C), showing the pronounced effects of the hybrid molecule.
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Figure 3.6. Effects of compound on Ap»s.3s-induced spontaneous alternation deficit in mice. Mice received Afas-3s
(9 nmol icv) or vehicle solution (3 xL icv) on day 1 and compounds (A, B) ACY1215 or (C, D) 10b, in the 0.1-3
mg/kg ip dose range, o.d., from days 1 to 7. In (E, F), the effect of a drug combination wity equimolar doses of
ACY-1215 (0.3 mg/kg), melatonin (0.16 mg/kg) and ferulic acid (0.13 mg/kg) was compared to the efficacy of the
hybrid molecule. Mice were then tested for spontaneous alternation performance in the YMT in day 8. Top panel
(A, C, E): Spontaneous alternation performance; lower panel (B, D, F): number of arm entries. Data show mean +

SEM with n = 12-22 per group. ANOVA: F(4,76) = 281,p <0.051n A; F(4,86) = 268,p <0.05in B; F(4,7(,) = 116,
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p> 0.051in C; F(4,x<,) = 0.581,p >0.05inD; F(5,7<,) = 6.20,]) <0.0001 in E; F(5,7(,) = 0.554,p >0.05inF. *p <0.05,
*xp < 0.01, ***p <0.001 vs (V + V)-treated group. p < 0.05, #p < 0.01 vs (ApBrs.35 + V)-treated group; Dunnett’s

test.
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Figure 3.7. Effects of compounds on Af»s.35-induced passive avoidance deficits in mice. Mice received Afs-35 (9
nmol icv) or vehicle solution (3 uL icv) on day 1 and compounds (A) ACY 1215 and (B) 10b, in the 0.1-3 mg/kg
ip dose range, o.d., from days 1 to 7. Animals were trained in the passive avoidance test on day 9, and retention
(step-through latency) was analyzed on day 10. Data show median and interquartile range with n = 10-21 per group.
Kruskal-Wallis ANOVA: H=10.76, p <0.05in A; H=16.59, p <0.01 in B; H=14.25, p <0.05 in C. *p < 0.05,
**p < 0.01, ***p < 0.001 vs (V + V)-treated group. *p < 0.05 vs (ABas3s + V)-treated group; Dunn's test.

3.4. Conclusions

Multi-target-directed ligands (MTDL) hold a great potential to resolve complex diseases like
neurodegeneration and cancer. In this work, HDAC inhibitors as a new emerging direction for treatment
of neurodegenerative diseases, were redesigned through MTDL strategy by incorporating the structures
of melatonin and ferulic acid. In total 15 target compounds have been designed (in Figure 3.1),
synthesized (in Scheme 3.1 and 3.2) and biologically evaluated in several in vitro and in vivo assays.
Compound 10b was identified as the most selective and potent HDACG6 inhibitor in both enzyme-based
and cellular HDAC inhibition assays (in Table 3.1 and Figure 3.2). Compound 10b also scavenges the
DPPH radical comparable to ferulic acid and possesses comparable ORAC value to melatonin. All in
vitro data indicates compound 10b as a potent HDAC6 inhibitor with additional antioxidant capacities.
Moreover, compound 10b shows an immunomodulatory effect (in Figure 3.3), leading to a reduction in
LPS-induced microglia inflammation and a switch from neurotoxic M1 to neuroprotective M2
microglial phenotype. Furthermore, it shows pronounced attenuation of spatial working memory and
long-term memory alteration in an in vivo AD mouse model induced by icv Af»s-35 peptide injection (in
Figure 3.4 and 3.5) at very low doses, thereby proving neuroprotective properties. The superior in vivo
efficacy of compound 10b may indicate a synergistic effect between HDAC6 inhibition and its
antioxidant activities, which suggests 10b is a potential drug candidate for treatment of Alzheimer’s
disease. In another hand, the tertiary amide-based HDAC6-selective inhibitor described herein shows

that HDAC6 inhibitors can not only be merged with melatonin and ferulic acid moieties, and as well
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maintain potent HDAC6 selective inhibition and the antioxidant properties, but also represent a suitable

scaffold to develop neuroprotective compounds in vivo, with potentially neurodegenerative disease-

1.32

modifying properties. (For full article see He et a/.’* or Appendix I)
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4. Unpublished Work

4.1. Design, Synthesis and Bio-Evaluation of Hybrid Neuroprotectants
based on Vitamin K Derivatives for Treatment of Neurodegenerative

Disorders
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Feng He, under the supervision of Prof. Dr. Michael Decker, performed the synthesis of all target
compounds as well as the evaluation of their antioxidant capacities.

Julian Hofmann, under the supervision of Prof. Dr. Michael Decker, performed the neuroprotection

assays.
4.1.1. Introduction

There are many pathological hallmarks in the progression of neurodegenerative disorders, including
abnormal protein aggregation, neuroinflammation, oxidative stress, and nerve cell death.'” *'
Alzheimer’s disease (AD) is one of the most prominent neurodegenerative disorders, and f-amyloid (Af)
aggregation was considered as the primary cause of AD. However, clinical trials focusing on therapeutic
candidates that targeting A had a 99.6% failure rate between 2002 and 2012, which renders researchers
reconsider the abnormal protein aggregation hypothesis and shift their interests to other important
hallmarks like neuroinflammation and oxidative stress.*

Oxytosis is an oxidative stress-dependent regulated cell-death pathway highly relevant to neurological
disorders, including AD.’" ** The Salk lab has screened out curcumin derivative J147 and fisetin
derivative CMS121 through initial screens based on the oxytosis pathway, and both of them are in or
near clinical trials for treatment of AD.** The development of novel neuroprotectants can not only yield
drug candidates for the treatment of neurodegenerative diseases, but also can be useful molecular tools
to uncover new aging and disease pathway. Using this approach and molecular hybridization strategy,
our group has identified multiple neuroprotectants based on flavonoids,*> * %
tetrahydroisoquinazoline,* tacrine,” curcumin,*® and synthetic derivatives, some of which even show
pronounced neuroprotective effects in vivo, indicating oxytosis assay is an effective approach to discover
drug candidates for treatment of neurodegenerative disorders.

The Chou group at the Medical University of South Carolina has studied the structure-activity
relationship of vitamin K derivatives with neuroprotective effects against oxytosis. Based on
menaquinones (VK2), compound 1 with an amine group showed improved neuroprotective effects and
compound 2 with a benzyl group connected with the amine exhibited more potent neuroprotection and
lower neurotoxicity (Figure 4.1.1).*® The Segal group has developed a series of naphthoquinone-

tryptophan-based hybrids with inhibition of amyloids and tau- derived PHD finger protein 6 (PHF6)
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peptide fibrils aggregation, showing potential treatment of AD.** Ferulic acid, melatonin, trolox and
lipoic acid are antioxidants which have shown promising pharmacological effects potentially beneficial
for AD treatment, but they all failed to protect HT22 hippocampal nerve cells from oxytosis at low
micromolar concentrtation.'* *>* Herein, we report the synthesis and pharmacological evaluation of a
family of hybrid neuroprotectants, rationally designed by molecular hybridization of the structures of
vitamin K derivative 2 and antioxidants like ferulic acid, melatonin, trolox, and lipoic acid, to obtain

novel molecules with multifunctional antioxidant and neuroprotective properties (Figure 4.1.2).
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Figure 4.1.1. Development of vitamin derivatives from the Chou group.*
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Figure 4.1.2. Design of hybrid vitamin K derivatives.
4.1.2. Results and Discussion

Chemistry. In Scheme 4.1.1, the synthesis of first target compound 6 is described starting from 1,4-
naphthoquinone (3). 1,4-Naphthoquinone (3) undergoes a Michael addition reaction with 4-
(aminomethyl)aniline to afford intermediate 4 at r.t. Ferulic acid was activated by ethyl chloroformate
and reacted with primary amine 4 to afford intermediate 5, which was subsequently hydrolyzed under
basic solution to produce compound 6. Compounds 8a-e were synthesized by similar methods from
corresponding acids, which is described in Scheme 4.1.2. In short, acids like ferulic acid, cinnamic acid,
lipoic acid, and trolox were activated by HBTU and reacted with ethylenediamine (7a, 7¢-e) or butane-
1,4-diamine (7b) to produce corresponding intermediates 7a-e. Without further purification,
intermediates 7a-e reacted with 1,4-naphthoquinone in ethanol through Michael addition reaction to

yield compounds 8a-e.
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Scheme 4.1.1. Synthesis of Compound 6 from 1,4-Naphthoquinone (3)*

-CHs
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4,40% 6, 15%

“Reagents and conditions: (a) 4-(aminomethyl)aniline, EtOH, r.t.; (b) ferulic acid, ethyl chloroformate, TEA,
THF, 0 °C to r.t.; (¢) KOH, MeOH, r.t.

Scheme 4.1.2. Synthesis of Compound 8a-e from the Corresponding Acids*
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7e, R = R%, n=1 8e, R = R* n=1, 48% 2,

“Reagents and conditions: (a) ethylenediamine for 7a and 7c¢-e, butane-1,4-diamine for 7b, HBTU, TEA, DCM,
r.t.; (b) 1,4-naphthoquinone, EtOH, r.t.

Scheme 4.1.3. Synthesis of Compound 13 from Caffeic Acid*
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“Reagents and conditions: (a) Ac,O, pyridine, r.t.; (b) i) ethylenediamine, Boc,O, TFA, MeOH, 0 °C to r.t.; ii)
ethyl chloroformate, TEA, THF, 0 °C to r.t.; (c) TFA, DCM, r.t.; (d) 1,4-naphthoquinone, TEA, EtOH, r.t.; (e)
KOH, MeOH, r.t.

The synthesis of caffeic acid hybrid compound 13 was more complex due to the high reactivity of the
catechol group, and is described in Scheme 4.1.3. The catechol group was firstly protected with acetyl
groups by reacting with acetic anhydride in pyridine. The protected caffeic acid 9 was activated by ethyl
chloroformate and subsequently reacted with single Boc group protected ethylenediamine to produce
intermediate 10. The boc group of intermediate 10 was removed in TFA-DCM solution and then reacted
with 1,4-naphthoquinone to afford intermediate 12 directly without further purification. The final step
was removing the acetyl groups in intermediate 12 and compound 13 was obtained with a total yield of
15%.
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The synthesis of compounds 14, 16, and 17 is described in Scheme 4.1.4. Compounds 14 and 16 were
obtained from 5-methoxyltryptamine by reacting with 1,4-naphthoquinone and 2,3-
dimethoxycyclohexa-2,5-diene-1,4-dione, respectively. Compound 17 was obtained by analogue

Michael addition reaction with 2,3-dimethoxycyclohexa-2,5-diene-1,4-dione and intermediate 8a.

Scheme 4.1.4. Synthesis of Compound 14, 16, and 17 from 1,4-Naphthoquinone and 2,3-

Dimethoxycyclohexa-2,5-diene-1,4-dione®
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“Reagents and conditions: (a) S-methoxytryptamine, EtOH, r.t. (b) 1) ferulic acid, ethylenediamine, HBTU, TEA,
DCM, r.t.; ii) EtOH, r.t.

Neuroprotection against oxytosis. Oxytosis is an oxidative stress induced cell death pathway and
the assay was performed in glutamate treated murine hippocampal HT22 cells. Based on the most potent
neuroprotective compound 2 from the Chou group,* we firstly designed compound 6 using the benzyl
group as linker connecting 1,4-naphthoquinone with a ferulic acid moiety. In the oxytosis assay,
compounds were incubated together with 5 mM glutamate treated HT22 cells for 24 h. However, the
method from Chou group was slightly modified, in which compounds and 10 mM glutamate treated
HT22 cells were incubated for 3 h. This difference rendered reference 2 shows significant
neuroprotection at 10 uM, but loses the activity at 5 uM (Figure 4.1.3). Compound 6 shows no
significant neuroprotection at both 5 and 10 uM, neither compound 8b with a four carbon linker, on the
contrary, compound 8a with a two carbon linker shows highly potent neuroprotection at 5 uM.
Subsequently, we maintained the two carbon linker and designed compound 8¢ hybridizing with
cinnamic acid and 13 hybridizing with caffeic acid to check the significance of phenolic acid groups.
Compound 8c loses the neuroprotection at both 5 and 10 uM and compound 13 loses activity at 5 uM,
which indicates ferulic acid is the most suitable moiety to improve the neuroprotection against glutamate
insult compared to cinnamic acid and caffeic acid. Meanwhile, we changed ferulic acid to some other
common antioxidants like melatonin, trolox, and lipoic acid, among them, trolox hybrid compound 8e
and melatonin hybrid compound 14 show comparable neuroprotection with 8b at both 5 and 10 uM.
Ubiquinone with a similar quinone structure was expected to exhibit similar neuroprotection against
glutamate toxicity, but two hybrid compounds 16 and 17 failed to protect HT22 cells from oxytosis.
Overall, we screened out hybrid compounds 8b, 8e, and 15 showing more potent neuroprotection

compared to reference compound 2, which we consider worth to be further studied.
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Figure 4.1.3. Neuroprotection of hybrid vitamin K derivatives at 5 and 10 uM against glutamate induced oxytosis
in HT22 cells. 25 uM Quercetin served as a positive control (green) while 5 mM glutamate was used to induce
toxicity (red). Data is presented as means + SEM of three independent experiments and results refer to untreated
control cells (black). Statistical analysis was rendered using One-way ANOVA followed by Dunnett's multiple
comparison posttest referring to cells treated with 5 mM glutamate. Levels of significance: **p < 0.01, ***p <

0.001.

Physicochemical Antioxidant Parameters. All hybrid compounds were designed to maintain the
antioxidant capacity from their parent antioxidants and to show improved antioxidant capacity compared
to normal vitamin K derivatives. 2,2-Diphenyl-1-picrylhydrazyl radical (DPPH) and oxygen radical
absorbance capacity (ORAC) assays were used to evaluate the antioxidant capacity of hybrid
compounds.

The DPPH scavenging assay is an electron transfer (ET)-based assay measure an antioxidant’s
reducing capacity. In the DPPH scavenging assay, four ferulic acid hybrids (5, 8a, 8b and 17) show
potent and similar capacity to scavenging the DPPH radical, with ECsos of 29.0, 26.1, 27.2, 28.4 uM,
respectively, but not as potent as ferulic acid (ECsop = 19.7 uM) (Table 4.1.1), indicating that the
derivatization of ferulic acid would slightly decrease its antioxidant capacity, and neither the linker
groups or quinone structures could contribute to scavenge the DPPH radical. In line with the report from
the Chou group, ** both reference compounds 2 and 3 show no capacity to scavenge the DPPH radical.
Compounds 8e and 13 show the most potent radical scavenging capacity, with ECs¢s of 15.4 and 9.0
uM, respectively, which is comparable to their parent compounds trolox and caffeic acid. As expected,
melatonin, lipoic acid, cinnamic acid derivatives and all ubiquinone derivatives are not active in
reducing DPPH due to their lack of phenolic acid groups.

ORAC assay is a hydrogen atom transfer (HAT)-based assay that quantifies hydrogen atom donating
capacity, using fluorescein (FL) as the fluorescent probe and AAPH as a peroxyl radical initiator. In the
ORAC assay, most of the target compounds exhibit pronounced radical scavenging capacity with ORAC
values ranging from 1.6 (8e) to 3.6 (13 and 17), respectively. Similar to melatonin, the reference

compound 2 shows no capacity to scavenge DPPH radical, but indeed scavenge peroxyl radicals
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effectively (ORAC value = 1.5), which is comparable to compounds 8e and 14. Compounds 13 and 17
show the most potent antioxidant capacity in ORAC assay with the same ORAC value of 3.5, while
their neuroprotective effects are not significant at 5 uM. The ORAC values of compounds 2, 8c and 8d

could not be determined because of the high fluorescence they have on their own.

Table 4.1.1. Structures and Physicochemical Antioxidant Parameters of Target Compounds in
DPPH and ORAC assays.

DPPH Radical

Compound Structure Scavenging Activity ORA.C (trolox
ECs [uM] equivalents)
Ferulic acid ”OY\VGEZ:Ha 19.7+0.5 32+03
!
Caffeic acid W@ 8.0+0.5 4.8+0.4
Trolox m 13.3+2.6 :

Melatonin b | a NA® 20403
Lipoic acid M NA® NA

1 NA® 1.5+0.2

2 VQ NA® ND?

6 b@ e 29.0+3.6 27403
8a w“@[ 26.1+1.5 3.1+04
8b NM@[ 272429 22+02
8¢ SO BES NA® ND
8d wJWW NA“ ND?
8e Nm 15.4+1.9 1.6£0.2
13 g bl N 9.0+0.7 3.5+0.4
14 oL w@ NA® 1.8+0.2
16 o w@ NA“ 3.0£04
17 ﬁjwj%@ 284+ 1.2 35+0.5

“Not active. PNot determined due to interference with their own fluorescence.
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In summary, compounds 8b, 8e, and 15 show promising neuroprotection in oxytosis assay, and also
show potent antioxidant capacities in both DPPH and ORAC assays, except compound 15 which is only
active in ORAC assay. Reference compound 2 exhibits similar radical scavenging capacity with
melatonin, which can be a reason for its potent neuroprotection in oxytosis assay. No obvious
relationship can be observed between their neuroprotective effects and corresponding antioxidant
capacities, which can be due to the difference of their membrane permeability, and is in fact often

observed in related studies.*>*’

Neuroprotection against Oxytosis, Ferroptosis and ATP Depletion. Encouraged by the potent
neuroprotective effects and pronounced antioxidant capacities of compounds 8a, 8e and 13, the lower
concentrations in oxytosis assay (Figure 4.1.4A, D, G, J), ferroptosis assay (Figure 4.1.4B, E, H, K)
and ATP depletion assay (Figure 4.1.4C, F, [, L) were further tested to get a more complete picture of
their neuroprotective effects.

In the oxytosis assay, compounds 8a (Figure 4.1.4D) and 13 (Figure 4.1.4]) show comparable
neuroprotective effects to compound 2 (Figure 4.1.4A), and they all lose protection at 1.56 uM and
concentrations lower than 1.56 uM. Relatively spoken, compound 8e still shows significant protection
at 1.56 and 0.75 uM, which is the most potent hybrid compound.

Ferroptosis is another regulated cell-death pathway quite similar to oxytosis and was identified in
transformed fibroblasts in 2012 by the Stockwell group.*® They developed compounds erastin and RSL3
as inducer for ferroptosis, and RSL3 was verified as an inhibitor of glutathione peroxidase 4 (GPx4),
which could lead to an increase in lipid peroxidation.”® * Similar to the results in the oxytosis assay,
compounds 8a (Figure 4.1.4E) and 13 (Figure 4.1.4K) show comparable neuroprotective effects to
reference compound 2 (Figure 4.1.4B), and they also lose protection at 1.56 4M and concentrations
lower than 1.56 uM. More remarkably, compound 8e maintain significant neuroprotection at 0.38 xM,
the lowest concentration we have tested.

lodoacetic acid (IAA) is an irreversible inhibitor of the glycolytic enzyme glyceraldehyde 3-
phosphate dehydrogenase (G3PDH). The TAA insult in HT22 cells leads to ATP depletion and have
been commonly used in screens for neuroprotective compounds.*”* As shown in Figure 4.1.4C, F, and
L, compounds 2, 8a, and 13 possess comparable neuroprotective effects in the ATP depletion assay, and
compound 8e exhibit the most potent protection against IAA insults even at 0.38 uM.

Overall, after a series of screens with multiple neuroprotection assays including oxytosis, ferroptosis,
and ATP depletion, compounds 8a and 13 are comparable to reference compound 2. Compared with
reference compound 2, compound 8e shows more pronounced neuroprotective effects at submicromolar
concentrations, indicating an improved efficacy after hybridization with trolox. Encouraged by the
superior neuroprotective effects of compound 8e, further studies about its cellular ROS scavenging

capacity, immunomodulatory effects, and in vivo neuroprotective effects are currently ongoing.
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Figure 4.1.4. Neuroprotection of compounds 2, 8a, 8e, and 13 at 0.8 - 25 uM against 5 mM glutamate induced
oxytosis (A, D, G, J), 0.3 uM RSL3 induced ferroptosis (B, E, H, K), and 17.5 uM iodoacetic acid (IAA) induced
ATP depletion (C, F, I, L) in HT22 hippocampal nerve cells. Data is presented as means + SD of three independent
experiments and results refer to untreated control cells (black). Statistical analysis was rendered using One-way
ANOVA followed by Dunnett's multiple comparison posttest referring to cells treated with 5 mM glutamate (A,
D,G,)), 03 uMRSL3 (B, E, H,K) or 17.5 uM TAA (C, F, I, L). Levels of significance: *p < 0.05, **p < 0.01,
**%p <0.001.

Synergistic effects. The highly potent neuroprotective effects of compound 8e in ferroptosis and ATP
depletion assays have intrigued our great interests on the synergistic effects between vitamin K
derivatives and trolox. Therefore, we chose compound 1, which is the core structure of all our target
compounds, as a new reference to compare the neuroprotection between compound 8e and the mixture
of compound 1 and trolox. In the ferroptosis assay, compound 1 shows significant protection at 1.56 uM

and higher concentrations, while the cell viability decrease at 25 M probably due to the neurotoxicity
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(Figure 4.1.5A), which is in line with the report from the Chou group (TCsp = 49 £M).*® Trolox exhibits
no protection at 0.38 — 25 uM (Figure 4.1.5C), on the contrary, the equimolar mixture of compound 1
and trolox already show an effect at 0.15 uM (Figure 4.1.5E), which is much more potent than
compound 1. The improved neuroprotective effects of the mixture indicating the combination of
compound 1 and trolox possesses synergistic effects to protect HT22 cells from RSL3 insults.
Compound 8e (Figure 4.1.5G) shows comparable protection at all tested concentrations to the mixture
of compound 1 and trolox (Figure 4.1.5E), demonstrating the hybridization have maintained the
synergistic effects between vitamin K derivatives and trolox.

In the IAA induced ATP depletion assay, trolox shows slight but significant protection at 1.5 uM and
higher concentrations, and the cells viability was improved from 25% to 52% at 25 uM (Figure 4.1.5D).
Compounds 1, 8e and the equimolar mixture of 1 and trolox show highly potent protection even at lowest
tested concentration of 0.075 uM, further tests at lower concentrations are currently ongoing. The
protection of compound 1 decrease at 6.25 uM and loses the protection at 12.5 M, indicating significant
neurotoxicity to HT22 cells. The mixture of compound 1 and trolox also shows significant neurotoxicity
at concentrations higher than 12.5 uM, while the cell viability of compound 8e treatment shows a slight
decrease at much higher concentration of 25 uM.

All in all, we screened the trolox hybrid compound 8e, which exhibits pronounced antioxidant
activities and was identified as the most potent hybrid compound against oxytosis at 0.75 4M, against
ferroptosis even at 0.15 uM, and against ATP depletion at 0.075 uM. Trolox and vitamin K derivative 1
show significant synergistic effects in protecting HT22 cells from ferroptosis, moreover, compound 8e

maintains the synergistic effects and shows lower neurotoxicity.

Pan-Assay Interference Compounds (PAINS) Exclusion Assay. The quinone compounds contain the
potential reactive “Michael acceptor” and will be recognized as a promiscuous pan-assay interference
compound (PAINS) by most of the in silico filters. The Chou group has used a PAINS exclusion assay
with 2-mercaptoethanol to confirm that amination of the naphthoquinone could deactivate the “Michael
acceptor”.'”’ Here, we use the similar method to test the reactivity of our quinone compounds with 2-
mercaptoethanol (BME) in PBS (pH 7.4). Compounds 1,4-naphthoquinone (3) and 2,3-dimethoxy-5-
methylcyclohexa-2,5-diene-1,4-dione (U0) are the core structures of vitamin K and ubiquinone,
respectively, and can react with BME rapidly in 5 min. While our hybrid compounds 8a and 17 show
no reactivity with BME at all over 6 hours period (Appendix II). This study further confirms that not

only the amination of naphthoquinone, but also the ubiquinone, will lose the reactivity with thiol.
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Figure 4.1.5. Neuroprotective effects of compound 8e and the controls 2-amino-1,4-naphthoquinone (1), trolox,
and the equimolar mixture of 1 and trolox (1 + Trolox) in ferroptosis (A, C, E, G) and ATP depletion (B, D, F, H)
assays at 0.075 — 25 uM. Data is presented as means £ SD of three independent experiments and results refer to

untreated control cells (black). Statistical analysis was rendered using One-way ANOVA followed by Dunnett's
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multiple comparison posttest. *p < 0.05, **p <0.01, ***p <0.001 vs 0.3 uM RSL3 (A, C, E, G) or 17.5 uM TAA
treated group (B, D, F, H). *p < 0.01, #p < 0.01, **p < 0.001 vs control group.

4.1.3. Conclusions

In summary, based on molecular hybridization of vitamin K derivative and common antioxidants, we
have designed and synthesized 10 novel hybrid neuroprotectants. With a preliminary oxytosis based
screen, we identified the trolox hybrid compound 8e to possess highly potent neuroprotective effects in
glutamate induced oxytosis and RSL3 induced ferroptosis at submicromolar concentrations, and can
protect HT22 cell from IAA induced ATP depletion at nanomolar range. Moreover, we found the
combination of trolox and vitamin K derivative 1 possesses synergistic effects in protecting HT22 cells
from ferroptisis, and the hybrid compound 8e exhibits comparable protection compared with the
combination. Compound 8e also shows pronounced antioxidant capacity in both DPPH and ORAC
assays, with ECso of 15.4 uM and ORAC value of 1.6, respectively. Encouraged by the promising
neuprotective effects and antioxidant capacity of compound 8e, further in vitro immunomodulatory

effects and in vivo studies are ongoing.

4.1.4. Experimental Section

General Chemistry. Common reagents and solvents were purchased from commercial suppliers and
used without further purification unless otherwise stated. Tetrahydrofuran (THF) was distilled from
sodium-benzophenone under an argon atmosphere. Reaction progress was monitored using analytical
thin layer chromatography (TLC) on precoated silica gel GF254 plates (Macherey Nagel GmbH & Co.
KG, Diiren, Germany), and spots were detected under UV light (254 nm and 366 nm). Compounds were
purified with flash column chromatography with a silica gel with a particle size of 40—63 M (VWR
chemicals, Leuven, Belgium) as the stationary phase and petroleum ether/ethyl acetate or
dichloromethane/methanol mixtures as eluent systems. Nuclear magnetic resonance spectra were
measured on a Bruker AV-400 NMR instrument (Bruker, Karlsruhe, Germany) in deuterated solvents
(DMSO-ds, CDCl3, MeOD-d,). Chemical shifts are expressed in ppm relative to DMSO-ds, CDCl3, or
MeOD-d, (2.50/7.26/3.31 for 'H; 39.52/77.16/49.00 for 1*C). Uncorrected melting points were measured
using a Stuart melting point apparatus SMP30.

Measurements for verification and purity of the compounds were performed by LC/MS (from
Shimadzu), comprising a DGU-20A3R controller, pump LC-20AB, degasser DGU-20A, and SPD-20A
UV/Vis detector. ESI ionization was accomplished by an LCMS-2020 single quadrupol mass
spectrometer. As a stationary phase, for analytical purpose, a Synergi 4U fusion-RP 80 A (150 x 4.6
mm) column and for preparative purpose, a Synergi 4U fusion-RP 80 A (250 x 10.0 mm) were used. As
a mobile phase, a gradient of MeOH/water (both containing 0.1% formic acid) (phase 1/phase 2) was
used. The compounds were dissolved in MeOH and filtered through syringe filters. Method: V(1)/(V(1)
+ V(2)) = from 5 to 90% over 10 min, V(1)/(V(1) + V(2)) = 90% for 5 min, V(1)/(V(1) + V(2)) = from
90 to 5% over 3 min. Methods were performed with a flow rate of 1.0 mL/min. Compounds were
detected at 4 = 254 nm, and target compounds were >95% pure.
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2-((4-Aminobenzyl)amino)naphthalene-1,4-dione (4)

4-(Aminomethyl)aniline (0.46 g, 3.79 mmol) was added to a solution of 1,4-naphthoquinone (0.60 g,
3.79 mmol) in ethanol, then stirred at room temperature for 1 h. The mixture was concentrated under
vacuum and purified with column chromatography to afford red solid 0.42 g, yield 40%. Brown solid,
yield 40%. "H NMR (400 MHz, CDCl;): 6 8.12 (d, J= 7.7 Hz, 1H), 8.06 (d, J= 7.6 Hz, 1H), 7.74 (t, J
=7.3 Hz, 1H), 7.63 (t,J=7.5 Hz, 1H), 7.13 (d, /= 8.3 Hz, 2H), 6.70 (d, J= 8.3 Hz, 2H), 6.10 (s, 1H),
5.83 (s, 1H), 4.25 (d, J = 5.5 Hz, 2H), 3.74 (s, 2H) ppm. *C NMR (101 MHz, CDCl): § 183.0, 181.9,
147.7, 146.4, 134.7, 133.7, 132.0, 130.6, 129.2, 126.3, 126.2, 125.5, 115.4, 101.4, 46.6 ppm. LRMS
(ESI+) m/z caled for [C17H 1sN20,]™: 279.11, found: 279.10 [M+H]".
(E)-N-(4-(((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)methyl)phenyl)-3-(4-hydroxy-3-
methoxyphenyl)acrylamide (5)

Triethylamine (0.55 g, 5.39 mmol) and ethyl chloroformate (0.35 g, 3.23 mmol) were added to a
solution of ferulic acid (0.31 g, 1.62 mmol) in 20 mL THF at 0 °C and stirred for 10 min. Then
intermediate 4 (0.30 g, 1.08 mmol) was added to the mixture and stirred at r.t. for 1 h. The mixture was
concentrated under vacuum, then the residue was redissolved in DCM and washed with water and brine.
The organic phase was dried over Na,SO4 and concentrated under vacuum to afford red solid. The red
solid was then dissolved in methanol and KOH (0.12 g, 2.16 mmol) was added to the mixture. After
stirring at r.t. for 10 min, the mixture was extracted with DCM and washed with water and brine. Dried
over Na,SO, and purified with column chromatography to afford red solid 75 mg, yield 15%. 'H NMR
(400 MHz, DMSO-ds): 6 10.08 (s, 1H), 9.51 (s, 1H), 8.13 (t, J = 6.4 Hz, 1H), 8.00 (d, /= 7.6 Hz, 1H),
7.91(d,J=7.6 Hz, 1H), 7.81 (t,J=7.5 Hz, 1H), 7.73 (t, J= 7.5 Hz, 1H), 7.66 (d, J= 8.3 Hz, 2H), 7.48
(d,J=15.6 Hz, 1H), 7.31 (d, J= 8.3 Hz, 2H), 7.18 (s, 1H), 7.06 (d, /= 8.1 Hz, 1H), 6.82 (d, /= 8.1 Hz,
1H), 6.63 (d, J=15.6 Hz, 1H), 5.59 (s, 1H), 4.41 (d, J = 6.3 Hz, 2H), 3.83 (s, 3H) ppm. *C NMR (101
MHz, DMSO-de): 0 182.1, 181.8, 164.4, 149.1, 148.9, 148.3, 141.1, 139.0, 135.3, 133.5, 132.7, 132.4,
130.9, 128.1 (2C), 126.7, 126.4, 125.8, 122.5, 119.7 (2C), 119.3, 116.2, 111.3, 100.9, 56.0, 45.3 ppm.
LRMS (ESI+) m/z calcd for [C27H23N20s] " 455.15, found: 455.10 [M+H]". HPLC: fr = 12.1 min, purity
96.4%. mp =209-210 °C.
(E)-N-(2-((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)ethyl)-3-(4-hydroxy-3-
methoxyphenyl)acrylamide (8a)

TEA (0.48 g, 4.74 mmol) and HBTU (0.66 g, 1.73 mmol) were added to a solution of ferulic acid
(0.31 g, 1.58 mmol) in 20 mL DCM and stirred at room temperature for 1 h. The mixture was added
dropwise to a solution of ethylenediamine (0.48 g, 7.97 mmol) in 10 mL DCM and stirred at room
temperature for 1 h. The mixture was then concentrated under vacuum till the excess of ethylenediamine
was removed. 1,4-Naphthoquinone (0.50 g, 3.16 mmol) in 20 mL ethanol was added to the residue and
stirred for 1 h. The mixture was concentrated under vacuum and purified with column chromatography
to afford orange solid 100 mg, yield 16%. 'H NMR (400 MHz, DMSO-ds): 6 9.48 (s, 1H), 8.25 (t, J =
5.8 Hz, 1H), 8.07 — 8.02 (m, 1H), 8.02 — 7.96 (m, 1H), 7.88 (td, J= 7.5, 1.2 Hz, 1H), 7.78 (td, J = 7.5,
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1.2 Hz, 1H), 7.65 (t, J= 5.8 Hz, 1H), 7.41 (d, J=15.7 Hz, 1H), 7.18 (d, /= 1.7 Hz, 1H), 7.05 (dd, J =
8.2, 1.7 Hz, 1H), 6.84 (d, J= 8.1 Hz, 1H), 6.46 (d, /= 15.7 Hz, 1H), 5.86 (s, 1H), 3.86 (s, 3H), 3.47 (q,
J=6.0 Hz, 2H), 3.35 (q, J = 6.2 Hz, 2H) ppm. *C NMR (101 MHz, DMSO-ds): 6 181.9, 166.6, 149.2,
148.8, 148.3, 139.9, 135.3, 133.6, 132.7, 130.8, 126.8, 126.3, 125.8, 122.1, 119.0, 116.1, 111.3, 100.1,
56.0,42.7,37.4 ppm. LRMS (ESI+) m/z calcd for [C22H21N2Os]™: 393.14, found: 393.10 [M+H]". HPLC:
tr = 11.0 min, purity 95.9%. mp = 194-196 °C.
(E)-N-(4-((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino) butyl)-3-(3-hydroxy-4-
methoxyphenyl)acrylamide (8b)

Compound 8b was prepared from ferulic acid, 1,4-butanediamine and 1,4-naphthoquinone in a similar
manner as described for compound 8a. Red solid, yield 3%. "H NMR (400 MHz, DMSO-dj): J 9.40 (s,
1H), 8.02-7.91 (m, 3H), 7.82 (t,J=7.5 Hz, 1H), 7.72 (t, J="7.5 Hz, 1H), 7.57 (t, /= 6.0 Hz, 1H), 7.31
(d, J=15.7 Hz, 1H), 7.11 (d, J = 1.4 Hz, 1H), 6.98 (dd, /= 8.1, 1.5 Hz, 1H), 6.79 (d, J= 8.1 Hz, 1H),
6.43 (d, J=15.7 Hz, 1H), 5.71 (s, 1H), 3.80 (s, 3H), 3.27 — 3.13 (m, 4H), 1.70 — 1.56 (m, 2H), 1.56 —
1.46 (m, 2H) ppm. *C NMR (101 MHz, DMSO-de): § 182.1, 181.7, 165.8, 149.0, 148.7, 148.3, 139.3,
135.3,133.7, 132.6, 130.9, 126.9, 126.3, 125.8, 122.0, 119.5, 116.1, 111.2, 99.8, 56.0, 42.1, 38.8, 27.2,
25.4 ppm. LRMS (ESI+) m/z caled for [C24H25N>Os]": 421.17, found: 421.10 [M+H]". HPLC: tr = 14.1
min, purity 96.3%. mp = 181-183 °C.
N-(2-((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)ethyl)cinnamamide (8c)

Compound 8¢ was prepared from cinnamic acid, ethylenediamine and 1,4-naphthoquinone in a
similar manner as described for compound 8a. Brown solid, yield 16%. '"H NMR (400 MHz, DMSO-
ds): 6 8.35 (t,J=5.8 Hz, 1H), 7.99 (dd, J= 7.7, 1.0 Hz, 1H), 7.94 (dd, J= 7.6, 1.0 Hz, 1H), 7.83 (td, J
=17.5,13 Hz, 1H), 7.73 (td, J= 7.5, 1.3 Hz, 1H), 7.61 (t,J=5.9 Hz, 1H), 7.58 — 7.55 (m, 2H), 7.46 (d,
J=15.8 Hz, 1H), 7.41 (d, /= 7.6 Hz, 2H), 7.39 — 7.37 (m, 1H), 6.60 (d, /= 15.8 Hz, 1H), 5.81 (s, 1H),
3.44 (q,J = 6.1 Hz, 2H), 3.31 (q, J = 6.1 Hz, 2H) ppm. *C NMR (101 MHz, DMSO-ds): 6 181.9 (2C),
166.1, 149.2, 139.5, 135.3, 135.3, 133.6, 132.7, 130.8, 130.0, 129.4 (2C), 128.0 (2C), 126.3, 125.8,
122.3,100.1, 42.6,37.5 ppm. LRMS (ESI+) m/z caled for [C21H19N203]": 347.13, found: 347.10 [M+H]".
HPLC: tr = 11.8 min, purity 99.8%. mp = 226-228 °C.
N-(2-((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)ethyl)-5-(1,2-dithiolan-3-yl)pentanamide (8d)

Compound 8d was prepared from 1,4-naphthquinone and lipoic acid in a similar manner as described
for compound 8a. Orange solid 24 mg, yield 3%. 'H NMR (400 MHz, DMSO-ds): 6 8.10 — 7.90 (m,
3H), 7.89 - 7.79 (m, 1H), 7.73 (t, /= 6.8 Hz, 1H), 7.51 (s, 1H), 5.76 (s, 1H), 3.61 — 3.49 (m, 1H), 3.26
—3.19 (m, 2H), 3.19 - 3.11 (m, 1H), 3.11 — 3.02 (m, 1H), 2.42 — 2.29 (m, 1H), 2.06 (t, /= 5.9 Hz, 2H),
1.90 — 1.74 (m, 1H), 1.68 — 1.56 (m, 1H), 1.56 — 1.22 (m, 7H) ppm. *C NMR (101 MHz, DMSO-dj): 6
181.9,173.2,149.2, 147.7, 135.3, 133.6, 132.7, 130.8, 126.3, 125.8, 100.0, 56.5, 46.0, 42.6, 38.5, 37.3,
35.7,34.6,28.7,25.4 ppm. LRMS (ESI+) m/z calcd for [C20H2sN203S2]": 405.12 found: 405.05 [M+H]".
HPLC: fr = 10.6 min, purity 95.6%. mp = 164-165 °C.
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N-(2-((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)ethyl)-6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxamide (8e)

Compound 8e was prepared from trolox, ethylenediamine and 1,4-naphthoquinone in a similar
manner as described for compound 8a. Orange solid 43 mg, yield 48%. 'H NMR (400 MHz, CDCl;): §
8.10 (dd, J=7.7, 0.7 Hz, 1H), 8.08 — 8.04 (m, 1H), 7.74 (td, /= 7.6, 1.3 Hz, 1H), 7.64 (td, J=7.6, 1.2
Hz, 1H), 6.75 (t, J = 6.1 Hz, 1H), 6.26 (s, 1H), 5.64 (s, 1H), 3.79 — 3.62 (m, 1H), 3.54 — 3.41 (m, 2H),
3.27 - 3.18 (m, 2H), 2.69 — 2.48 (m, 2H), 2.47 — 2.36 (m, 1H), 2.14 (s, 3H), 2.11 (s, 3H), 2.03 (s, 3H),
1.92 - 1.83 (m, 1H), 1.55 (s, 3H) ppm. *C NMR (101 MHz, CDCl3): 6 183.0, 181.3,175.9, 148.2, 145.7,
144.1,134.7,133.5, 132.1, 130.5, 126.3, 126.2, 121.8, 121.7, 119.3, 118.0, 100.8, 78.4, 43.3, 37.6, 29.6,
24.7,20.5, 12.2, 12.0, 11.3 ppm. LRMS (ESI+) m/z calcd for [CasH2oN2Os]": 449.20, found: 449.10
[M+H]". HPLC: tr = 12.0 min, purity 96.9%.

(E)-3-(3,4-diacetoxyphenyl)acrylic acid (9)

Acetic anhydride (0.56 g, 5.50 mmol) was added to a solution of caffeic acid (0.10 g, 0.55 mmol) in
5 mL pyridine and stirred at r.t. over night. The mixture was neutralized to pH 6, then excess water was
added and extracted with DCM. The organic phase was combined and washed with water and brine,
dried over Na,SO4 and concentrated under vacuum to afford white solid 0.12 g, yield 83%. '"H NMR
(400 MHz, DMSO-ds): 6 12.46 (s, 1H), 7.68 — 7.61 (m, 2H), 7.58 (d, /= 16.0 Hz, 1H), 7.32 (d, J=8.3
Hz, 1H), 6.54 (d, J = 16.0 Hz, 1H), 2.30 (s, 3H), 2.29 (s, 3H) ppm. *C NMR (101 MHz, DMSO-ds): 6
168.7,168.6, 167.8, 143.8, 142.8, 142.6, 133.6, 127.2, 124.6, 123.5, 120.8, 20.8, 20.8 ppm. LRMS (ESI+)
m/z caled for [C13H1306]": 265.06 found: 265.00 [M+H]". HPLC: fr =10.4 min.
(E)-4-(3-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3-oxoprop-1-en-1-yl)-1,2-phenylene
diacetate (10)

TEA (0.38 g, 3.79 mmol) and ethyl chloroformate (0.20 g, 1.89 mmol) were added to a solution of
intermediate 9 (0.50 g, 1.89 mmol) in 20 mL THF and stirred at 0 °C for 10 min. tert-Butyl (2-
aminoethyl)carbamate (0.36 g, 2.27 mmol) prepared from ethylenediamine, Boc,O, and TFA was added
to the mixture and stirred at r.t. for 1 h. The mixture was concentrated under vacuum and purified with
column chromatography to afford white solid 0.68 g, yield 88%. '"H NMR (400 MHz, CDCl;): 6 7.55
(d, J=15.6 Hz, 1H), 7.37 (dd, /= 8.4, 1.9 Hz, 1H), 7.33 (d, /= 1.8 Hz, 1H), 7.20 (d, /= 8.3 Hz, 1H),
6.60 (s, 1H), 6.34 (d, J=15.6 Hz, 1H), 5.06 (s, 1H), 3.53 — 3.46 (m, 2H), 3.41 — 3.28 (m, 2H), 2.32 (s,
3H), 2.31 (s, 3H), 1.46 (s, 9H) ppm. *C NMR (101 MHz, CDCls): 6 168.1, 168.1, 166.1, 155.23143.0,
142.4,139.1,133.8,126.1,123.8,122.4,121.9,79.9, 50.8 (2C), 28.4 (3C), 20.7, 20.6 ppm. LRMS (ESI+)
m/z caled for [C20H27N>07]": 407.17 found: 407.15 [M+H]". HPLC: & =10.7 min.
(E)-4-(3-((2-((1,4-dioxo-1,4-dihydronaphthalen-2-yl)amino)ethyl)amino)-3-oxoprop-1-en-1-yl)-1,2-
phenylene diacetate (12)

1 mL TFA was added dropwise to a solution of intermediate 10 (0.20 g, 0.50 mmol) in 10 mL DCM
and stirred at r.t. for 30 min. The mixture was concentrated under vacuum to afford crude intermediate

11. Intermediate 11 and TEA (51 mg, 0.50 mmol) were added to a solution of 1,4-naphthoquinone (0.16
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g, 1.00 mmol) in 5 mL DCM and stirred at r.t. for 30 min. The mixture was concentrated under vacuum
and purified with column chromatography to afford intermediate orange solid 0.18 g, yield 79%. 'H
NMR (400 MHz, DMSO-dg): 6 8.35 (t, J= 5.7 Hz, 1H), 7.99 (d, J= 7.5 Hz, 1H), 7.95 (d, /= 7.5 Hz,
1H), 7.83 (td, J= 7.5, 1.0 Hz, 1H), 7.73 (td, /= 7.5, 1.0 Hz, 1H), 7.61 (t, J= 5.9 Hz, 1H), 7.54 — 7.48
(m, 2H), 7.45 (d, J=15.8 Hz, 1H), 7.31 (d, /= 8.2 Hz, 1H), 6.58 (d, /= 15.8 Hz, 1H), 5.82 (s, 1H), 3.43
(dd, J = 12.0, 6.0 Hz, 2H), 3.33 — 3.27 (m, 2H), 2.30 (s, 3H), 2.29 (s, 3H) ppm. *C NMR (101 MHz,
DMSO-ds): 0 181.9, 168.7, 168.6, 165.9, 149.2, 143.2, 142.8, 137.8, 135.3, 134.2, 133.8, 133.6, 132.7,
130.9, 126.4, 126.3, 125.8, 124.6, 123.4, 122.8, 100.2, 42.5, 37.5, 20.82, 20.81 ppm. LRMS (ESI+) m/z
calcd for [C2sH23N207]": 463.14 found: 463.05 [M+H]". HPLC: fr =11.3 min.
(E)-3-(3,4-dihydroxyphenyl)-N-(2-((1,4-dioxo-1,4-dihydronaphthalen-2-yl)amino)ethyl)acrylamide
(13)

KOH (64 mg, 1.14 mmol) in 2 mL methanol was added dropwise to a solution of intermediate 12
(0.26 g, 0.57 mmol) in 8 mL methanol and stirred at r.t. for 10 min. The mixture was acidified to pH 4
and concentrated under vacuum. The raw product was purified with column chromatography to afford
orange solid 55 mg, yield 26%. '"H NMR (400 MHz, DMSO-d): 6 9.41 (s, 1H), 9.18 (s, 1H), 8.31 (t, J
=5.7Hz, 1H), 8.02-7.97 (m, 1H), 7.96 — 7.91 (m, 1H), 7.83 (td, /J=7.5, 1.1 Hz, 1H), 7.73 (td, J=7.5,
1.1 Hz, 1H), 7.62 (t, J= 5.8 Hz, 1H), 7.28 (d, J = 15.7 Hz, 1H), 6.97 (d, /= 1.9 Hz, 1H), 6.85 (dd, J=
8.2, 1.8 Hz, 1H), 6.76 (d, J=8.1 Hz, 1H), 6.31 (d, /= 15.7 Hz, 1H), 5.80 (s, 1H), 3.41 (dd, /J=11.8, 5.9
Hz, 2H), 3.30 (dd, J = 11.8, 5.9 Hz, 2H) ppm. *C NMR (101 MHz, DMSO-ds): 6 181.9, 181.9, 166.7,
149.2, 147.9, 146.0, 140.0, 135.3, 133.6, 132.7, 130.9, 126.7, 126.4, 125.8, 120.9, 118.5, 116.3, 114.4,
100.1,42.7,37.4 ppm. LRMS (ESI+) m/z caled for [C21H19N2Os]": 379.12 found: 379.05 [M+H]". HPLC:
tr = 10.5 min, purity = 97.9%. mp = 259-261 °C.
2-((2-(5-methoxy-1H-indol-3-yl)ethyl)amino)naphthalene-1,4-dione (14)

Compound 14 was prepared from 5-methoxytryptamine and 1,4-naphthoquinone in a similar manner
as described for intermediate 4. Red solid, yield 8%. "H NMR (400 MHz, CDCl3): 6 8.01 (dd, J= 7.7,
1.2 Hz, 2H), 7.92 (dd, /= 7.7, 1.2 Hz, 1H), 7.63 (td, J= 7.6, 1.3 Hz, 1H), 7.51 (td, J= 7.5, 1.2 Hz, 1H),
7.18 (d, J=1.2 Hz, 1H), 6.97 (d, J = 2.0 Hz, 1H), 6.94 (d, J = 2.3 Hz, 1H), 6.80 (dd, J = 8.8, 2.4 Hz,
1H), 5.95 (s, 1H), 5.70 (s, 1H), 3.78 (s, 3H), 3.41 (q, J = 6.6 Hz, 2H), 3.03 (t, J = 6.8 Hz, 2H) ppm. *C
NMR (101 M Hz, CDCls): 6 183.0, 181.8, 154.2, 147.9, 134.7,133.7, 131.9, 131.6, 130.5, 127.4, 126.2,
126.2, 123.0, 112.7, 112.2, 111.8, 100.9, 100.3, 55.9, 42.5, 24.2 ppm. LRMS (ESI+) m/z calcd for
[C21H19N205]": 347.13, found: 347.10 [M+H]". HPLC: #x = 12.1 min, purity 95.9%. mp = 166-167 °C.
2,3-Dimethoxy-5-((2-(5-methoxy-1H-indol-3-yl)ethyl)amino)cyclohexa-2,5-diene-1,4-dione (16)

Compound 16 was prepared from 2,3-dimethoxycyclohexa-2,5-diene-1,4-dione and 5-
methoxytryptamine in a similar manner as described for intermediate 4. Brown solid 23 mg, yield 5%.
"H NMR (400 MHz, CDCl3): 6 8.17 (s, 1H), 7.29 (d, J = 8.8 Hz, 1H), 7.05 (d, J = 2.2 Hz, 1H), 7.01 (d,
J=2.2Hz, 1H), 6.90 (dd, /=8.8, 2.4 Hz, 1H), 5.94 (s, 1H), 5.35 (s, 1H), 4.17 (s, 3H), 3.89 (s, 3H), 3.84
(s, 3H), 3.42 (q, J = 6.6 Hz, 2H), 3.08 (t, J = 6.8 Hz, 2H) ppm. >*C NMR (101 MHz, CDCls): 6 181.3,
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180.4, 154.2, 148.6, 145.8, 140.3, 131.6, 127.4, 123.0, 112.6, 112.2, 111.6, 100.3,95.1, 61.4, 61.1, 56.0,
42.7,24.1 ppm. LRMS (ESI+) m/z caled for [C19H21N2Os]": 357.14 found: 357.05 [M+H]". HPLC: fr =
10.7 min, purity 97.6%. mp = 108-110 °C.
(E)-N-(2-((4,5-dimethoxy-3,6-dioxocyclohexa-1,4-dien-1-yl)amino)ethyl)-3-(4-hydroxy-3-
methoxyphenyl)acrylamide (17)

Compound 17 was prepared from 2,3-dimethoxycyclohexa-2,5-diene-1,4-dione and ferulic acid in a
similar manner as described for compound 8a. Purple solid 40 mg, yield 6%. 'H NMR (400 MHz,
DMSO-ds): 6 9.46 (brs, 1H), 8.24 — 8.10 (m, 1H), 7.44 (t, /= 5.9 Hz, 1H), 7.35 (d, J = 15.7 Hz, 1H),
7.13 (d,J= 1.8 Hz, 1H), 7.00 (dd, J = 8.2, 1.8 Hz, 1H), 6.80 (d, /= 8.1 Hz, 1H), 6.40 (d, J = 15.7 Hz,
1H), 5.33 (s, 1H), 4.00 (s, 3H), 3.81 (s, 3H), 3.76 (s, 3H), 3.35 (q, /= 6.1 Hz, 2H), 3.19 (q, /= 6.1 Hz,
2H) ppm. °C NMR (101 MHz, DMSO-d): 6 180.6, 180.6, 166.6, 148.8, 148.4, 148.3, 147.0, 141.1,
139.9,126.7,122.1,119.0, 116.1, 111.3,94.5, 61.3, 61.1, 56.0, 42.8, 37.4 ppm. LRMS (ESI+) m/z calcd
for [C20H23N,07]": 403.14 found: 403.05 [M+H]". HPLC: #x = 9.8 min, purity 97.9%. mp = 75-77 °C.

DPPH Assay. To determine the antioxidant capacities, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
assay was used as previously described.'’" A stock solution (200 zM) of DPPH was freshly prepared in
MeOH. Compounds were dissolved in MeOH (5 mM) as stock solution. To start the reaction, 50 uL of
the DPPH stock solution were added to 100 L diluted compound or pure methanol as negative control.
The 96-well-plate was incubated at room temperature in the dark for 30 min and absorbance was then
determined with a microplate reader at 517 nm. The experiments were performed in triplicates. A
dilution series of the compound served as a blank to the particular compound and was subtracted from
each measurement point. The scavenging potency is expressed as the concentration that scavenged 50%

of the DPPH free radicals (ECso) determined via nonlinear regression curve.

ORAC Assay. We used the ORAC-Fluorescein method of Ou et al.'” partially modified by Davalos
et al.'® that uses fluorescein (FL) as a fluorescent probe, (+)-6-hydroxy-2,5,7,8-tetramethyl-chromane-
2-carboxylic acid (Trolox) as reference and compound 2,2’-azobis(amidinopropane) dihydrochloride
(AAPH) as peroxyl radical generator. Reactions were performed in 75 mM PBS buffer (pH 7.4), and the
final reaction mixture volume was 200 uL at 37 °C. Derivatives at the desired concentrations (20 uL)
and FL (120 L, 70 nM, final concentration) solutions were mixed in a black 96-well microplate
(SARSTEDT) and pre-incubated for 15 min at 37 °C. Subsequently, AAPH solution (60 uL, 12 mM,
final concentration) was added rapidly and the plate was placed in a TECAN microplate reader to
measure the fluorescence (485 nm excitation and 510 nm emission filters) intensity every two min for
90 min. Samples were measured at two different concentrations (2 and 4 uM). A blank (FL + AAPH in
PBS) and a calibration curve of trolox (1, 2, 4, 6, 8, 10, 12 and 15 uM) were included in each experiment.
All samples were prepared in duplicate and three independent assays were performed for each compound.

The area under the fluorescence decay curve (fluorescence vs time) (AUC) was calculated as

i=45

AUC=1+)_f/ f,
i=1
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where fj is the initial fluorescence reading at 0 min and f£; is the fluorescence reading at time 2i min.
The net AUC corresponding to a sample was calculated by subtracting the AUC corresponding to the
blank (Net AUC = AUCantioxidant — AUChiank). Linear regression equations were calculated by plotting the
net AUC against the trolox antioxidant standard concentration (R?> 0.99). ORAC-FL values were
expressed as trolox equivalents by using the standard curve calculated for each assay, where the ORAC-
FL value of Trolox was taken as 1, plot the Trolox standard curve and interpolate it to determine sample

ORAC values.

Neuroprotection Assays. HT-22 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM,
Sigma Aldrich) supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS) and 1% (v/v)
penicillin-streptomycin. Cells were subcultured every two days and incubated at 37 °C with 5% CO; in
a humidified incubator. Compounds were dissolved in DMSO (Sigma Aldrich) and diluted with medium.
Generally, 80% confluent cells were seeded with 5000 cells per well into sterile 96-well plates and were
incubated for 24 hours. For the neurotoxicity assay, previous medium was removed and 10 uM of the
compound was added to the wells. 0.05% DMSO in DMEM served as control. Cells were incubated for
24 hours. MTT solution (4 mg/mL in PBS) was diluted 1:10 with medium and added to the wells after
removal of previous medium. Cells were incubated for 3 hours when the supernatant was removed and
lysis buffer (10% SDS) was applied. The next day, absorbance at 560 nm was determined with a
multiwell plate photometer (Tecan — SpectraMax 250). Experiments were performed in triplicates.
Results are presented as percentage to untreated control cells. Data is expressed as means + SD of three
different independent experiments. Analysis was accomplished using GraphPad Prism 7 Software
applying oneway ANOVA followed by Dunnett’s multiple comparison posttest. Levels of significance:
*p <0.05; **p <0.01; ***p <0.001.

For the oxytosis assay, 5 mM glutamate (monosodium-L-glutamate, Sigma Aldrich) together with
respective compounds were added to the cells and incubated for 24 h. 25 uM quercetin (Sigma Aldrich)
together with 5 mM glutamate served as a positive control. After 24 h incubation, cell viability was
determined using a colorimetric MTT assay as described above.

For the ferroptosis assay, 3x10° cells per well were seeded into sterile 96-well plates and incubated
overnight. The next day medium was exchanged with fresh medium and 0.3 uM RSL3 was added with
vehicle (DMSO) to induce oxidative stress, or together with diluted compounds solutions for protection.
After 24 h, cell viability was determined using a colorimetric MTT assay.

For the ATP depletion assay, 3x10° cells per well were seeded into sterile 96-well plates and incubated
overnight. The next day medium was exchanged with fresh medium. 17.5 uM iodoacetic acid (IAA)
was added with vehicle (DMSO) as negative control, or together with respective compounds for
protection. After 2 h incubation at 37 °C in the incubator, medium was aspirated, and fresh medium was
applied and only the compounds at the same respective concentrations were added without IAA. After

24 h, cell viability was determined using a colorimetric MTT assay.
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4.2. Structure-Activity Relationship (SAR) Study of Quinones as Free

Radical Scavengers and Neuroprotectants

Author Contributions

Prof. Dr. Michael Decker supervised the whole study.

Feng He and Prof. Dr. Michael Decker designed all target compounds.

Feng He, under the supervision of Prof. Dr. Michael Decker, performed the synthesis of all target compounds
as well as the evaluation of their antioxidant capacities.

Julian Hofmann, under the supervision of Prof. Dr. Michael Decker, performed the neuroprotection assays.

4.2.1. Introduction

Mitochondrial dysfunction is an important hallmark for neurodegenerative disorders resulting in ATP
depletion, halting the activities of enzymes of electron transport chain (ETC), generation of reactive
oxygen species (ROS), reduction of mitochondrial DNA (mtDNA) and caspase 3 release.® Therefore,
mitochondria targeting drug discovery holds promising potential to prevent the progression of
neurodegenerative diseases.

Quinones are a family of compounds having two a,f-dienonic carbonyl groups in the same six-
membered ring. The biological effects of quinones have been reported for decades and several quinones
including CoQ10 (1, Ubiquinone), idebenone (2), MitoQ10 (3), and troloxamide quinone (4, EPI-589)
which are under clinical evaluation toward mitochondrial diseases in phases II to IV (Figure 4.2.1).'*
The application of quinones in drug discovery has been comprehensively reviewed in several recent
publications.'*'°” More specifically, CoQ10 (1) has not been reported of any clinical benefits for the
treatment of mitochondrial diseases,'® while idebenone (2) as its water-soluble analog was approved in
the EU for the treatment of Leber’s hereditary optic neuropathy (LHON).'” MitoQ10 (3) was designed
based on the membrane potential-dependent accumulation of methyl-triphenylphosphonium (MTPP)
cations in mitochondria and was found to accumulate 200-fold within the mitochondrial matrix to
prevent lipid peroxidation.''® Troloxamide quinone (4, EPI-589) is now in phase II clinical trial for
treatment of Parkinson’s disease. The Melchiorre group has identified polyamine-quinone-based multi-
target directed ligand (MTDL) memoquin (5), which showed pronounced activities targeting to
acetylcholinesterase (AChE) and BACE-1 enzymes, amyloid # (AB), and oxidative processes.'> '
Thymoquinone (6) is the main constituent of the oil extracted from Nigella sativa seeds, which was
reported as a potent superoxide anion scavenger and was neuroprotective against Apf-induced
neurotoxicity.''>'"® Anthraquinone-based compound 7 was reported by the Tonelli group as multi-target
compounds against Af aggregation, PHF6 tau fragment, AChE enzyme and MAO B for treatment of
Alzheimer’s disease (AD).'"
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Moreover, compounds 8 and 9 were identified as potent neuroprotectants in oxytosis assay with low
neurotoxicity based on the structure-activity relationship (SAR) study of vitamin K by the Chou group.*®
Oxytosis is an oxidative stress-dependent regulated cell-death pathway highly relevant to neurological
disorders, including Alzheimer’s disease (AD). It is interesting to compare different kinds of quinones
regarding their antioxidant capacity and neuroprotective effects. Thus, we have designed and
synthesized a series of quinone derivatives based on the fore-mentioned quinones (Figure 4.2.2). We
started with the amination of ubiquinone structure, which possesses two methoxyl groups in the
benzoquinone (10a-b, 11a-f). Compounds 12a-d, 13a-d, 14a-d, and 15a-d were derivated from EPI-
589 (4), memoquin (5), thymoquinone (6), and anthraquinone (7), respectively. Their antioxidant
capacity was evaluated by oxygen radical absorbance capacity (ORAC) assay, and neuroprotective

effects were studied by oxytosis assay in HT22 hippocampal cells.
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Figure 4.2.1. A selection of quinones correlated to neurodegenerative disorders.
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Scheme 4.2.1. Synthesis of Ubiquinone Derivatives 10a-b, 11a-f*
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Scheme 4.2.2. Synthes1s of Compounds 12a-d, 13a-d, 14a—d and 15a-d“

y ©
H,C CH; g H,C CH3 gN
_° . _b
_R
H,C HsC H’R H
o] o} o
21 12a, R =R?, 9% 22 13a, R=R2, 6%
12b, R =R* 6% 13b, R = R%, 24%,
12¢,R =R5 19% 13¢, R=R5, 32%
12d, R=R’, 9% 13d, R =R, 9%,
o o o o} AN R
CHj; a CH3
B —— O‘O
HsC HsC .R
N
CH; O H
3 Cl 3 (¢] e}
6 14a,R=R2 7% 2 15a, R=R2? 3%
14b, R =R* 7% 15b, R = R*, 38%
14c,R=R5 13%

14d, R =R’ 30%

15¢, R =R5, 34%
15d, R=R’, 2%

JSCUENCIER A S

R7
“Reagents and conditions: (a) (3-chlorophenyl)methanamine at r.t. for 12a and 14a, aniline at 90 °C for 12b and

14b, propan-1-amine at r.t. for 12¢ and 14¢, 4-(aminomethyl)phenol at r.t. for 12d and 14d, EtOH; (b) 3-
chlorophenyl)methanamine for 13a, aniline for 13b, propan-1-amine for 13¢, 4-(aminomethyl)phenol for 13d, air,

43



EtOH, r.t.; (c) 1) 1-(bromomethyl)-3-chlorobenzene for 15a, iodobenzene for 15b, K,CO3;, DMF, 80 °C; ii) 1-
bromopropane for 15¢, +-BuOK, DMF, 80 °C; iii) 4-hydroxybenzaldehyde for 15d, MeOH, AcOH, MgSQO,,
NaBH;CN, r.t.

4.2.2. Results and Discussion

Chemistry. In Scheme 4.2.1, the synthesis of ubiquinone derivatives 10a-b and 11a-f is described
starting from 2,3-dimethoxy-1,4-benzoquinone (16) and 2,3,4-trimethoxybenzaldehyde (17),
respectively. Compound 10a was synthesized from 2,3-dimethoxy-5-methylcyclohexa-2,5-diene-1,4-
dione (16) and sodium azide in acidic medium by similar method as described previously.''> Compound
10b was obtained through Michael addition reaction between 16 and aniline in water.''®''” Intermediate
20 was synthesized from 2,3,4-trimethoxybenzaldehyde (17) as previously described.''® Briefly, the
synthesis start with a Baeyer—Villiger oxidation of compound 17, followed by hydrolysis of the crude
formate ester (18). 2,3-Dimethoxy-1,4-benzoquinone (20) was obtained by oxidation of the intermediate
19 by ceric ammonium nitrate on silica. The amination of intermediate 20 was performed by a similar
method to compound 10a, in which 12 M HCI was replaced with acetic acid. Subsequent coupling
reaction of compound 10a using benzoic chloride provided compound 10¢. Compound 10b and 10d-f
were synthesized from intermediate 20 and corresponding amines by Michael addition reaction in
ethanol.

The synthesis of compounds 12a-d, 13a-d, 14a-d, and 15a-d, respectively is described in Scheme
4.2.2. Compounds 12a-d and 14a-d were obtained by Michael addition reaction from compounds 21
and 6, respectively. The only difference was the synthesis of compounds 12b and 14b, which needed to
be performed at 90 °C instead of room temperature due to the low reactivity of aniline. The synthesis of
compounds 13a-d was found to be exceptionally selective with corresponding amines and produced
only bis-substituted 1,4-benzoquinones in position 2 and 5 under aerobic conditions, and the target
compounds can be simply filtered and recrystallized from the reaction mixture.''* However, compound
13b was insoluble in DMSO and most organic solvents, which rendered it could not be characterized
and further tested. The synthesis of compounds 15a-¢ was carried out in DMF with K,CO; and
corresponding halides at 80 °C, while compound 15d was obtained by reductive amination from 1-

aminoanthraquinone (23) and 4-hydroxybenzaldehyde.

Physicochemical Antioxidant Parameters. Oxygen radical absorbance capacity (ORAC) assay was
used to evaluate the antioxidant capacity of quinone derivatives. 2,2-Azobis(2-amidino-
propane)dihydrochloride (AAPH) is a peroxyl radical (ROO-) generator in the ORAC assay. We focused
on the ubiquinone derivatives (10a-b, 11a-f) at the beginning. Compounds 6, 8, 9, 16, 21, 23, and
melatonin were used as reference compounds. All ubiquinone derivatives showed potent antioxidant
capacity in scavenging peroxyl radicals with ORAC values ranging from 0.8 (11¢) to 3.6 (10b),
respectively. Compounds 10a and 10b exhibit comparable ORAC values to compounds 11a and 11d,

indicating that the methyl group in ortho-position of the amine is not necessary for its radical scavenging
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capacity. Compounds 11a and 11¢ are not as active as other ubiquinone derivatives, which indicates the

benefit of electron-donating groups to improve the radical scavenging capacity.

Table 4.2.1. Antioxidant Activities of Quinone Derivatives Determined in the ORAC Assay.
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According to the potent neuroprotective effects of compound 9 from the Chou group, we used the
same (3-chlorophenyl)methanamine group to design new quinone derivatives 11b, 12a, 13a, 14a, and
15a, while all of them show no or slight antioxidant capacity, except compound 11b possessing an
ORAC value of 1.3. Based on the high ORAC values of compounds 10b and 11e, respectively, we
subsequently introduced the same phenyl and n-propyl groups and obtained compounds 12a-b, 13a-b,
14a-b, and 15a-b. The antioxidant capacity indeed improved, especially for benzene derivatives like
compounds 12b and 14b, with ORAC values of 2.9 and 2.5, respectively, which are comparable to
reference compound melatonin. Given the low water solubility of compounds 13a-b and 15a,
compounds 12d, 13d, 14d, and 15d were designed with phenolic acid groups introduced to improve the
solubility and radical scavenging capacity. As expected, compounds 12d, 13d, and 14d show highly
potent antioxidant capacity with ORAC values of 4.5, 2.9, and 3.5, respectively, while the ORAC value
of compound 15d could not be determined due to interference with its own fluorescence. All data is
shown in Table 4.2.1.

In summary, the amination of quinones could enhance their antioxidant capacity, moreover,
anthraquinone derivatives (15a-d) show lower antioxidant capacity compared with other quinones.
Compounds 12a-d show comparable ORAC values to compound 14a-d, respectively, indicating that
thymoquinone derivatives (14a-d) show similar structure-activity relationship with trimethyl-1,4-

benzoquinone derivatives (12a-d) for antioxidant capacities.

Activity in the Oxytosis Assay. The potent neuroprotective effects of vitamin K derivatives
encouraged us to further study the SAR of quinones with neuroprotection against oxytosis to identify
more potent quinone neuroprotectants. In the oxytosis assay of the Salk lab, compounds were incubated
together with 5 mM glutamate treated HT22 cells for 24 h. However, the method from the Chou group
was slightly modified, with compounds and 10 mM glutamate treated HT22 cells been incubated for 3
h. This difference rendered compound 2 showing no significant neuroprotection at 5 uM. As shown in
Figure 4.2.3, compounds 16, 10a-b and 11a-f based on ubiquinone show no or low neuroprotection at
5 uM except compounds 11c¢ and 11d.This result is not related to the reported structure-activity
relationships of vitamin K derivatives.*® Both compounds 11¢ and 11d possess electron withdrawing
groups, which indicates that electron withdrawing groups can improve the neuroprotective effects of
ubiquinone derivatives. Compounds 13a and 13c¢-d based on memoquin and 15a-d based on
anthraquinone show no neuroprotection at 5 M, which indicates that memoquin and anthraquinone are
not suitable lead compounds for neuroprotectants. Encouragingly, compounds 12a-d and 14a-d together
with their corresponding mother compounds 2,3,5-trimethyl-1,4-benzoquinone and thymoquinone show
highly potent neuroprotection at 5 uM, which makes them more potent than vitamin K and ubiquinone
derivatives, respectively. However, no obvious difference can be observed between 12a-d, neither with
14a-d, which might be due to the high concentration tested. Compounds 12a-d and 14a-d are worth to

be further studied especially at lower concentrations.
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Pan-Assay Interference Compounds (PAINS) Exclusion Assay. The PAINS exclusion assay was
done for quinone derivatives by a similar way as for hybrid vitamin K derivatives and results are
described in Appendix III. Compounds 21 and 6 without amine group attached show high reactivity
with 2-mercaptoethanol (BME), and corresponding derivatives with amine groups (12¢ and 14¢) do not
react with BME in 6 hours. Same results were observed in the reactions of compounds 11e, 13¢ 1-
aminoanthraquinone (23) and 15¢, which indicating that none of designed these aminated quinone

compounds are pan-assay interference compounds (PAINS).
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Figure 4.2.3. Neuroprotection of quinone derivatives at 5 uM against glutamate induced oxytosis in HT22 cells.
25 uM Quercetin served as a positive control (green) while 5 mM glutamate was used to induce toxicity (red).
Data is presented as means + SD of three independent experiments and results refer to untreated control cells
(black). Statistical analysis was rendered using One-way ANOVA followed by Dunnett's multiple comparison

posttest referring to cells treated with 5 mM glutamate. **p < 0.01, ***p <0.001 vs 5 mM glutamate treated group.

##p < 0.001 vs control group.

4.2.3. Conclusions

In summary, the structure-activity relationship of quinone derivatives with antioxidant capacity and
neuroprotective effects has been preliminarily studied. Inspired by vitamin K derivatives, five kinds of
different quinones including ubiquinone, 2,3,5-trimethyl-1,4-benzoquinone, memoquin, thymoquinone,
and anthraquinone derivatives have been designed and their antioxidant capacity and neuroprotective
effects have been evaluated by ORAC and oxytosis assays, respectively. 2,3,5-Trimethyl-1,4-
benzoquinone (12a-d) and thymoquinone derivatives (14a-d) were identified as potent antioxidants with
ORAC values ranging from 0.3 to 4.5, and as more potent neuroprotectants compared with other
quinones like vitamin K, ubiquinone, 2,3,5-trimethyl-1,4-benzoquinone, memoquin, thymoquinone, and
anthraquinone derivatives, which could be used as lead compounds for further mechanistic study and

regarding drug discovery for treatment of neurodegenerative disease.

4.2.4. Experimental Section

For general information see in section 4.1.4.
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2-Amino-35,6-dimethoxy-3-methylcyclohexa-2,5-diene-1,4-dione (10a)

NaNj3; (1.07 g, 16.47 mmol) was dissolved in 3 mL water and acidified with 0.5 mL 12 M HCIL. The
NaN3; solution was added to a solution of 2,3-dimethoxy-5-methylcyclohexa-2,5-diene-1,4-dione 16
(0.50 g, 2.74 mmol) in 20 mL. MeOH and stirred at 50°C for 1 h. The mixture was then neutralized to
pH = 8, excess water was added to the mixture and extracted with ethyl acetate twice. The organic phase
was combined and dried over Na;SQO4, then concentrated with vacuum and purified with column
chromatography to afford black solid 0.28 g, yield 52%. 'H NMR (400 MHz, CDCl;): 6 4.81 (brs, 2H),
4.11 (s, 3H), 3.90 (s, 3H), 1.83 (s, 3H) ppm. *C NMR (101 MHz, CDCls): § 181.8, 180.6, 147.0, 142.4,
140.3, 107.2, 61.36, 61.1, 8.5 ppm. LRMS (ESI+) m/z caled for [CoH12NO4]™: 198.07 found: 198.05
[M+H]". HPLC: tz = 7.8 min, purity 98.8%. mp = 108-110 °C.
2,3-Dimethoxy-5-methyl-6-(phenylamino)cyclohexa-2,5-diene-1,4-dione (10b)

Anilin (0.10 g, 1.10 mmol) was added to a solution of 2,3-dimethoxy-5-methylcyclohexa-2,5-diene-
1,4-dione 16 (0.20 g, 1.10 mmol) in 10 mL water and stirred at r.t. over night. The mixture was
extracted with ethyl acetate, dried over Na,SOs, purified with column chromatography to afford black
oil 45 mg, yield 15%. '"H NMR (400 MHz, CDCl3): § 7.33 (t, J= 7.8 Hz, 2H), 7.18 (s, 1H), 7.12 (t, J =
7.4 Hz, 1H), 6.95 (d, J = 7.9 Hz, 2H), 4.15 (s, 3H), 3.95 (s, 3H), 1.58 (s, 3H) ppm. *C NMR (101 MHz,
CDCls): 0 183.4, 181.9, 147.1, 140.6, 139.5, 139.2, 128.9 (2C), 124.2, 122.3 (2C), 112.6, 61.4, 61.2,
12.9 ppm. LRMS (ESI+) m/z calcd for [C1sH16NO4]™: 274.10 found: 274.05 [M+H]". HPLC: tr = 14.5
min, purity 98.4%. mp = 65-67 °C.
2,3-Dimethoxycyclohexa-2,5-diene-1,4-dione (20)

A solution of 2,3,4-trimethoxybenzaldehyde 17 (0.50 g, 2.55 mmol) in CH,Cl, (10 mL) was added
slowly to a solution of m-CPBA (77 wt%, 0.69 g, 3.06 mmol) in CH»Cl, (1 mL) at 0 °C and the mixture
allowed to warm to r.t. and stirred for 3 h. Saturated aqueous NaHCO; (10 mL) was then added and the
layers were separated. The organic phase was washed with 10% (w/v) aqueous Na,S,0s, dried over
Na,SO4 and evaporated to provide crude formate ester 18 as yellow oil. This residue was re-dissolved
in MeOH (10 mL), KOH (0.29 g, 5.10 mmol) was added and the mixture stirred at r.t. for 5 min. The
reaction was then acidified to pH 1 using 6.0 M aqueous HCI and diluted with CH,Cl,. The layers were
separated and the aqueous phase was extracted with CH»Cl, (4x). The combined organic fractions were
dried over Na,SOj4 and evaporated to provide the crude phenol 19 as orange oil. The material was carried
forward without further purification. A solution of ceric ammonium nitrate (1.49 g, 2.71 mmol) in H,O
(5 mL) was added to a flask charged with silica gel (3.0 g). CH,Cl, (60 mL) was added, followed by a
solution of the above crude product 19 in CH,Cl, (50 mL) and the mixture being stirred at r.t. for 1.5 h.
The silica was then removed by filtration, rinsing with CH,Cl,. The layers of the filtrate were separated
and the aqueous phase was extracted with CH,Cl; (2x). The combined organic fractions were evaporated.
The residue was purified by flash column chromatography to provide 20 as red solid 0.15 g, yield 35%.
"H NMR (400 MHz, CDCl;): 6 6.63 (s, 2H), 4.04 (s, 6H) ppm. LRMS (ESI+) m/z caled for [CsHoO4]":
169.04 found: 169.10 [M+H]".
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5-Amino-2,3-dimethoxycyclohexa-2,5-diene-1,4-dione (11a)

NaN3; (1.16 g, 17.80 mmol) was dissolved in 3 mL water and acidified with 1 mL AcOH. The NaN3
solution was added to a solution of intermediate 20 (0.50 g, 2.97 mmol) in 20 mL MeOH and stirred at
r.t. for 1 h. The mixture was then neutralized to pH = 8, excess water was added to the mixture and
extracted with ethyl acetate twice. The organic phase was combined and dried over Na,SOs, then
concentrated with vacuum and purified with column chromatography to afford black solid 0.23 g, yield
42%. "H NMR (400 MHz, CDCls): 6 5.48 (s, 1H), 5.09 (s, 2H), 4.07 (s, 3H), 3.81 (s, 3H) ppm. *C NMR
(101 MHz, CDCls): 6 182.2, 180.6, 147.6, 145.9, 140.7, 99.1, 61.40, 61.1 ppm. LRMS (ESI+) m/z calcd
for [CsH10NO4]™: 184.05 found: 184.05 [M+H]". HPLC: #r = 6.7 min, purity = 99.3%. mp = 125-127 °C.
N-(4,5-Dimethoxy-3,6-dioxocyclohexa-1,4-dien-1-yl) benzamide (11c)

TEA (0.56 g, 5.50 mmol) and benzoylchloride (0.77 g, 5.50 mmol) were added dropwise to a solution
of 11a (0.20 g, 1.10 mmol) in 10 mL dry THF, then stirred at 55 °C for 30 min. Excess water was added
to quench the reaction and the mixture was extracted with ethyl acetate. The organic phase was combined,
dried over Na»SOj4 and purified with column chromatography to afford orange solid 40 mg, yield 13%.
"H NMR (400 MHz, CDCl3): 6 8.98 (s, 1H), 7.91 (d, J = 7.5 Hz, 2H), 7.63 (t, J = 7.3 Hz, 1H), 7.58 —
7.52 (m, 3H), 4.17 (s, 3H), 3.99 (s, 3H) ppm. *C NMR (101 MHz, CDCl3) 6 184.1, 180.3, 165.6, 146.7,
141.7, 137.1, 133.1, 133.0, 129.1, 127.3, 112.4, 61.6, 61.4 ppm. LRMS (ESI+) m/z calcd for
[C15sH14NOs]"™: 288.08 found: 288.00 [M+H]". HPLC: & = 11.2 min, purity 99.1%. mp = 134-136 °C.
5-((3-Chlorobenzyl)amino)-2,3-dimethoxycyclohexa-2,5-diene-1,4-dione (11b)

(3-Chlorophenyl)methanamine (0.17 g, 1.19 mmol) was added to a solution of intermediate 20 (0.20
g, 1.19 mmol) in ethanol and stirred for 2 h. The mixture was concentrated under vacuum and purified
with column chromatography to afford brown solid 32 mg, yield 9%. '"H NMR (400 MHz, CDCL;): ¢
7.24-17.20 (m, 2H), 7.18 (s, 1H), 7.08 (t,J=4.0 Hz, 1H), 6.04 (s, 1H), 5.21 (s, 1H), 4.20 (d, /= 5.9 Hz,
2H), 4.08 (s, 3H), 3.80 (s, 3H) ppm. *C NMR (101 MHz, CDCLs): § 181.5, 180.4, 148.3, 145.4, 140.5,
137.8, 135.0, 130.3, 128.4, 127.5, 125.6, 96.4, 61.4, 61.1, 46.3 ppm. LRMS (ESI+) m/z caled for
[C15sH1sCINO4]": 308.06 found: 308.00 [M+H]". HPLC: fr = 11.2 min, purity = 96.1%. mp = 132-134
°C.
2,3-Dimethoxy-5-(phenylamino)cyclohexa-2,5-diene-1,4-dione (11d)

Compound 11d was prepared from intermediate 20 and aniline in a similar manner as described for
compound 11b. Black solid, yield 26%. 'H NMR (400 MHz, CDCl;): 6 7.46 (s, 1H), 7.44 — 7.38 (m,
2H), 7.25 — 7.17 (m, 3H), 6.00 (s, 1H), 4.20 (s, 3H), 3.94 (s, 3H) ppm. *C NMR (101 MHz, CDCl;): §
182.4, 180.8, 148.0, 142.2, 140.6, 137.4, 129.7 (2C), 125.6, 122.2 (2C), 98.0, 61.5, 61.2 ppm. LRMS
(ESI+) m/z caled for [C14H14NO4]™: 260.08 found: 260.05 [M+H]". HPLC: tx = 11.1 min, purity 98.3%.
mp = 110-112 °C.
2,3-Dimethoxy-5-(propylamino)cyclohexa-2,5-diene-1,4-dione (11e)

Compound 11e was prepared from intermediate 20 and 1-propylamine in a similar manner as

described for compound 11b. Black solid, yield 2%. '"H NMR (400 MHz, CDCls): 6 5.73 (s, 1H), 5.21
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(s, 1H), 4.09 (s, 3H), 3.78 (s, 3H), 2.99 (q, /= 6.8 Hz, 2H), 1.66 — 1.55 (m, 2H), 0.92 (t, /= 7.4 Hz, 3H)
ppm. *C NMR (101 MHz, CDCl3): § 181.2, 180.6, 148.6, 145.9, 140.3, 95.0, 61.4, 61.1, 44.4, 21.5,
11.5 ppm. LRMS (ESI+) m/z caled for [C11HgNO4]": 226.10 found: 226.05 [M+H]". HPLC: & = 9.5
min, purity 95.8%. mp = 81-83 °C.

5-(Hexylamino)-2,3-dimethoxycyclohexa-2,5-diene-1,4-dione (11f)

Compound 11f was prepared from intermediate 20 and hexylamin in a similar manner as described
for compound 11b. Brown solid, yield 2%. '"H NMR (400 MHz, CDCl;): 6 5.72 (s, 1H), 5.20 (s, 1H),
4.09 (s, 3H), 3.78 (s, 3H), 3.01 (q, J = 6.8 Hz, 2H), 1.62 — 1.51 (m, 2H), 1.34 — 1.21 (m, 6H), 0.83 (t, J
= 6.8 Hz, 3H) ppm. *C NMR (101 MHz, CDCls): § 181.2, 180.6, 148.6, 145.9, 140.2, 94.9, 61.4, 61.1,
42.8,31.4,28.1,26.7,22.5,14.0 ppm. LRMS (ESI+) m/z calcd for [C14H22NO4]": 268.15 found: 268.10
[M+H]". HPLC: tr = 12.0 min, purity 99.0%. mp = 84-86 °C.
2-((3-Chlorobenzyl)amino)-3,5,6-trimethylcyclohexa-2,5-diene-1,4-dione (12a)

(3-Chlorophenyl)methanamine (140 mg, 1.00 mmol) was added to a solution of 2,5,6-trimethyl-1,4-
benzoquinone 21 (150 mg, 1.00 mmol) in 15 mL EtOH, then stirred at 70 °C overnight. The mixture
was concentrated and purified with column chromatography to afford brown solid 37 mg, yield 13%.
"H NMR (400 MHz, CDCl3): § 7.32 — 7.26 (m, 3H), 7.18 — 7.14 (m, 1H), 4.62 (s, 2H), 2.05 (s, 3H), 2.04
(s, 3H), 2.00 (s, 3H) ppm. *C NMR (101 MHz, CDCl;): 6 186.4, 184.6, 143.6, 143.5, 141.1, 136.1,
134.8, 130.2, 127.9, 127.1, 125.0, 110.0, 48.4, 13.1, 12.0, 10.6 ppm. LRMS (ESI+) m/z calcd for
[C16H17CINO,]": 290.09 found: 290.05 [M+H]". HPLC: g =13.1 min, purity 99.3%. mp = 90-91 °C.
2,3,5-Trimethyl-6-(phenylamino)cyclohexa-2,5-diene-1,4-dione (12b)

2,5,6-Trimethyl-1,4-benzoquinone 21 (0.10 g, 0.67 mmol) and aniline (62 mg, 0.67 mmol) were
refluxed in 5 mL ethanol for two days. The mixture was concentrated and purified with column
chromatography to afford 5 mg brown solid, yield 3%. 'H NMR (400 MHz, CDCl;): § 7.23 (t, J=7.9
Hz, 2H), 7.02 — 6.98 (m, 2H), 6.83 (d, J= 7.9 Hz, 2H), 2.00 (s, 3H), 1.97 (s, 3H), 1.54 (s, 3H) ppm. *C
NMR (101 MHz, CDCls): 6 187.2,184.9,143.3,140.1, 136.8, 128.8 (2C), 123.6 (2C), 121.8 (2C), 116.0,
13.3,13.0, 12.0 ppm. LRMS (ESI+) m/z calcd for [CisH16NO2]™: 242.11, found: 242.10 [M+H]". HPLC:
tr =12.6 min, purity 95.3%. mp = 86-88 °C.
2,3,5-Trimethyl-6-(propylamino)cyclohexa-2,5-diene-1,4-dione (12c)

Compound 12¢ was prepared from 2,5,6-trimethyl-1,4-benzoquinone 21 and 1-propylamin in a
similar manner as described for compound 12a. Purple solid, yield 19%. 'H NMR (400 MHz, CDCl;):
05.27 (brs, 1H), 3.33 (t, J= 7.1 Hz, 2H), 2.00 (s, 3H), 1.96 (s, 3H), 1.89 (s, 3H), 1.61 — 1.49 (m, 2H),
0.90 (t, J = 7.4 Hz, 3H) ppm. >*C NMR (101 MHz, CDCl;): 6 186.3, 184.8, 143.9, 143.7, 135.7, 108.5,
47.0,24.1,13.1,11.9,11.2, 10.6 ppm. LRMS (ESI+) m/z caled for [C12HsNO,]": 208.13, found: 208.10
[M+H]". HPLC: g =12.3 min, purity 95.5%. mp = 51-52 °C.
2-((4-Hydroxybenzyl)amino)-3,5,6-trimethylcyclohexa-2,5-diene-1,4-dione (12d)

Compound 12d was prepared from 2,5,6-trimethyl-1,4-benzoquinone 21 and 4-(aminomethyl)phenol
in a similar manner as described for compound 12a. Purple solid 16 mg, yield 9%. '"H NMR (400 MHz,
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CDCl3): 6 7.05 (d, J = 8.4 Hz, 2H), 6.75 (d, J = 8.4 Hz, 2H), 5.57 (s, 1H), 5.21 (s, 1H), 4.47 (s, 2H),
2.00 (s, 3H), 1.96 (s, 3H), 1.90 (s, 3H) ppm. *C NMR (101 MHz, CDCl5): § 186.6, 184.7, 155.3, 143.9,
143.7,136.0, 130.9, 128.7 (2C), 115.8 (2C), 109.3, 48.8, 13.2, 11.9, 10.7 ppm. LRMS (ESI+) m/z calcd
for [C16H1sNO5]": 272.12, found: 272.10 [M+H]". HPLC: tr =11.5 min, purity 95.1%. mp = 133-135 °C.
2,5-Bis((3-chlorobenzyl)amino)cyclohexa-2,5-diene-1,4-dione (13a)

(3-Chlorophenyl)methanamine (260 mg, 1.85 mmol) was added to a solution of 1,4-benzoquinone
(100 mg, 0.93 mmol) in EtOH and stirred violently at room temperature, the solution was left to exposure
in the air. The red precipitation was filtered and washed with petrolether and EtOH, then dried to afford
yellow solid 21 mg, yield 6%. '"H NMR (400 MHz, DMSO-ds): J 8.32 (t, J = 6.7 Hz, 2H), 7.40 — 7.38
(m, 2H), 7.36 (d, J = 7.6 Hz, 2H), 7.34 — 7.30 (m, 2H), 7.29 — 7.24 (m, 2H), 5.22 (s, 2H), 4.38 (d, J =
6.7 Hz, 4H) ppm. *C NMR (101 MHz, DMSO-ds): § 178.4 (2C), 151.2 (2C), 140.6 (2C), 133.6 (2C),
130.8 (2C), 127.6 (2C), 127.6 (2C), 126.4 (2C), 93.9 (2C), 44.9 (2C) ppm. mp = 232-234 °C.
2,5-Bis(propylamino)cyclohexa-2,5-diene-1,4-dione (13c)

Compound 13¢ was prepared from 1,4-benzoquinone and 1-propylamine in a similar manner as
described for compound 13a. Red solid 0.13 g, yield 32%. "H NMR (400 MHz, DMSO-ds): 6 7.71 (t, J
= 5.8 Hz, 2H), 5.25 (s, 2H), 3.10 (q, /= 6.7 Hz, 4H), 1.65 — 1.48 (m, 4H), 0.87 (t, /= 7.4 Hz, 6H) ppm.
C NMR (101 MHz, DMSO-ds): 6 177.8 (2C), 151.9 (2C), 92.4 (2C), 43.9 (2C), 21.4 (2C), 11.8 (2C)
ppm. LRMS (ESI+) m/z caled for [C12H1sN20,]": 223.14, found: 223.15 [M+H]". HPLC: fr =10.5 min,
purity 97.3%. mp = 167-169 °C.
2,5-Bis((4-hydroxybenzyl)amino)cyclohexa-2,5-diene-1,4-dione (13d)

Compound 13d was prepared from 1,4-benzoquinone and 4-(aminomethyl)phenol in a similar manner
as described for compound 13a. Yellow solid 0.13 g, yield 20%."H NMR (400 MHz, DMSO-ds): § 9.30
(s, 2H), 8.14 (t, J=5.5 Hz, 2H), 7.10 (d, /= 8.4 Hz, 4H), 6.71 (d, J = 8.4 Hz, 4H), 5.20 (s, 2H), 4.24 (d,
J = 5.4 Hz, 4H) ppm. *C NMR (101 MHz, DMSO-ds): § 178.1 (2C), 157.0 (2C), 151.4 (2C), 129.1
(4C), 127.9 (2C), 115.7 (4C), 93.5 (2C), 45.2 (2C) ppm. LRMS (ESI+) m/z calcd for [C2oH19N204] "
351.13, found: 351.15 [M+H]". mp = 255-256 °C.
3-((3-Chlorobenzyl)amino)-5-isopropyl-2-methylcyclohexa-2,5-diene-1,4-dione (14a)

Compound 14a was prepared from thymoquinone and (3-chlorophenyl) methanamine in a similar
manner as described for compound 12a. Black solid 26 mg, yield 7%. '"H NMR (400 MHz, CDCl;): ¢
7.26 —7.17 (m, 3H), 7.10 — 7.06 (m, 1H), 6.35 (s, 1H), 5.65 (s, 1H), 4.56 (s, 2H), 2.97 — 2.84 (m, 1H),
1.94 (s, 3H), 1.05 (d, J = 6.9 Hz, 6H) ppm. >*C NMR (101 MHz, CDCl;):  187.0, 184.4, 150.1, 144.2,
141.0, 134.9, 132.9, 130.2, 128.0, 127.1, 125.0, 109.7, 48.5, 26.6, 21.3 (2C), 10.2 ppm. LRMS (ESI+)
m/z caled for [C17H9CINO,]": 304.10, found: 304.05 [M+H]". HPLC: #r =13.3 min, purity 99.3%. mp
= 65-66 °C.
5-Isopropyl-2-methyl-3-(phenylamino)cyclohexa-2,5-diene-1,4-dione (14b)

Compound 14b was prepared from thymoquinone and aniline in a similar manner as described for

compound 12b. Purple solid, yield 7%. "H NMR (400 MHz, CDCl;): 6 7.28 — 7.21 (m, 2H), 7.05 — 6.98
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(m, 2H), 6.86 (d, J= 7.7 Hz, 2H), 6.43 (d, J = 1.2 Hz, 1H), 3.05 — 2.91 (m, 1H), 1.53 (s, 3H), 1.10 (s,
3H), 1.08 (s, 3H) ppm. *C NMR (101 MHz, CDCls): 6 187.7, 184.7, 150.8, 140.7, 139.9, 132.7, 128.8
(20), 123.9, 122.1 (2C), 115.5, 26.7, 21.4 (2C), 12.9 ppm. LRMS (ESI+) m/z calcd for [C1¢Hi1sNO>]"™:
256.13, found: 256.10 [M+H]". HPLC: fr =12.8 min, purity 97.6%. mp = 62-64 °C.
5-Isopropyl-2-methyl-3-(propylamino)cyclohexa-2,5-diene-1,4-dione (14c)

Compound 14¢ was prepared from thymoquinone and 1-propylamine in a similar manner as described
for compound 12a. Purple solid, yield 13%. '"H NMR (400 MHz, CDCl;): 6 6.33 (s, 1H), 3.37 (t, J=17.1
Hz, 2H), 2.95 — 2.80 (m, 1H), 2.00 (s, 3H), 1.63 — 1.48 (m, 2H), 1.03 (d, /= 6.9 Hz, 6H), 0.91 (t, J =
7.4 Hz, 3H) ppm. *C NMR (101 MHz, CDCl3): 6 186.8, 184.7, 149.7, 144.5, 133.2, 108.2, 47.0, 26.5,
24.1, 21.3 (2C), 11.2, 10.2 ppm. LRMS (ESI+) m/z calcd for [Ci3H2NO,]": 222.14, found: 222.10
[M+H]". HPLC: tr =12.6 min, purity 98.6%. mp = 32-34 °C.
3-((4-Hydroxybenzyl)amino)-5-isopropyl-2-methylcyclohexa-2,5-diene-1,4-dione (14d)

Compound 14d was prepared from thymoquinone and 4-(aminomethyl)phenol in a similar manner as
described for compound 12a. Black solid, yield 30%. 'H NMR (400 MHz, CDCls): 6 7.07 (d, J = 8.3
Hz, 2H), 6.78 (d, J = 8.4 Hz, 2H), 6.35 (s, 1H), 5.55 (s, 2H), 4.51 (s, 2H), 2.99 — 2.79 (m, 1H), 2.01 (s,
3H), 1.03 (d, J = 6.9 Hz, 6H) ppm. °C NMR (101 MHz, CDCls): 6 187.2, 184.5, 155.5, 150.0, 144.5,
133.1, 130.5, 128.7 (2C), 115.9 (2C), 108.8, 48.8, 26.6, 21.3 (2C), 10.3 ppm. LRMS (ESI+) m/z calcd
for [C17H20NO3]": 286.14, found: 286.10 [M+H]". HPLC: fr =11.8 min, purity 95.2%. mp = 136-138 °C.
1-((3-Chlorobenzyl)amino)anthracene-9,10-dione (15a)

K>CO; (760 mg, 5.40 mmol) and (3-chlorophenyl)methanamine (368 mg, 1.84 mmol) were added to
a solution of 1-aminoanthraquinone (400 mg, 1.79 mmol) in 5 mL DMF, then stirred at 80 °C overnight.
Excess water was added to the mixture, red solid was precipitated and filtered. The red solid was then
purified with column chromatography and recrystallization in a solution of petrolether : EtOAc = 100 :
1 to afford red solid 19 mg, yield 3%. "H NMR (400 MHz, CDCl;): 6 10.18 (s, 1H), 8.37 — 8.30 (m, 1H),
8.31 — 8.24 (m, 1H), 7.85 - 7.73 (m, 2H), 7.67 (d, J = 6.8 Hz, 1H), 7.57 — 7.50 (m, 1H), 7.39 (s, 1H),
7.33 —7.29 (m, 3H), 6.98 (d, J = 8.5 Hz, 1H), 4.61 (s, 2H) ppm. *C NMR (101 MHz, CDCl;): 6 183.6,
183.0, 135.4,134.8, 134.0, 133.2, 130.9, 130.2, 128.9, 127.7 (2C), 127.1, 126.8 (3C), 124.9 (2C), 118.1,
116.4, 100.0, 46.5 ppm. LRMS (ESI+) m/z caled for [C2HisCINO,]": 348.07, found: 348.05 [M+H]".
HPLC: tr =14.6 min, purity 97.3%. mp = 228-230 °C.
1-(Phenylamino)anthracene-9,10-dione (15b)

Compound 15b was prepared from 1-aminoanthraquinone and iodobenzene in a similar manner as
described for compound 15a. Red solid 51 mg, yield 38%. "H NMR (400 MHz, CDCl;): 6 11.28 (s, 1H),
8.24 (d, J=7.7 Hz, 1H), 8.19 (dd, J=17.5, 0.7 Hz, 1H), 7.75 — 7.60 (m, 3H), 7.46 — 7.37 (m, 2H), 7.34
(t,J=7.8 Hz, 2H), 7.24 (d, J= 7.8 Hz, 2H), 7.14 (t,J= 7.3 Hz, 1H) ppm. *C NMR (101 MHz, CDCl;):
0 185.5,183.5, 149.3, 139.4, 135.0, 134.9, 134.7, 134.1, 133.3, 133.1, 129.6 (2C), 126.9, 126.9, 125.2,
124.2 (2C), 120.0, 117.8, 114.2 ppm. LRMS (ESI+) m/z caled for [C20H14NO,]": 300.09, found: 300.05
[M+H]". HPLC: tr =14.7 min, purity 99.4%. mp = 145-146 °C.
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1-(Propylamino)anthracene-9,10-dione (15c)

t-BuOK (101 mg, 0.90 mmol) and 1-brompropan were added to a solution of 1-aminoanthraquinone
(0.10 g, 0.45 mmol) in 2 mL DMF and stirred at 80 °C for 4 h. Excess water was added to the mixture
and extracted with EA. The combined organic phase was washed with water and brine, dried over
Na,S0s, concentrated under vacuum and purified with column chromatography to afford red solid 41
mg, yield 34%. '"H NMR (400 MHz, CDCl3): 6 9.69 (s, 1H), 8.23 — 8.13 (m, 2H), 7.72 — 7.58 (m, 2H),
7.53(d,J=7.1 Hz, 1H), 7.47 (t,J=7.9 Hz, 1H), 7.01 (d, J= 8.4 Hz, 1H), 3.24 (t,J=7.0 Hz, 2H), 1.85
—1.65 (m, 2H), 1.02 (t, J= 7.4 Hz, 3H) ppm. >*C NMR (101 MHz, CDCl;): § 185.0, 183.8, 151.5, 135.3,
135.0,134.7,133.9,133.1,132.9,126.7,126.7, 118.2,115.9, 113.1,45.0, 22.4, 11.7 ppm. LRMS (ESI+)
m/z caled for [C17H16NO2]"™: 266.11, found: 266.05 [M+H]". HPLC: tx =14.3 min, purity 96.5%. mp =
147-148 °C. (Ref. Labbook FH-II1-94)
1-((4-Hydroxybenzyl)amino)anthracene-9,10-dione (15d)

MgS04(1.0 g, 8.33 mmol), 4-hydroxybenzaldehyde (0.28 g, 2.25 mmol), and 1 mL AcOH were added
to a solution of AQ (0.50 g, 2.25 mmol) in 40 mL MeOH, then stirred at r.t. over night. NaBH3;CN (0.70
g, 11.25 mmol) was added to the mixture and stirred at r.t. for 6 h. The insoluble solid was filtered out
and washed with MeOH. MeOH solution was collected and concentrated under vacuum. The residue
was redissolved in ethyl acetate and washed with water and brine, dried over Na,SOy, purified with
column chromatography to afford red solid 18 mg, yield 2%. "H NMR (400 MHz, DMSO-ds): 6 9.91 (t,
J=5.4Hz, 1H), 9.39 (s, 1H), 8.22 — 8.16 (m, 1H), 8.13 (dd, /= 7.7, 1.0 Hz, 1H), 7.89 (td,J=7.5, 1.3
Hz, 1H), 7.84 (td, J = 7.5, 1.2 Hz, 1H), 7.65 — 7.59 (m, 1H), 7.44 (d, /= 7.2 Hz, 1H), 7.29 — 7.18 (mm,
3H), 6.77 (d, J= 8.4 Hz, 2H), 4.49 (d, J = 5.5 Hz, 2H) ppm. *C NMR (101 MHz, DMSO-dj): J 184.6,
183.3, 157.1, 151.5, 136.0, 135.0, 134.8, 134.4, 134.0, 132.8, 129.2 (2C), 128.8, 126.9, 126.7, 119.4,
115.9 (20), 115.7, 112.7, 46.2 ppm. LRMS (ESI+) m/z calcd for [C21HsNOs]": 330.11, found: 330.05
[M+H]". HPLC: tz =13.3 min, purity 96.7%. mp = 227-229 °C.

ORAC assay and Oxytosis assay were performed as described before (Chapter 4.1.4).
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4.3. Design, Synthesis, Photophysicochemical Characterization and Bio-

Evaluation of Photoswitchable HDAC6 Inhibitors

Author Contributions

Prof. Dr. Michael Decker supervised the whole study.

Feng He and Prof. Dr. Michael Decker designed all target compounds

Feng He, under the supervision of Prof. Dr. Michael Decker, performed the synthesis of all target
compounds as well as the photophysicochemically characterization.

Prof. Dr. C. James Chou performed HDACsS inhibition assay.
4.3.1. Introduction

Chemotherapy is one of the crucial strategies for the treatment of cancer, while the systemic
distribution of chemotherapeutic drugs decreases their efficacy and induces severe side effects due to
non-selective toxicity.'* Photopharmacological agents exhibit light-dependent biological activity and
may have promising potential in the development of cancer therapy with reduced side-effects benefiting
from high spatiotemporal control of light usage.'?! Histone deacetylase 6 (HDACG6) have been reported
to be a potential target for further investigation regarding therapeutic applications in autoimmune
disorders and neurodegenerative diseases and as an anticancer agent, alone or in combination with other
approved drugs.'?? Photoswitchable HDAC inhibitors have been developed previously and showed
promising potential for chemotherapy and optical control of epigenetic states.”* 7> 77

In this work, encouraged by the potent HDACG6 inhibition of melatonin derived compound A from
our previous study,”* we have designed two series of photochromic HDAC6 inhibitors incorporate with
3-arylazoindole photoswitch (Figure 4.3.1a). The 3-arylayoindole photoswitch can switch from trans-
isomer to cis-isomer by irradiation at 400 nm light instead of commonly used 365 nm UV light, which
is better tolerated in cells-based pharmacological assays.'”® HDAC inhibitors normally include a zinc
binding group (ZBG, e.g., hydroxamic acid), a linker mimicking the lysine chain, and a cap group, which
is usually an aromatic group that can interact with the external surface of the enzyme.®” Compounds 6a-
f were firstly designed by adopting 3-arylazoindole group as the cap group to investigate the different
effects of cis/trans isomers in the surface of HDACG6 binding site. The thermal stabilities of their cis-
isomers are essential properties, which can decide their further application. Long thermal lifetimes are
convenient for biological evaluation and are desired for applications such as molecular storage or logic
devices, respectively.'?* Fast relaxing photoswtichable molecules are preferably used in real-time optical
information transmitting materials or in in vivo studies.'” '** The thermal halflives of cis-isomers of
compounds 6a-f in DMSO are ranging from 0.7 — 150.2 min (Table 4.3.1), respectively. However, their
thermal halflives decrease to 0.1 — 2.2 min in buffer solution, which renders them inconvenient for
further biological evaluation. Compounds 9a-b were designed with multiple fluorinated substituents to

produce a pull-pull system, expecting an improvement on thermal stability.
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To rationally design “cis-on” molecules, compounds 11a-b and 14a-f were designed by using
phenylazo group as the linker to make their corresponding cis-isomers own more suitable length of
linker instead of trans-isomer with rigid and longer linker group, which were expected to produce more
potent and highly selective HDACG6 inhibition with the cis-isomers. In total sixteen 3-arylazoindole-
based target compounds have been synthesized and photophysicochemically characterized. Some of
their cis-isomers show good thermal stabilities in DMSO, but none of them is stable enough in the buffer
solution, which makes them inconvenient for further biological evaluation. To avoid the fast
isomerization of cis-isomers, we further designed a new series of photoswitchable HDACG6 inhibitors
based on an azoquinoline photoswitch (2) and HDAC6 inhibitor B (Figure 4.3.1b)."”” Accordingly,
azoquinoline photoswitches show similar photophysicochemical properties to azobenzene, and the half-
lives of corresponding cis-isomers mainly depend on the push-pull system of substitution, not the
solvents.'”® Similar to the design strategy of compounds 11a-b and 14a-f, azoquinoline-based
compounds 17, 19a-b, 21a-b, 23 and 26 used phenylazo group as the linker and were expected to
produce a cis-on effect. More specifically, compounds 19a-b and 26 maintain the amino groups to
produce push-pull effects with para benzoyl groups, which makes them possess the ability of visible

light conversion.
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Figure 4.3.1. Design of photoswitchable HDACG6 inhibitors
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4.3.2. Results and Discussion

Chemistry. The synthesis of compounds 6a-f starting from indole or 5-methoxylindole is described
in Scheme 4.3.1. Intermediates 4a-f were synthesized through corresponding diazonium salts, followed
by substitution with methyl 4-(bromomethyl)benzoate in DMF at 80 °C to afford corresponding ester
intermediates Sa-f. More specifically, biphenyl intermediates 4a and 4c¢ are byproduct during the
synthesis of intermediates 4b and 4d, respectively. Target compounds 6a-f were obtained in the usual
way from corresponding ester intermediate 5a-f, NH,OH-HCI, and KOH in methanol. In Scheme 4.3.2,
the synthesis of two fluoride compounds 9a-b is described, which is similar to the synthesis of

compounds 6a-b.

Scheme 4.3.1. Synthesis of Compounds 6a-f*
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“Reagents and Conditions: (a) i) corresponding para-substituted aniline, 50% HBF4 aq., NaNO; aq., -15 °C; ii) sat.
Na,COs aq, MeOH, 0 °C, 30% - 60%; (b) methyl 4-(bromomethyl) benzoate, K,CO3;, DMF, 80 °C, 63% - 92%; (c)

NH>,OH-HCI, KOH, MeOH, r.t., 20% - 55%.

Scheme 4.3.2. Synthesis of Compounds 9a-b*
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6a, Ry = Methoxy, R, = Ph

6b, Ry = Methoxy, R, =H

6c, Ry =H, Ry =Ph

6d, Ry=H,R;=H

6e, R; = Methoxy, R, = CI

6f, R, = Methoxy, R, = Methoxy



“Reagents and Conditions: (a) i) 4-fluoroaniline, 50% HBF, aq., NaNO; aq., -15 °C; ii) sat. Na,CO3 aq, MeOH, 0
°C, 22% - 31%; (b) methyl 4-(bromomethyl) benzoate, K,COs, DMF, 80 °C, 87% - 99%; (c) NH,OH-HCI, KOH,
MeOH, r.t., 26% - 37%.

Scheme 4.3.3. Synthesis of Compounds 11a-b and 14a-f*
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2Reagents and Conditions: (a) methyl 4-aminobenzoate, 50% HBF4 aq., NaNO, aq., -15 °C; ii) sat. Na,COj aq,
MeOH, 0 °C, 40% - 60%; (b) corresponding halide, K,CO3;, DMF, 80 °C, 70% - 90%; (c) NH,OH-HCI, KOH,
MeOH, r.t., 20% - 50%.

Scheme 4.3.3 describes the synthesis of compounds 11a-b and 14a-f starting from 5-substituted
indoles. Intermediates 10a-¢ were synthesized through diazonium salts by a similar method with the
synthesis of intermediates 4a-f. Intermediates 12a-b were synthesized from 3a by reacting with
iodomethane and 1-brombutane, respectively, subsequent azo coupling reaction with diazonium salts
afforded intermediates 13a-b. Intermediates 10a-c reacted with iodomethane or benzyl bromide in a
suspension of K,COj3 in DMF to afford intermediates 13c-f. Compounds 11a-b and 14a-f were obtained
from corresponding ester intermediates by a similar method with the synthesis of other target compounds,
and also the target compounds described in Scheme 4.3.4.

In Scheme 4.3.4, the synthesis of azoquinoline-based compounds 17, 19a-b, 21a-b, 23 and 26 is
described. The synthesis of compounds 17, 19a-b, 21a-b and 23 started from 8-aminoquinoline, while
the synthesis of compound 26 started from 5-aminoquinoline. Intermediate 16 was synthesized by Mills
reaction from 8-aminoquinoline and the nitroso intermediate was prepared from methyl 4-
aminobenzoate. Intermediates 18a-b were obtained by azo coupling reaction from 8-aminoquinoline

and corresponding diazonium salts prepared from methyl 4-aminobenzoate and methyl 4-amino-3-
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fluorobenzoate, respectively. The reductive deamination of intermediates 18a-b was performed through
diazonium salts and the subsequent reduction by copper powder to afford intermediates 20a-b. The
transformation of arylamine intermediate 18a to aryl halide intermediate 22 was performed via NaNO,
and concentrated hydrogen chloride in DMSO. Intermediate 25 was synthesized from 5-aminoquinoline
(24) by a similar method with the synthesis of intermediate 18a. All target compounds were obtained in

a similar method from corresponding ester intermediates with NH,OH-HCI, and KOH in methanol.

Scheme 4.3.4. Synthesis of Compounds 17, 19a-b, 21a-b, 23 and 26*
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“Reagents and Conditions: (a) i) methyl 4-aminobenzoate, oxone, DCM, water, r.t.; ii) TFA, AcOH, r.t., 3%; (b)
NH,OH-HCI, KOH, MeOH, r.t.,, 14% - 42%; (c) i) methyl 4-aminobenzoate for 18a, methyl 4-amino-3-
fluorobenzoate for 18b, 50% HBF4 aq., NaNO; aq., -15 °C; ii) sat. Na,COs aq., MeOH, 0 °C, 62% - 71%; (d) 1)
50% HBF, aq., NaNO; aq., -15 °C; ii) copper powder, NaNO, aq., water, r.t., 6% - 7%; (¢) 37% HCI, NaNO,,
DMSO, r.t., 12%.

Photophysicochemical Properties. Photophysicochemically characterization of photoswitchable
compounds is essential to screen suitable compounds for further tests, which were evaluated by UV/vis
spectroscopy. In total 23 target compounds have been designed, synthesized and
photophysicochemically characterized. As shown in Table 4.3.1, 3-arylazoindole-based compounds 6a-
f, 9a-b, 11a-b, and 14a-f can achieve the maximal photoconversion from trans-isomers to cis-isomer
by irradiation at 385 nm UV light, except NH-containing compounds 11a-b, which switch from trans

58



to cis by irradiation at 400 nm. By irradiation at 530 nm green light, their cis-isomers show highest
conversion to corresponding frans-isomers. Besides, halflives of their cis-isomers in both DMSO and
buffer are presented. Interestingly, the half-lives are highly dependent on their substitution pattern and
the solvents. For example, the halflives of cis-isomers of compounds 10a-b in DMSO are too short to
be measured, which is probably due to the different isomerization pathway between substituted and NH-
containing compounds reported by Simeth et al.'* Compound 9b possesses the longest half-live (848.9
min) of its cis-isomer in DMSO, while the half-life decrease to 1.5 min in buffer. The short half-lives in
buffer can be observed in all 3-arylazoindole-based compounds, which was probably caused by the

proton-transfer mechanism in protic solvents of 3-arylazoindole photoswitches.'*’

Table 4.3.1. Structures of 3-arylazoindole-based target compounds, and their half-lives of

respective cis-isomers in DMSO or HDAC buffer, at 30 °C and in darkness.”
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6a .OCH,  -Ph - 383 15.1 461 33 23 22
6b .OCH,  -H ; 375 18.9 nd nd 569 0.1
6¢ H -Ph ; 385 19.5 462 40 5.5 0.9
6d H H ; 37 233 nd nd 1502 04
6e OCH;,  -Cl - 382 18.7 nd nd 0.7 0.7
of .OCH; -OCH, - 383 26 43 43 63.2 0.6
9a ; ; ; 377 20.1 456 41 99.9 0.9
9b F F ; 366 2.4 411 28 848.9 1.5
11a H ; H 386 4138 nd nd <0.1 <0.1
11b -Br ; H 381 17.8 nd nd <01 <01-
14a -OCH; - Me 401 16.1 nd nd 0.9 <0.1
14b -OCH, ; -Bu 397 17.7 nd nd 2.1 <0.1
14¢ H ; Me 394 13.9 nd nd 58 <0.1
14d H ; -Bn 381 232 nd nd 346 0.2
14e -Br ; -Bn 380 20.1 nd nd 159.5 32
14f F ; -Bn 377 23.0 nd nd 135.6 12

Ymax (T—7*, n—1*) represents the wavelength at the maximal absorption of the 7—n* and n—x* transition bands, respectively.
The molar extinction coefficients € (n—n*, n—n*) were calculated according to the Lambert—Beer formula. The tests were
performed in HDAC assay buffer (pH 7.4), while all the n—=* transition in buffer were too weak to be recognized, the n-n*
transition data were obtained in DMSO.

All 3-arylazoindole-compounds are inconvenient for further pharmacological evaluation due to the
fast isomerization of corresponding cis-isomers in buffer. Therefore, azoquinoline-based compounds 17,

19a-b, 21a-b, 23 and 26 have been designed, synthesized and photophysicochemical characterized. As
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shown in Table 4.3.2, compounds 19a-b and 26 possess push-pull electrical system and their maximal
absorbance wavelength shows significant red shift, which render them be able to switch to
corresponding cis-isomers by the irradiation of 455 nm blue light, on the other hand, this also speeds up
the thermal-relaxation of their cis-isomers. Compounds 17, 21a-b and 23 can be switched between cis
and frans-isomers with 365 and 455 nm light. Their half-lives of cis-isomers in buffer are higher than
seven hours, which make them suitable for further pharmacological evaluation and allow their
photostationary state percentage to be measured by HPLC. Consideration of the yield of cis-isomer,

compound PH6-22 possess highest 80%, which indicates the best photochemical properties.

Table 4.3.2. Structures of quinolone-based target compounds, and their half-lives of respective cis

isomers in DMSO or HDAC buffer, at 30 °C and in darkness.”
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17 -H 351 10.5 426 2.1 263 402.4 95 60
19a 8-NH,  nd@477) nd (22.2)° nd nd 0.2
19b NH, nd (493)° nd (24.0)° nd nd <0.1
21a -H 346 10.3 nd (441)° nd (2.1)° 3249 718.6 94 75
21b -H 356 14.4 nd nd 113.1 481.2 96 65
23 -Cl 366 8.4 nd nd 751.9 386.6 96 80
26 -NH, 448 10.0 nd nd 20 <0.1

Ymax (T—1*, n—*) represents the wavelength at the maximal absorption of the n—n* and n—n* transition bands, respectively.
The molar extinction coefficients € (n—n*, n—n*) were calculated according to the Lambert—Beer formula. The tests were
performed in HDAC assay buffer (pH 7.4). Photostationary state (PSS) percentages after irradiation with operational
wavelengths determined by liquid chromatography using the wavelength at the isosbestic point as the detecting wavelength.
The data in brackets were obtained in DMSO.

In Figure 2 and 3, the photophysicochemical properties of 3-arylazoindole-based compound 9b and
azoquinoline-based compound 23 are shown as examples. Compound 9b can be switched between cis
and trans-isomers with 385 and 530 nm light in both DMSO and buffer (Figure 2a and 2b), while
compound 23 can be switched between cis and trans-isomers with 365 and 455 nm light (Figure 3a and
3b). All target compounds show no significant photodecomposition after 15 cycles of cis/trans
conversion except compound 19a. The photophysicochemical properties of other target compounds can

be find in Appendix IV.

HDAC inhibition. Compounds 17, 21a-b, 23possess relatively thermal-stable cis-isomers in buffer
solution (#12 = 386.6 — 751.9 min), which render them suitable for HDAC inhibition assay to test the
inhibition of both frans and cis-isomers. As shown in Table 2, all target compounds show sub-

micromolar range inhibition toward HDAC6 and micromolar range inhibition toward HDAC3 with or
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without 365 nm UV light irradiation. Unfortunately, there is no obvious difference between the trans-
isomers and corresponding cis-isomers, and all of target compounds are not as potent as reference
compound B. This result is probably due to the highly tolerance of linker groups in HDAC inhibitors,
which is not sensitive enough to the trans-cis conversion. In other words, azo group as the linker of

HDAC inhibitor is invalid to produce the cis-on effect in the current design.
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Figure 4.3.2. Photophysicochemical properties of compound 9b (61.6 4M). Absorption spectra of PSS at the dark-
adapted state and after irradiation with 385 nm (to cis) and 530 nm (to trans) for 1 min in DMSO (a) and HDAC
assay buffer (pH 7.4) (b). 15 cycles of 385 nm/530 nm light irradiation performed without significant

photodecomposition in buffer (c).
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Figure 4.3.3. Photophysicochemical properties of compound 23 (50 xM). Absorption spectra of PSS at the dark-
adapted state and after irradiation with 365 nm (to cis) and 455 nm (to trans) for 1 min in DMSO (a) and HDAC
assay buffer (pH7.4) (b). 15 cycles of 365 nm/455 nm light irradiation performed without significant
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photodecomposition in buffer (c). Stability measurement of cis-isomer during 210 min in darkness at 30 °C, HPLC

ratios of trans- vs cis-isomer show in corresponding time point (d).

Table 4.3.2. Structures and In Vitro HDAC (HDAC3 and HDAC6) Inhibition of Compounds 17, 21a-b, and
23

HDAC6  HDAC6 UV HDAC3 HDAC3 UV

Compound — Structure 0 “rN 10 [M] ICso[nM]  ICso [nM]
B ATt 28.72 17.64 666.1 751.4
NN
[ i
17 . Q)LO 719.7 742.3 3746 4404

NN
21a @j ©\f0 660.0 886.0 2072 2527
N/

21b @5 fj\fo 654.8 3573 2389 3472
\ P
NN
23 @i; ©Y° 499.5 4112 2230 1272
N

4.3.3. Conclusions

Two series of photoswitchable HDAC6 inhibitors were designed based on 3-arylazoindole and
azoquinoline, respectively, in order to develop novel molecular tools to uncover the role of HDAC6 in
the progression of neurodegenerative diseases. Based on their photophysicochemical properties,
azoquinoline compounds possess more thermally stable cis-isomers in buffer solution, which were
further tested in enzyme-based HDAC inhibition assay. Four tested azoquinoline-based compounds
show moderate selectivity toward HDAC6 over HDAC3 at sub-micromolar range. However, minor
differences in activities were observed between trans-isomers and corresponding cis-isomers. Hence, 3-
arylazoindole- and azoquinoline-based HDAC inhibitors are not appropriate solutions to design
photoswitchable HDAC inhibitors as molecular tools. Nevertheless, this work has thoroughly studied
the substituent effects on 3-arylazoindole and azoquinoline photoswitches based on 23 novel
photoswitchable molecules, and the obtained structure-photophysicochemical properties relationship

could be a direction for other researchers and other applications.

4.3.4. Experimental section
For general information see in section 4.1.4. UV/vis spectra and experiments were made on a Varian
Cary 50 Bio UV/vis spectrophotometer using Hellma (type 100-QS) cuvettes (10 mm light path).
(E’-3-([1,1'-Biphenyl]-4-yldiazenyl)-5-methoxy-1H-indole (4a)
2 mL saturated Na,CO; aqueous was added to a solution of 5-methoxyindole (0.5 g, 3.40 mmol) in
15 mL MeOH to maintain pH 8-9. The diazonium salt (0.65 g, 3.40 mmol) prepared in the usual way
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from aniline (1.0 g, 10.74 mmol), 3.25 mL 50% HBF4 aq. and 1 mL 43% NaNO, aq. was added gradually
to the mixture at 0 °C and stirred for 2 h. Then solvent was removed under vacuum, the residue was
dissolved in DCM and washed with water and brine, dried over Na,SOs, finally purified with column
chromatography to afford yellow solid 0.13 g, yield 12%. 'H NMR (400 MHz, CDCl;): 6 8.43 (s, 1H),
8.15(d,J=2.6 Hz, 1H), 7.93 (d, J="7.5 Hz, 2H), 7.81 (d, J= 7.7 Hz, 2H), 7.50 — 7.35 (m, 5H), 7.23 (d,
J=28.8 Hz, 1H), 7.18 (s, 1H), 6.89 (dd, J = 8.8, 2.6 Hz, 1H), 3.86 (s, 3H) ppm. *C NMR (101 MHz,
CDCls): 0 156.9, 154.2, 142.1, 132.5, 131.0, 130.4, 129.2 (2C), 129.1, 129.0 (2C), 128.8, 128.8 (2C),
122.1 (2C), 120.5, 114.2, 111.7, 105.6, 55.8 ppm. LRMS (ESI+) m/z calcd for [C2iH sN5O]": 328.14,
found: 328.20 [M+H]".

(E)-5-Methoxy-3-(phenyldiazenyl)-1H-indole (4b)

Intermediate 4b was prepared from 5-methoxyindole in the same reaction with the production of
intermediate 4a. Dark red solid, yield 74%. '"H NMR (400 MHz, CDCl;): ¢ 8.58 (brs, 1H), 8.14 (d, J =
2.5 Hz, 1H), 8.00 (d, J = 2.7 Hz, 1H), 7.94 — 7.87 (m, 2H), 7.58 — 7.49 (m, 2H), 7.45 — 7.37 (m, 1H),
7.33 —2.27 (m, 1H), 7.04 — 6.92 (m, 1H), 3.95 (s, 3H) ppm. *C NMR (101 MHz, CDCl3): § 156.7,
153.8,136.8, 131.2, 131.0, 129.1, 129.0 (2C), 121.8 (2C), 119.4, 114.2, 112.1, 104.9, 55.8 ppm. LRMS
(ESI+) m/z caled for [C1sH14N3O]": 252.11, found: 252.15 [M+H]".
(E)-3-({1,1'-Biphenyl]-4-yldiazenyl)-1H-indole (4c)

Intermediate 4c was prepared from 1H-indole in a similar manner as described for intermediate 4a.
Red solid, yield 13%. '"H NMR (400 MHz, CDCl): 6 8.75 — 8.66 (m, 1H), 8.60 (brs, 1H), 8.05 (d, J =
7.3 Hz, 2H), 7.94 (d, J = 7.5 Hz, 2H), 7.60 — 7.49 (m, 5H), 7.46 — 7.33 (m, 4H) ppm. *C NMR (101
MHz, CDCls): 6 154.2, 141.7, 135.5, 132.5, 130.9, 129.3 (2C), 129.2, 129.0 (2C), 128.8 (2C), 124.6,
123.7, 123.4, 122.1 (2C), 120.0, 115.8, 111.0 ppm. LRMS (ESI+) m/z caled for [C2oH16N3]": 298.13,
found: 298.15 [M+H]".

(E)-3-(Phenyldiazenyl)-1H-indole (4d)

Intermediate 4d was prepared from 1H-indole in the same reaction with the production of intermediate
4c. Dark red solid, yield 64%. "H NMR (400 MHz, CDCls): 6 8.67 — 8.55 (m, 2H), 8.02 (d, J= 2.6 Hz,
1H), 7.93 (d, J = 7.9 Hz, 2H), 7.54 (t,J = 7.7 Hz, 2H), 7.47 — 7.31 (m, 4H) ppm. *C NMR (101 MHz,
CDCl3): 6 153.8, 136.9, 136.3, 130.6, 129.2, 129.0 (2C), 124.4, 123.1, 123.1, 121.9 (2C), 118.9, 111.4
ppm. LRMS (ESI+) m/z caled for [C14H12N3]": 222.10, found: 222.15 [M+H]".
(E)-5-Methoxy-3-((4-methoxyphenyl)diazenyl)-1H-indole (4e)

Intermediate 4e was prepared from 5-methoxyindole in a similar manner as described for intermediate
4a. Red solid, yield 41%. '"H NMR (400 MHz, CDCl3): 6 8.47 (brs, 1H), 7.99 (d, J = 2.5 Hz, 1H), 7.91
(d,J=29Hz, 1H), 7.73 (d, J= 8.6 Hz, 2H), 7.37 (d, /= 8.6 Hz, 2H), 7.19 (d, J= 8.8 Hz, 1H), 6.90 (dd,
J=18.8,2.6 Hz, 1H), 3.84 (s, 3H) ppm. >*C NMR (101 MHz, CDCl3): § 156.8, 136.8, 134.6, 131.4, 131.2,
129.1 (2C), 123.0 (2C), 114.3, 112.2, 104.9, 55.8 ppm. LRMS (ESI+) m/z calcd for [CisHi3CIN;O]'
286.07, found: 286.10 [M+H]".

(E)-5-Methoxy-3-((4-methoxyphenyl)diazenyl)-1H-indole (4f)
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Intermediate 4f was prepared from 5-methoxyindole and p-anisidine in a similar manner as described
for intermediate 4a. Red solid, yield 50%. '"H NMR (400 MHz, CDCls): 6 8.51 (brs, 1H), 8.13 (d, J =
2.3 Hz, 1H), 7.94 (s, 1H), 7.89 (d, J = 8.8 Hz, 2H), 7.29 (d, J = 8.8 Hz, 1H), 7.04 (d, J = 8.8 Hz, 2H),
6.98 (dd, J = 8.8, 2.5 Hz, 1H), 3.94 (s, 3H), 3.91 (s, 3H) ppm. *C NMR (101 MHz, CDCl;): 6 160.6,
156.5, 148.0, 136.6, 131.2, 129.8, 123.3 (2C), 119.6, 114.2 (2C), 114.1, 112.1, 104.8, 55.8, 55.6 ppm.
LRMS (ESI+) m/z caled for [C16H16N302]": 282.12, found: 282.15 [M+H]".

Methyl (E)-4-((3-({1,1"-biphenyl]-4-yldiazenyl)-5-methoxy-1H-indol-1-yl) methyl) benzoate (5a)

K>CO; (0.11 g, 0.8 mmol) was added to a solution of 4a (0.13 g, 0.4 mmol) in 5 mL. DMF, then
methyl 4-(bromomethyl)benzoate (0.11 g, 0.48 mmol) was added to the mixture and stirred at 70 °C for
2 h. Excess water was added to the mixture and extracted with ethyl acetate. The combined organic
phase was washed with water and brine, dried over Na,SQ4, and purified with column chromatography
to afford red solid 70 mg, yield 37%. '"H NMR (400 MHz, CDCl3) 6 8.19 (d, J=2.6 Hz, 1H), 7.89 (d, J
=8.3 Hz, 2H), 7.75 - 7.67 (m, 2H), 7.52 — 7.45 (m, 2H), 7.42 — 7.30 (m, 6H), 7.29 — 7.22 (m, 2H), 7.06
(d, J=8.2 Hz, 1H), 6.99 (d, J = 8.9 Hz, 1H), 6.83 (dd, J = 8.9, 2.6 Hz, 1H), 5.37 (s, 2H), 3.85 (s, 3H),
3.82 (s, 3H). *C NMR (101 MHz, CDCl3): 6 166.6, 157.2, 154.1, 142.2, 133.0, 131.9, 131.3 (2C), 130.3
(2C), 129.7, 129.5, 129.2, 128.9, 128.9 (2C), 128.7, 128. 2 (2C), 126.0 (2C), 122.0 (2C), 119.8, 114.0,
111.2, 105.5, 55.9, 52.2, 48.1. LRMS (ESI+) m/z calcd for [C30H26N305]": 476.19, found: 476.20
[M+H]".

Methyl (E)-4-((3-({1,1'-biphenyl[-4-yldiazenyl)-1H-indol-1-yl)methyl)benzoate (5b)

Intermediate Sb was prepared from 4b in a similar manner as described for intermediate Sa. Red solid,
yield 83%. "H NMR (400 MHz, CDCl;): 6 8.64 (d, J= 7.8 Hz, 1H), 7.90 (d, J = 8.3 Hz, 2H), 7.83 (d, J
=7.9 Hz, 2H), 7.53 — 7.45 (m, 2H), 7.42 — 7.31 (m, 5H), 7.31 — 7.18 (m, 3H), 7.14 — 7.04 (m, 3H), 5.41
(s, 2H), 3.82 (s, 3H) ppm. *C NMR (101 MHz, CDCl3): § 166.6, 154.1, 146.3, 142.2, 136.9, 133.1,
131.4 (2C), 130.3 (20), 129.7, 129.5, 129.2, 128.9 (3C), 128.2 (2C), 126.0 (2C), 124.5, 123.7, 123.6,
122.0 (2C), 119.4, 110.4, 52.2, 48.0 ppm. LRMS (ESI+) m/z calcd for [C29H24N30,]": 446.18, found:
446.20 [M+H]".

Methyl (E)-4-((5-Methoxy-3-(phenyldiazenyl)-1H-indol-1-yl)methyl)benzoate (5¢)

Intermediate Sc was prepared from 4c¢ in a similar manner as described for intermediate 5a. Yellow
solid, yield 88%. 'H NMR (400 MHz, DMSO-de): J 8.56 (s, 1H), 7.97 (d, J = 2.6 Hz, 1H), 7.94 (d, J =
8.3 Hz, 2H), 7.82 (d, J= 7.3 Hz, 2H), 7.54 (t, J = 7.7 Hz, 2H), 7.46 — 7.39 (m, 4H), 6.92 (dd, J = 8.9,
2.6 Hz, 1H), 5.65 (s, 2H), 3.83 (s, 3H), 3.82 (s, 3H) ppm. *C NMR (101 MHz, DMSO-d): § 166.4,
156.9, 153.6, 143.0, 136.8, 135.1, 131.8, 130.1 (2C), 129.7 (2C), 129.5, 129.4, 127.9 (2C), 121.8 (2C),
120.1, 113.7, 112.4, 105.2, 55.9, 52.6, 50.0 ppm. LRMS (ESI+) m/z calcd for [C2sH22N305]": 400.16,
found: 400.20 [M+H]".

Methyl (E)-4-((3-(phenyldiazenyl)-1H-indol-1-yl)methyl)benzoate (5d)
Intermediate 5Sd was prepared from 4d in a similar manner as described for intermediate Sa. Red solid,

yield 84%. "H NMR (400 MHz, CDCls): 6 8.63 (d, J= 7.1 Hz, 1H), 8.03 (d, J = 8.2 Hz, 2H), 7.97 (s,
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1H), 7.90 (d, J= 7.6 Hz, 2H), 7.52 (t, J= 7.7 Hz, 2H), 7.44 — 7.24 (m, 6H), 5.47 (s, 2H), 3.93 (s, 3H).
BC NMR (101 MHz, CDCls): 6 166.5, 141.1, 136.8, 136.0, 133.8, 130.3 (2C), 130.1, 129.2, 129.0 (2C),
126.9 (2C), 1244, 123.4, 123.2, 121.8 (2C), 120.0, 109.9, 100.0, 52.2, 50.5. LRMS (ESI+) m/z calcd
for [C23H20N30,]": 370.15, found: 370.15 [M+H]".
Methyl (E)-4-((3-((4-chlorophenyl)diazenyl)-5-methoxy-1H-indol-1-yl)methyl)benzoate (5e)
Intermediate Se was prepared from 4e in a similar manner as described for intermediate Sa. Yellow
solid, yield 90%. '"H NMR (400 MHz, CDCl): 6 8.10 (d, J = 2.4 Hz, 1H), 8.03 (d, J = 8.2 Hz, 2H), 7.94
(s, 1H), 7.83 (d, J= 8.6 Hz, 2H), 7.47 (d, J= 8.5 Hz, 2H), 7.27 (d, /= 9.0 Hz, 2H), 7.15 (d, /= 8.9 Hz,
1H), 6.95 (dd, J = 8.9, 2.5 Hz, 1H), 5.43 (s, 2H), 3.93 (s, 6H) ppm. *C NMR (101 MHz, CDCl;): ¢
166.5, 157.0, 140.9, 135.7, 134.5, 134.5, 131.8, 130.4 (2C), 130.2, 129.1 (2C), 126.8 (2C), 123.0 (2C),
114.1,110.9, 105.2, 55.8, 52.2, 50.7 ppm. LRMS (ESI+) m/z calcd for [C24H,1CIN;O3]™: 434.12, found:
434.15 [M+H]". (Ref. Labbook FH-II-34)
Methyl (E)-4-((5-methoxy-3-((4-methoxyphenyl)diazenyl)-1H-indol-1-yl)methyl)benzoate (5f)
Intermediate 5f was prepared from 4f and methyl 4-(bromomethyl)benzoate in a similar manner as
described for intermediate 5a. Red oil, yield 41%. '"H NMR (400 MHz, CDCl3): 6 8.03 (d, J = 2.1 Hz,
1H), 7.91 (d, J = 8.3 Hz, 2H), 7.81 — 7.74 (m, 3H), 7.16 (d, J = 8.2 Hz, 2H), 7.03 (d, /= 8.9 Hz, 1H),
6.96 — 6.90 (m, 2H), 6.83 (dd, J= 8.9, 2.5 Hz, 1H), 5.32 (s, 2H), 3.83 (s, 3H), 3.82 (s, 3H), 3.80 (s, 3H)
ppm. *C NMR (101 MHz, CDCl;): 6 166.6, 160.6, 156.7, 141.3, 140.4, 135.6, 132.9, 131.8, 130.3 (2C),
130.0, 126.8 (2C), 123.2 (2C), 120.6, 114.2 (2C), 113.9, 110.7, 105.1, 55.8, 55.5, 52.2, 50.6. LRMS
(ESI+) m/z caled for [CosH24N304]": 430.17, found: 430.20 [M+H]".
(E)-4-((3-({1,1'-Biphenyl]-4-yldiazenyl)-5-methoxy-1H-indol-1-yl)methyl)-N-hydroxybenzamide (6a)
KOH (28 g, 509 mmol) in 70 mL MeOH was added to a stirred solution of NH,OH-HCI (23.35 g,
343 mmol) in 120 mL MeOH at room temperature. After 30 min, white precipitate was filtered out to
afford NH,OK methanol solution. 5a (70 mg, 0.15 mmol) was added to 10 mL NH,OK methanol
solution, the mixture was stirred at room temperature for 3 h. The solvent was evaporated under vacuum,
the residue was dissolved with 5 mL water and then adjusted to pH 6-7 by hydrochloric acid. The
precipitate was filtered and dried, then purified with column chromatography to afford light red solid 44
mg, yield 86%. '"H NMR (400 MHz, DMSO-dq): § 11.13 (s, 1H), 9.00 (s, 1H), 8.10 (d, J = 2.3 Hz, 1H),
7.70 — 7.63 (m, 6H), 7.58 — 7.55 (m, 3H), 7.49 (t, /= 7.4 Hz, 2H), 7.45 — 7.34 (m, 2H), 7.07 (d, J= 8.0
Hz, 2H), 6.96 (dd, J = 8.7, 2.1 Hz, 1H), 5.59 (s, 2H), 3.85 (s, 3H) ppm. *C NMR (101 MHz, DMSO-
ds): 0 166.3, 154.0, 147.3, 132.6, 131.9, 131.8, 131.6 (2C), 129.8, 129.7, 129.6 (2C), 129.5, 129.3,
128.82, 128.79 (2C), 127.82, 127.79 (2C), 126.5 (2C), 121.8 (2C), 119.4, 113.8, 105.4, 55.9, 47.6.
LRMS (ESI+) m/z caled for [CaoHasN4Os]"™: 477.18, found: 477.20 [M+H]". HPLC (method A): tr =
13.8 min, purity 98.5%. mp = 160—162 °C.
(E)-N-Hydroxy-4-((5-methoxy-3-(phenyldiazenyl)-1H-indol-1-yl)methyl)benzamide (6b)
Compound 6b was prepared from Sb in a similar manner as described for compound 6a. Yellow solid,

yield 43%. "H NMR (400 MHz, DMSO-ds): 3 11.17 (s, 1H), 9.02 (s, 1H), 8.55 (s, 1H), 7.96 (d, J = 2.0

65



Hz, 1H), 7.82 (d, /= 7.8 Hz, 2H), 7.73 (d, J= 7.9 Hz, 2H), 7.54 (t, J= 7.6 Hz, 2H), 7.47 (d, /= 8.9 Hz,
1H), 7.44 — 7.37 (m, 3H), 6.93 (dd, J = 8.8, 2.0 Hz, 1H), 5.59 (s, 2H), 3.82 (s, 3H) ppm. *C NMR (101
MHz, DMSO-dy): 6 164.4, 156.9, 153.6, 140.6, 136.8, 135.0, 132.7, 131.8, 129.7 (2C), 129.4, 127.8
(20), 127.7 (20), 121.8 (2C), 120.0, 113.7, 112.4, 105.1, 55.9, 50.0 ppm. LRMS (ESI+) m/z calcd for
[C23H21N4O5]™: 401.15, found: 401.15 [M+H]". HPLC (method A): g = 12.6 min, purity 99.6%. mp =
160—162 °C.

(E)-4-((3-({1,1"-Biphenyl]-4-yldiazenyl)-1H-indol-1-yl) methyl)-N-hydroxybenzamide (6¢)

Compound 6¢ was prepared from Sc in a similar manner as described for compound 6a. Yellow solid,
yield 33%. 'H NMR (400 MHz, DMSO-ds): 6 11.13 (s, 1H), 9.00 (s, 1H), 8.67 — 8.48 (m, 1H), 7.72 —
7.67 (m, 4H), 7.65 (d, J = 8.2 Hz, 2H), 7.60 — 7.54 (m, 3H), 7.53 — 7.46 (m, 3H), 7.38 (t, 1H), 7.36 —
7.30 (m, 2H), 7.09 (d, J = 8.1 Hz, 2H), 5.62 (s, 2H) ppm. °C NMR (101 MHz, DMSO-ds): § 164.3,
154.0, 147.1, 140.7, 136.9, 132.8, 132.4, 131.7, 129.9, 129.6 (2C), 129.5, 129.4, 128.8 (2C), 127.83,
127.81 (2C), 126.5 (2C), 124.9, 124.0, 123.1, 121.9 (2C), 118.9, 111.8, 47.5 ppm. LRMS (ESI+) m/z
caled for [CosH23N40,]": 447.17, found: 447.20 [M+H]". HPLC (method A): tr = 13.7 min, purity 95.3%.
mp = 158-160 °C.

(E)-N-Hydroxy-4-((3-(phenyldiazenyl)-1H-indol-1-yl)methyl)benzamide (6d)

Compound 6d was prepared from 5d in a similar manner as described for compound 6a. Red solid,
yield 77%. '"H NMR (400 MHz, DMSO-ds): 6 11.17 (s, 1H), 9.02 (s, 1H), 8.63 (s, 1H), 8.48 — 8.36 (m,
1H), 7.83 (d, J= 7.4 Hz, 2H), 7.73 (d, J= 8.2 Hz, 2H), 7.60 — 7.51 (m, 3H), 7.46 — 7.39 (m, 3H), 7.33
—7.26 (m, 2H), 5.64 (s, 2H) ppm. *C NMR (101 MHz, DMSO-ds): § 164.4, 153.7, 140.6, 136.9, 136.8,
135.2,132.8, 129.7 (2C), 129.6, 127.8 (2C), 127.7 (2C), 124.5, 123.5, 123.0, 121.8 (2C), 119.4, 111.5,
49.8 ppm. LRMS (ESI+) m/z calcd for [C22H19N4O2]™: 371.14, found: 371.20 [M+H]". HPLC (method
A): tr = 12.7 min, purity 99.6%. mp = 168—169 °C.
(E)-4-((3-((4-Chlorophenyl)diazenyl)-5-methoxy-1H-indol-1-yl)methyl)-N-hydroxybenzamide (6e)

Compound 6e was prepared from Se in a similar manner as described for compound 6a. Yellow solid,
yield 56%. '"H NMR (400 MHz, DMSO-ds): 6 11.17 (s, 1H), 9.02 (s, 1H), 8.58 (s, 1H), 7.94 (d, J=2.5
Hz, 1H), 7.84 (d, J= 8.6 Hz, 2H), 7.72 (d, /= 8.2 Hz, 2H), 7.58 (d, /= 8.6 Hz, 2H), 7.47 (d, /= 8.9 Hz,
1H), 7.40 (d, J = 8.2 Hz, 2H), 6.93 (dd, J = 8.9, 2.5 Hz, 1H), 5.60 (s, 2H), 3.81 (s, 3H) ppm. *C NMR
(101 MHz, DMSO-d): 6 164.3,157.0, 152.3,140.5, 137.4,135.1, 133.5, 132.8, 131.8, 129.7 (2C), 127.8
(20), 127.7 (2C), 123.4 (2C), 120.0, 113.8, 112.5, 105.2, 55.9, 50.0 ppm. LRMS (ESI+) m/z calcd for
[C23H20CIN4O5]": 435.11, found: 435.15 [M+H]". HPLC (method A): tx = 13.3 min, purity 99.8%. mp
=167-168 °C.

(E)-N-hydroxy-4-((5-methoxy-3-((4-methoxyphenyl)diazenyl)- 1 H-indol-1-yl)methyl) benzamide (6f)

Compound 6f was prepared from 5f in a similar manner as described for compound 6a. Brown solid,
yield 53%. '"H NMR (400 MHz, DMSO-dg): 6 11.17 (s, 1H), 9.02 (s, 1H), 8.45 (s, 1H), 7.95 (s, 1H), 7.81
(d, /=79 Hz, 2H), 7.72 (d, J=7.4 Hz, 2H), 7.45 (d, J= 8.2 Hz, 1H), 7.39 (d, J = 7.3 Hz, 2H), 7.09 (d,
J=8.0 Hz, 2H), 6.91 (d, J = 7.6 Hz, 1H), 5.57 (s, 2H), 3.85 (s, 3H), 3.81 (s, 3H) ppm. *C NMR (101
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MHz, DMSO-ds): 0 164.4, 160.6, 156.6, 147.8, 140.8, 135.5, 134.7, 132.7, 131.7, 127.8 (2C), 127.6
(20), 123.3 (20), 120.2, 114.8 (2C), 113.5, 112.3, 105.1, 55.9, 55.9, 49.9 ppm. LRMS (ESI+) m/z calcd
for [C24H23N404]": 431.16, found: 431.20 [M+H]". HPLC (method A): fx = 12.7 min, purity 99.3%. mp
=159-160 °C.

(E)-3-((4',6-Difluoro-[1,1'-biphenyl]-3-yl)diazenyl)-5-fluoro-1H-indole (7a)

Intermediate 7a was prepared from 5-fluoro-1H-indole (3¢) and 4-fluoroaniline in a similar manner
as described for intermediate 4a. Red solid, yield 31%. '"H NMR (400 MHz, DMSO-ds): 6 12.50 (s, 1H),
8.25 - 8.13 (m, 3H), 7.94 — 7.82 (m, 2H), 7.56 — 7.44 (m, 3H), 7.41 — 7.33 (m, 2H), 7.17 (td, /= 9.2,
2.7 Hz, 1H) ppm. *C NMR (101 MHz, DMSO-ds): § 163.3 (d, J = 248.0 Hz), 162.8 (d, J = 247.0 Hz),
159.7 (d, J = 235.0 Hz), 143.23, 132.92, 132.14 (d, J= 8.6 Hz, 2C), 127.26, 127.23, 123.98 (d, J = 8.6
Hz, 2C), 119.49, 119.38, 116.57 (d,J=23.1 Hz, 2C), 116.35 (d, /= 22.0 Hz, 2C), 113.7 (d, /= 9.7 Hz),
112.7 (d, J=26.0 Hz), 108.1 (d, J = 25.2 Hz) ppm. LRMS (ESI+) m/z calcd for [C2oH13F3N3]"™: 352.10,
found: 352.15 [M+H]".

(E)-5-Fluoro-3-((4-fluorophenyl)diazenyl)-1H-indole (7b)

Intermediate 7b was prepared from5-fluoro-1H-indole (3¢) and 4-fluoroaniline in the same reaction
with the production of intermediate 7a. Red solid, yield 22%. '"H NMR (400 MHz, DMSO-ds): 6 12.21
(s, 1H), 8.44 (d, J=3.1 Hz, 1H), 8.09 (dd, J=9.8, 2.6 Hz, 1H), 7.92 — 7.85 (m, 2H), 7.52 (dd, J = 8.8,
4.6 Hz, 1H), 7.39 — 7.32 (m, 2H), 7.14 (td, J=9.2, 2.7 Hz, 1H) ppm. *C NMR (101 MHz, DMSO-ds):
0162.8 (d,J=246.5Hz), 159.4 (d,/J=234.8 Hz), 150.29 (d, /= 2.8 Hz), 135.65 (d, /J=4.3 Hz), 135.57,
133.66, 123.75 (d, J= 8.7 Hz, 2C), 118.59 (d, J=11.0 Hz), 116.46 (d, J=22.7 Hz, 2C), 114.04 (d, J =
9.7Hz), 112.30 (d,J=25.9 Hz), 107.56 (d, J=25.0 Hz) ppm. LRMS (ESI+) m/z caled for [C14H1oF2N3] "™
258.08, found: 258.20 [M+H]".

Methyl (E)-4-((3-((4',6-difluoro-[1,1'-biphenyl[-3-yl)diazenyl)-5-fluoro-1H-indol-1-
yl)methyl)benzoate (8a)

Intermediate 8a was prepared from 7a and methyl 4-(bromomethyl)benzoate in a similar manner as
described for intermediate 5a. Yellow solid, yield 90%. '"H NMR (400 MHz, CDCl;): J 8.27 (dd, J =
9.5,2.5Hz, 1H), 7.92 (d, J= 8.2 Hz, 2H), 7.73 — 7.66 (m, 2H), 7.49 — 7.41 (m, 2H), 7.10 (t, J = 8.6 Hz,
2H), 7.07 — 7.01 (m, 5H), 6.95 (td, J = 8.9, 2.5 Hz, 1H), 5.37 (s, 2H), 3.83 (s, 3H) ppm. *C NMR (101
MHz, CDCl3): 6 166.5, 163.6 (d, J = 228.4 Hz), 163.4 (d, J=225.1 Hz), 160.3 (d, J=238.8 Hz), 150.4
(d, J=2.8 Hz), 150.4, 146.2, 141.7, 133.3, 133.1 (d, J = 8.4 Hz, 2C), 130.4 (2C), 129.9, 125.8 (2C),
125.2(d,J=3.6 Hz), 123.7 (d, /= 8.5 Hz, 2C), 119.6 (d, /= 11.1 Hz), 115.8 (d,/=22.7 Hz, 2C), 115.6
(d, J=21.8 Hz, 2C), 112.7 (d, J=26.3 Hz), 111.2 (d, J = 9.5 Hz), 108.9 (d, J = 25.6 Hz), 52.2, 48.1
ppm. LRMS (ESI+) m/z caled for [CaoH1F3N302]": 500.15, found: 500.20 [M+H]".

Methyl (E)-4-((5-fluoro-3-((4-fluorophenyl)diazenyl)-1H-indol-1-yl)methyl) benzoate (8b)

Intermediate 8b was prepared from 7b and methyl 4-(bromomethyl)benzoate in a similar manner as
described for intermediate 5a. Yellow solid, yield 87%. 'H NMR (400 MHz, CDCl;): 6 8.19 — 8.13 (m,
1H), 7.96 — 7.92 (m, 2H), 7.88 (s, 1H), 7.81 — 7.75 (m, 2H), 7.16 (d, J = 8.5 Hz, 2H), 7.12 — 7.04 (m,
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3H), 6.94 (td, J=8.9, 2.6 Hz, 1H), 5.35 (s, 2H), 3.83 (s, 3H) ppm. >*C NMR (101 MHz, CDCl;): § 166.5,
163.4 (d, J = 249.4 Hz), 160.0 (d, J = 238.3 Hz), 150.11 (d, J = 3.1 Hz), 140.7, 135.5 (d, J = 4.5 Hz),
134.9,133.3, 130.4 (2C), 130.3, 126.8 (2C), 123.6 (d, J = 8.6 Hz, 2C), 120.2 (d, J=11.2 Hz), 115.9 (d,
J=228Hz, 2C), 112.6 (d,J=26.4 Hz), 110.8 (d, /=9.7 Hz), 108.8 (d, J=25.2 Hz), 52.3, 50.8 ppm.
LRMS (ESI+) m/z calcd for [Co3H sFaN302]": 406.13, found: 406.15 [M+H]".
(E)-4-((3-((4',6-Difluoro-[1,1'-biphenyl]-3-yl)diazenyl)-5-fluoro-1H-indol-1-yl) methyl)-N-
hydroxybenzamide (9a)

Compound 9a was prepared from 8a in a similar manner as described for compound 6a. Brown solid,
yield 26%. '"H NMR (400 MHz, DMSO-ds): 6 11.15 (s, 1H), 9.01 (s, 1H), 8.25 (dd, J=9.7, 1.9 Hz, 1H),
7.79 - 7.69 (m, 4H), 7.66 (d, J= 7.8 Hz, 2H), 7.57 (d, J= 5.0 Hz, 1H), 7.47 — 7.29 (m, 4H), 7.25 - 7.16
(m, 1H), 7.08 (d, J= 7.7 Hz, 2H), 5.62 (s, 2H) ppm. >*C NMR (101 MHz, DMSO-d): 6 164.3, 163.3 (d,
J=12479 Hz), 1629 (d, J = 246.8 Hz), 162.3 (d, J = 233.2 Hz), 150.5 (d, J = 2.5 Hz), 147.3, 1404,
133.9 (d, J = 8.5 Hz, 2C), 133.5, 132.52, 132.49, 127.8 (2C), 126.5 (2C), 125.6 (d, J = 2.9 Hz), 124.0
(d,J=8.7Hz,2C), 119.0 (d,/=11.0 Hz), 116.5 (d, J=22.8 Hz, 2C), 116.1 (d,J=21.9 Hz, 2C), 113.4
(d, /J=9.7Hz), 112.9 (d, J = 26.0 Hz), 108.1 (d, J = 25.4 Hz), 47.7 ppm. LRMS (ESI+) m/z calcd for
[CasH20F3N402]": 501.15, found: 501.25 [M+H]". HPLC (method A): #r = 14.0 min, purity 97.1 %. mp
=133-135°C.

(E)-4-((5-Fluoro-3-((4-fluorophenyl)diazenyl)-1 H-indol-1-yl) methyl)-N-hydroxybenzamide (9b)

Compound 9b was prepared from 8b in a similar manner as described for compound 6a. Brown solid,
81 mg, yield 37%. ESI-MS m/z: 407.15 [M+H]". "H NMR (400 MHz, DMSO-d;): 6 11.18 (s, 1H), 9.03
(s, 1H), 8.69 (s, 1H), 8.12 (dd, J = 9.6, 2.6 Hz, 1H), 7.95 — 7.86 (m, 2H), 7.73 (d, J = 8.3 Hz, 2H), 7.61
(dd, J=9.0,4.4 Hz, 1H), 7.47 — 7.30 (m, 4H), 7.17 (td, J= 9.1, 2.6 Hz, 1H), 5.64 (s, 2H) ppm. *C NMR
(101 MHz, DMSO-ds): 6 164.3, 163.0 (d, J=247.0 Hz), 159.7 (d, J=236.3 Hz), 150.2 (d, /=2.9 Hz),
140.4, 138.1, 134.8 (d, J = 4.2 Hz), 133.5, 132.8, 127.8 (2C), 127.7 (2C), 123.9 (d, J = 8.9 Hz, 2C),
119.5(d,J=10.8 Hz), 116.5 (d, J = 22.7 Hz, 2C), 113.0 (d, /= 10.3 Hz), 112.5 (d, /=25.5 Hz), 107.9
(d,J=24.6 Hz), 50.1 ppm. LRMS (ESI+) m/z calcd for [C22H17F2N4O2]": 407.12, found: 407.15 [M+H]".
HPLC (method A): g = 13.2 min, purity 96.6 %. mp = 121-123 °C.

Methyl (E)-4-((1H-indol-3-yl)diazenyl)benzoate (10a)

Intermediate 10a was prepared from 1H-indole (3b) and methyl 4-aminobenzoate in a similar manner
as described for intermediate 4a. Red solid, yield 63%. ESI-MS m/z: 280.10 [M+H]". "H NMR (400
MHz, DMSO-ds): 0 12.29 (s, 1H), 8.48 (s, 1H), 8.45 — 8.37 (m, 1H), 8.11 (d, J = 8.4 Hz, 2H), 7.90 (d,
J=8.4Hz, 2H), 7.52 (d, J= 7.7 Hz, 1H), 7.35 — 7.24 (m, 2H), 3.89 (s, 3H) ppm. *C NMR (101 MHz,
DMSO-ds): 0 166.4, 156.7, 137.3, 136.6, 136.1, 130.9 (2C), 129.5, 124.7, 123.5, 122.8, 121.8 (2C),
118.4,112.9, 52.7 ppm. LRMS (ESI+) m/z caled for [C16H14N302]": 280.10, found: 280.10 [M+H]".
Methyl (E)-4-((5-fluoro-1H-indol-3-yl)diazenyl)benzoate (10b)

Intermediate 10b was prepared from 5-fluoro-1H-indole (3¢) and methyl 4-aminobenzoate in a similar

manner as described for intermediate 4a. Red solid, yield 85%. '"H NMR (400 MHz, CDCls): 6 8.66 (s,
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1H), 8.16 (dd, J=9.5, 2.5 Hz, 1H), 8.10 (d, J = 8.5 Hz, 2H), 8.04 (d, /= 3.1 Hz, 1H), 7.84 (d, /= 8.5
Hz, 2H), 7.27 (dd, J = 8.8, 4.3 Hz, 1H), 7.01 (td, J = 8.9, 2.6 Hz, 1H), 3.88 (s, 3H) ppm. *C NMR (101
MHz, CDCl3): 6 166.9, 160.1 (d, J = 238.5 Hz), 133.20, 133.15, 132.7, 130.6 (2C), 130.2, 121.7 (2C),
113.1, 112.8, 112.3, 112.2, 108.64 (d, J = 254 Hz), 52.2 ppm. LRMS (ESI+) m/z calcd for
[C16H13FN302]": 298.09, found: 298.15 [M+H]".

Methyl (E)-4-((5-bromo-1H-indol-3-yl)diazenyl)benzoate (10c)

Intermediate 10¢ was prepared from 5-bromo-1H-indole (3d) and methyl 4-aminobenzoate in a
similar manner as described for intermediate 4a. Red solid, yield 68%. '"H NMR (400 MHz, DMSO-ds):
012.47 (s, 1H), 8.55 (s, 1H), 8.54 (d, /= 1.9 Hz, 1H), 8.11 (d, J= 8.5 Hz, 2H), 7.92 (d, J = 8.5 Hz, 2H),
7.53 —7.49 (m, 1H), 7.47 — 7.43 (m, 1H), 3.90 (s, 3H) ppm. *C NMR (101 MHz, DMSO-dj): 6 166.3,
156.4,136.9, 136.0, 135.6, 130.9 (2C), 129.8, 127.2, 124.8,122.0 (2C), 119.8, 116.0, 115.1, 52.7. LRMS
(ESI+) m/z caled for [C16H13BrN30,]": 358.01, found: 358.00 [M+H]".
(E)-4-((1H-indol-3-yl)diazenyl)-N-hydroxybenzamide (11a)

Compound 11a was prepared from 10a in a similar manner as described for compound 6a. Brown
solid, yield 40%. 'H NMR (400 MHz, DMSO-ds): 6 12.23 (brs, 1H), 11.39 (brs, 1H), 8.46 — 8.39 (m,
2H), 8.18 (s, 1H), 7.92 (d, J = 8.4 Hz, 2H), 7.85 (d, J = 8.5 Hz, 2H), 7.52 (d, /= 7.7 Hz, 1H), 7.34 —
7.23 (m, 2H) ppm. °C NMR (101 MHz, DMSO-de): § 163.8, 155.4, 137.2, 136.4, 135.3, 132.9, 128.5
(20), 124.5,123.3,122.8,121.6 (2C), 118.4, 112.9. LRMS (ESI+) m/z caled for [C15H13N40,]": 281.10,
found: 281.10 [M+H]". HPLC (method A): tr = 11.0 min, purity 96.7%. mp = 151153 °C.
(E)-4-((5-bromo-1H-indol-3-yl)diazenyl)-N-hydroxybenzamide (11b)

Compound 11b was prepared from 10c in a similar manner as described for compound 6a. Brown
solid, yield 28%. 'H NMR (400 MHz, DMSO-d): § 12.40 (brs, 1H), 11.32 (brs, 1H), 8.58 — 8.47 (m,
2H), 8.18 (s, 1H), 7.93 (d, J = 8.4 Hz, 2H), 7.86 (d, /= 8.4 Hz, 2H), 7.50 (d, J = 8.5 Hz, 1H), 7.44 (d, J
=7.2 Hz, 1H) ppm. *C NMR (101 MHz, DMSO-ds): 6 155.1, 136.2, 135.9, 135.3, 133.24, 133.21, 128.5
(2C), 127.1,124.7,121.7 (2C), 119.8, 115.8, 115.0 ppm. LRMS (ESI+) m/z caled for [C1sH12BrN4O,]":
359.01, found: 359.05 [M+H]". HPLC (method A): fx = 12.2 min, purity 99.2%. mp = 179181 °C.
5-Methoxy-1-methyl-1H-indole (12a)

K,CO; (0.94 g, 6.8 mmol) was added to a solution of 5-methoxyindole (0.50 g, 3.4 mmol) in 10 mL
of DMF at room temperature. After 10 min, CHsI (0.95 g, 6.8 mmol) was added dropwise to the solution.
Then the solution was stirred at r.t. for 1 h. Excess water was added to the solution, then extracted with
EtOAc. The combined organic phase was washed with water and brine, dried over Na,SO4 and purified
with column chromatography to afford white solid 0.40 g, yield 61%. '"H NMR (400 MHz, CDCl): 6
7.24 (d,J=8.8 Hz, 1H), 7.12 (d, J = 2.3 Hz, 1H), 7.05 (d, J = 3.0 Hz, 1H), 6.92 (dd, J = 8.8, 2.3 Hz,
1H), 6.43 (d, J = 3.0 Hz, 1H), 3.88 (s, 3H), 3.79 (s, 3H) ppm. LRMS (ESI+) m/z caled for [C10H;2NO]J":
162.08, found: 162.15 [M+H]".
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1-Butyl-5-methoxy-1H-indole (12b)

Intermediate 12b was prepared from 5-methoxyindole (3a) and 1-brombutane in a similar manner as
described for intermediate 12a. Colorless oil, yield 84%. 'H NMR (400 MHz, CDCl;): 6 7.26 (d, J=8.9
Hz, 1H), 7.12 (d, /= 2.4 Hz, 1H), 7.09 (d, J = 3.0 Hz, 1H), 6.90 (dd, /= 8.8, 2.3 Hz, 1H), 6.43 (d, J =
3.0 Hz, 1H), 4.11 (t, J="7.1 Hz, 1H), 3.88 (s, 3H), 1.90 — 1.78 (m, 1H), 1.43 — 1.31 (m, 2H), 0.96 (t, J
= 7.4 Hz, 1H) ppm. LRMS (ESI+) m/z caled for [C13H sNO]": 204.13, found: 204.20 [M+H]".

Methyl (E)-4-((5-methoxy-1-methyl-1H-indol-3-yl)diazenyl)benzoate (13a)

Intermediate 13a was prepared from 12a and methyl 4-aminobenzoate in a similar manner as
described for intermediate 4a. Red solid, yield 9%. ESI-MS m/z: 324.15 [M+H]". '"H NMR (400 MHz,
DMSO-ds): 0 8.41 (s, 1H), 8.10 (d, J = 8.6 Hz, 2H), 7.96 (d, J = 2.5 Hz, 1H), 7.89 (d, J = 8.6 Hz, 2H),
7.52(d,J=8.9 Hz, 1H), 7.01 (dd, J = 8.9, 2.6 Hz, 1H), 3.92 (s, 3H), 3.89 (s, 3H), 3.84 (s, 3H) ppm. "*C
NMR (101 MHz, DMSO-ds): 6 166.4, 157.3, 156.7, 139.1, 135.3, 132.9, 130.9 (2C), 129.2, 121.8 (2C),
119.4, 113.7, 112.2, 105.2, 55.9, 52.6, 34.0 ppm. LRMS (ESI+) m/z caled for [C1sHisN3O0s]": 324.13,
found: 324.20 [M+H]".

Methyl (E)-4-((1-butyl-5-methoxy-1H-indol-3-yl)diazenyl)benzoate (13b)

Intermediate 13b was prepared from 12b and methyl 4-aminobenzoate in a similar manner as
described for intermediate 4a. Orange solid, yield 28%. "H NMR (400 MHz, CDCl3): 6 8.18 (d, J= 8.4
Hz, 2H), 8.11 (d, J= 2.6 Hz, 1H), 7.94 (s, 1H), 7.90 (d, /= 8.4 Hz, 2H), 7.29 (d, J = 2.0 Hz, 1H), 7.01
(dd, J=8.9, 2.5 Hz, 1H), 4.21 (t,J="7.1 Hz, 2H), 3.97 (s, 3H), 3.95 (s, 3H), 2.00 — 1.87 (m, 2H), 1.51
—1.36 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz, CDCls): § 167.0, 157.11, 157.10,
140.0, 135.4, 131.7, 130.6 (2C), 129.5, 121.4 (2C), 113.9, 110.70, 110.68, 105.2, 55.9, 52.1,47.1, 31.9,
20.1, 13.6 ppm. LRMS (ESI+) m/z caled for [C21H24N303]": 366.17, found: 366.20 [M+H]".

Methyl (E)-4-((1-methyl-1H-indol-3-yl)diazenyl)benzoate (13c)

Intermediate 13¢ was prepared from 10a and iodomethane in a similar manner as described for
intermediate 12a. Orange solid, yield 85%. ESI-MS m/z: 294.15 [M+H]". '"H NMR (400 MHz, CDCl5):
0 8.51 — 8.45 (m, 1H), 8.08 (d, J = 8.4 Hz, 2H), 7.85 (s, 1H), 7.82 (d, J = 8.4 Hz, 2H), 7.31 — 7.28 (m,
3H), 3.87 (s, 3H), 3.84 (s, 3H) ppm. °C NMR (101 MHz, CDCl3): 6 166.9, 156.7, 137.5, 136.2 (2C),
130.6 (2C), 129.7, 124.4, 123.5, 123.3, 121.5 (2C), 118.4, 109.6, 52.1, 33.6 ppm. LRMS (ESI+) m/z
calcd for [C17H16N302]": 294.12, found: 294.15 [M+H]".

Methyl (E)-4-((1-benzyl-1H-indol-3-yl)diazenyl)benzoate (13d)

Intermediate 13d was prepared froml0a and benzyl bromide in a similar manner as described for
intermediate 12a. Yellow solid, yield 54%. '"H NMR (400 MHz, CDCl;): 6 8.65 — 8.56 (m, 1H), 8.18 (d,
J=28.5Hz, 2H), 8.01 (s, 1H), 7.92 (d, J = 8.5 Hz, 2H), 7.41 — 7.34 (m, 6H), 7.27 (dd, J= 6.1, 4.3 Hz,
2H), 5.42 (s, 2H), 3.97 (s, 3H). "C NMR (101 MHz, CDCl5): § 166.9, 156.8, 137.1, 136.3, 135.6, 135.5,
130.6 (2C), 129.8, 129.1 (2C), 128.3, 127.3 (2C), 124.5, 123.6, 123.4, 121.6 (2C), 119.6, 110.1, 52.2,
50.9. LRMS (ESI+) m/z calcd for [C23H20N30,]": 370.15, found: 370.20 [M+H]".

70



Methyl (E)-4-((1-benzyl-5-bromo-1H-indol-3-yl)diazenyl)benzoate (13e)

Intermediate 13e was prepared from 10¢ and benzyl bromide in a similar manner as described for
intermediate 12a. Yellow solid, yield 59%. "H NMR (400 MHz, CDCl;): ¢ 8.62 (d, J = 1.8 Hz, 1H),
8.11 (d, J=8.4 Hz, 2H), 7.92 (s, 1H), 7.82 (d, /= 8.4 Hz, 2H), 7.40 (d, /= 7.1 Hz, 2H), 7.37 - 7.21 (m,
5H), 5.32 (s, 2H), 3.86 (s, 3H) ppm. *C NMR (101 MHz, CDCl3): 6 166.2, 156.5, 136.1, 135.9, 135.7,
135.2,130.7 (2C), 130.1, 129.2 (20), 128.5, 128.3, 127.4, 127.2 (2C), 125.9, 121.7 (2C), 117.0, 111.7,
51.1, 50.3 ppm. LRMS (ESI+) m/z caled for [C23H19BrN;O2]™: 370.15, found: 370.20 [M+H]".

Methyl (E)-4-((1-benzyl-5-fluoro-1H-indol-3-yl)diazenyl)benzoate (13f)

Intermediate 13f was prepared from 10b and benzyl bromide in a similar manner as described for
intermediate 12a. Yellow solid, yield 85%. ESI-MS m/z: 388.20 [M+H]". '"H NMR (400 MHz, CDCl5)
0 8.18 (dd, J=9.5, 2.6 Hz, 1H), 8.08 (d, J = 8.3 Hz, 2H), 7.93 (s, 1H), 7.81 (d, J= 8.3 Hz, 2H), 7.33 -
7.21 (m, 3H), 7.20 — 7.12 (m, 3H), 6.97 (td, J = 8.9, 2.5 Hz, 1H), 5.31 (s, 2H), 3.87 (s, 3H). *C NMR
(101 MHz, CDCl3): 6 166.9, 160.2 (d, J = 238.8 Hz), 156.5, 136.5, 135.3, 133.5, 131.8, 130.6 (2C),
130.0, 129.2 (2C), 128.5, 127.2 (2C), 125.8, 121.6 (2C), 112.7 (d, J=26.4 Hz), 111.1 (d, J = 9.6 Hz),
108.8 (d, J = 25.2 Hz), 52.2, 51.2 ppm. LRMS (ESI+) m/z caled for [Ca3H1oFN3;O,]": 388.14, found:
388.20 [M+H]".

(E)-N-Hydroxy-4-((5-methoxy-1-methyl-1H-indol-3-yl)diazenyl)benzamide (14a)

Compound 14a was prepared from 13a in a similar manner as described for compound 6a. Brown
solid, yield 20%. 'H NMR (400 MHz, DMSO-ds): § 11.29 (brs, 1H), 9.12 (brs, 1H), 8.37 (s, 1H), 7.96
(s, 1H), 7.91 (d, J= 8.0 Hz, 2H), 7.83 (d, J= 8.1 Hz, 2H), 7.51 (d, /= 7.6 Hz, 1H), 7.00 (d, J = 6.5 Hz,
1H), 3.92 (s, 3H), 3.84 (s, 3H) ppm. *C NMR (101 MHz, DMSO-ds): § 164.2, 157.1, 155.3, 138.4,
135.0 132.8, 132.7, 128.4 (2C), 121.5 (2C), 119.5, 113.6, 112.1, 105.1, 55.9, 33.9 ppm. LRMS (ESI+)
m/z caled for [C17H17N4O5]™: 325.12, found: 325.15 [M+H]". HPLC (method A): g = 11.6 min, purity
98.9%. mp = 151—153 °C.

(E)-4-((1-Butyl-5-methoxy-1H-indol-3-yl)diazenyl)-N-hydroxybenzamide (14b)

Compound 14b was prepared from 13b in a similar manner as described for compound 6a. Brown
solid, yield 56%. 'H NMR (400 MHz, DMSO-ds): 6 11.19 (brs, 1H), 9.11 (brs, 1H), 8.42 (s, 1H), 7.96
(s, 1H), 7.91 (d, J= 8.1 Hz, 2H), 7.84 (d, J= 8.1 Hz, 2H), 7.56 (d, J= 7.9 Hz, 1H), 6.98 (d, /= 7.1 Hz,
1H), 4.37-4.17 (m, 2H), 3.84 (s, 3H), 1.91 — 1.76 (m, 2H), 1.42 — 1.25 (m, 2H), 0.92 (t,J= 6.9 Hz, 3H)
ppm. C NMR (101 MHz, DMSO-ds): § 157.0, 155.4, 137.6, 135.1, 132.0, 129.5, 128.4 (2C), 121.5
(20), 119.6, 113.6, 112.2, 105.2, 100.0, 55.9, 46.6, 32.0, 19.9, 14.0 ppm. LRMS (ESI+) m/z calcd for
[C20H23N403]": 367.17, found: 367.20 [M+H]". HPLC (method A): fr = 12.8 min, purity 95.4%. mp =
127-129 °C.

(E)-N-Hydroxy-4-((1-methyl-1H-indol-3-yl)diazenyl) benzamide (14c)

Compound 14¢ was prepared from 13¢ in a similar manner as described for compound 6a. Brown
solid, yield 40%. 'H NMR (400 MHz, DMSO-ds): § 11.30 (s, 1H), 9.09 (s, 1H), 8.49 — 8.40 (m, 2H),
7.92 (d, J=8.4 Hz, 2H), 7.84 (d, /= 8.4 Hz, 2H), 7.60 (d, /= 7.9 Hz, 1H), 7.38 (t,J= 7.3 Hz, 1H), 7.32
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(t, J= 7.4 Hz, 1H), 3.95 (s, 3H) ppm. >*C NMR (101 MHz, DMSO-ds): 6 155.3, 138.5, 137.8, 135.2,
132.9, 128.5 (2C), 124.6, 123.7,122.9, 121.5 (2C), 118.9, 111.2, 33.8 ppm. LRMS (ESI+) m/z calcd for
[C16H1sN4O2]™: 295.11, found: 295.10 [M+H]". HPLC (method A): g = 11.6 min, purity 95.1%. mp =
162—-164 °C.

(E)-4-((1-Benzyl-1H-indol-3-yl)diazenyl)-N-hydroxybenzamide (14d)

Compound 14d was prepared from 13d in a similar manner as described for compound 6a. Brown
solid, yield 68%, purity 96.2%. 'H NMR (400 MHz, DMSO-ds): § 11.31 (s, 1H), 9.09 (s, 1H), 8.66 (s,
1H), 8.51 — 8.38 (m, 1H), 7.93 (d, J = 8.4 Hz, 2H), 7.86 (d, J = 8.4 Hz, 2H), 7.64 — 7.58 (m, 1H), 7.41
—7.34 (m, 4H), 7.33 — 7.26 (m, 3H), 5.59 (s, 2H) ppm. *C NMR (101 MHz, DMSO-ds): 6 155.3, 137.8,
137.4,137.0, 135.5, 133.1, 132.0, 129.2 (2C), 128.5 (2C), 128.3, 127.8 (2C), 124.7,123.7, 123.0, 121.6
(2C),119.3,111.7,50.2 ppm. LRMS (ESI+) m/z caled for [C22H19N4O,]™: 371.14, found: 371.15 [M+H]".
HPLC (method A): g = 12.7 min, purity 97.3%. mp = 169—170 °C.
(E)-4-((1-Benzyl-5-bromo-1H-indol-3-yl)diazenyl)-N-hydroxybenzamide (14e)

Compound 14e was prepared from 13e in a similar manner as described for compound 6a. Brown
solid, yield 55%. '"H NMR (400 MHz, DMSO-ds): 6 11.29 (brs, 1H), 9.11 (brs, 1H), 8.73 (s, 1H), 8.55
(s, 1H), 7.93 (d, J= 8.1 Hz, 2H), 7.88 (d, /= 8.1 Hz, 2H), 7.61 (d, /= 6.7 Hz, 1H), 7.46 (d, /= "7.1 Hz,
1H), 7.42 — 7.33 (m, 5H), 5.60 (s, 2H) ppm. *C NMR (101 MHz, DMSO-d): 6 155.1, 138.6, 137.1,
135.8, 134.4, 133.4, 129.3 (2C), 128.5 (2C), 128.4, 127.9, 127.8 (2C), 127.2, 124.9, 121.8 (2C), 120.6,
116.4, 113.9, 50.4 ppm. LRMS (ESI+) m/z calcd for [C22HisBrNsO2]"™: 449.05, found: 449.10 [M+H]".
HPLC (method A): tr = 13.5 min, purity 97.9%. mp = 167-168 °C.
(E)-4-((1-Benzyl-5-fluoro-1H-indol-3-yl)diazenyl)-N-hydroxybenzamide (14f)

Compound 14f was prepared from 13f in a similar manner as described for compound 6a. Brown
solid, yield 26%. ESI-MS m/z: 389.20 [M+H]". '"H NMR (400 MHz, DMSO-ds): § 11.34 (s, 1H), 9.14
(s, 1H), 8.71 (s, 1H), 8.12 (dd, /= 9.6, 2.6 Hz, 1H), 7.92 (d, J = 8.6 Hz, 2H), 7.88 (d, J = 8.6 Hz, 2H),
7.62 (dd, J=8.9,4.3 Hz, 1H), 7.38 — 7.34 (m, 4H), 7.32 - 7.27 (m, 1H), 7.17 (td, J=9.1, 2.6 Hz, 1H),
5.58 (s, 2H) ppm. *C NMR (101 MHz, DMSO-d): § 164.3,159.9 (d, J=236.4 Hz), 155.1, 138.9, 137.1,
135.2,133.6,133.2,129.3 (2C), 128.5 (2C), 128.4, 127.8 (2C), 121.7 (2C), 119.4 (d,J=10.9 Hz), 113.2
(d,J=9.4 Hz), 112.7 (d, J = 26.0 Hz), 108.1 (d, J = 25.2 Hz), 50.5 ppm. LRMS (ESI+) m/z calcd for
[C2oH1sFN4O]": 389.13, found: 389.20 [M+H]". HPLC (method A): fr = 12.9 min, purity 99.8%. mp =
171-173 °C.

Methyl (E)-4-(quinolin-8-yldiazenyl)benzoate (16)

Oxone (8.14 g, 13.24 mmol) in 30 mL water was added to methyl 4-aminobenzoate (1.00 g, 6.62
mmol) in 30 mL dichlormethan at r.t. for 4 h. The organic phase was washed with water and brine, dried
over Na;SOs, and concentrated to afford light green solid methyl 4-nitrosobenzoate. 8-Aminoquinoline
(0.50 g, 3.47 mmol) was added to the light green solid, subsequently, a mixture of 20 mL AcOH and 10
mL TFA was added and stirred at r.t. over night. Solvents were removed afterwards, the residue was

extracted with ethyl acetate and washed with water and brine. The organic phase was dried over Na,SO4
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and purified with column chromatography to afford red solid 30 mg, yield 3%. 'H NMR (400 MHz,
CDCl3): 69.09 (dd, J=4.1, 1.6 Hz, 1H), 8.20 (dd, J = 8.3, 1.5 Hz, 1H), 8.15 (d, /= 8.5 Hz, 2H), 8.02
(d,J=8.5Hz, 2H), 7.94 (d, /= 8.0 Hz, 1H), 7.80 (d, /= 7.5 Hz, 1H), 7.59 (t, /= 7.8 Hz, 1H), 7.48 (dd,
J=28.3,4.2 Hz, 1H), 3.90 (s, 3H) ppm. >*C NMR (101 MHz, CDCl;): § 166.6, 155.6, 151.6, 149.2, 144.5,
136.4, 132.1, 131.5, 130.6 (2C), 129.2, 126.5, 123.2 (2C), 121.9, 116.2, 52.4 ppm. LRMS (ESI+) m/z
calcd for [C17H14N302]": 292.10, found: 292.15 [M+H]".
(E)-N-Hydroxy-4-(quinolin-8-yldiazenyl)benzamide (17)

Compound 17 was prepared from intermediate 16 in a similar manner as described for compound 6a.
Red solid, yield 42%. "H NMR (400 MHz, DMSO-ds): 6 9.10 (d, J = 2.8 Hz, 1H), 8.54 (d, J = 8.1 Hz,
1H), 8.24 — 8.20 (m, 1H), 8.18 (s, 3H), 8.06 — 8.00 (m, 3H), 7.78 (t, J = 7.9 Hz, 2H), 7.71 (dd, J = 8.2,
4.1 Hz, 1H) ppm. *C NMR (101 MHz, DMSO-ds): § 164.0, 157.6, 154.3, 151.9, 149.3, 143.9, 136.9,
132.2, 129.3, 128.7 (2C), 127.0, 123.3 (2C), 122.8, 116.3 ppm. LRMS (ESI+) m/z calcd for
[C16H13N40,]": 293.10, found: 293.15 [M+H]". HPLC (method A): tx = 7.3 min, purity 95.9%. mp =
88-90 °C.

Methyl (E)-4-((8-aminoquinolin-5-yl)diazenyl)benzoate (18a)

Intermediate 18a was prepared from 8-aminoquinoline (15) and methyl 4-aminobenzoate in a similar
manner as described for intermediate 4a. Red solid, yield 68%. "H NMR (400 MHz, DMSO-ds): 6 9.26
(dd, J=8.6, 1.7 Hz, 1H), 8.86 (dd, J=4.1, 1.7 Hz, 1H), 8.14 — 8.10 (m, 2H), 8.06 (d, /= 8.7 Hz, 1H),
8.03 —7.97 (m, 2H), 7.72 (dd, J = 8.6, 4.1 Hz, 1H), 7.35 (s, 2H), 7.00 (d, /= 8.7 Hz, 1H), 3.90 (s, 3H)
ppm. *C NMR (101 MHz, DMSO-ds): 6 166.4, 156.3, 151.9, 148.3, 136.3, 136.1, 131.9, 130.9 (2C),
129.8, 128.8, 124.1, 122.5 (2C), 117.7, 108.9, 52.7 ppm. LRMS (ESI+) m/z caled for [C17H;sN4O2]":
307.11, found: 307.15 [M+H]".

Methyl (E)-4-((8-aminoquinolin-5-yl)diazenyl)-3-fluorobenzoate (18b)

Intermediate 18b was prepared from 8-aminoquinoline (15) and methyl 4-amino-3-fluorobenzoate in
the similar procedure as described for intermediate 4a. Red solid, yield 62%. 'H NMR (400 MHz,
DMSO-ds): 6 9.26 (dd, J = 8.6, 1.6 Hz, 1H), 8.87 (dd, J = 4.1, 1.6 Hz, 1H), 8.07 (d, J = 8.8 Hz, 1H),
7.99 (t, J= 8.2 Hz, 1H), 7.88 — 7.86 (m, 1H), 7.84 (s, 1H), 7.73 (dd, J = 8.6, 4.1 Hz, 1H), 7.54 (s, 2H),
7.01 (d, J = 8.8 Hz, 1H), 3.90 (s, 3H). *C NMR (101 MHz, DMSO-ds): 6 165.4 (d, J = 2.6 Hz), 158.2
(d, J=253.9 Hz), 152.7, 148.3, 144.5 (d, J= 6.9 Hz), 136.6, 136.2, 131.9, 130.9 (d, /= 7.3 Hz), 128.9,
126.2 (d, J=3.3 Hz), 124.3, 119.0, 118.4, 118.0 (d, /= 21.7 Hz), 109.1, 53.0 ppm. LRMS (ESI+) m/z
caled for [C17H14FN4O2]": 325.10, found: 325.10 [M+H]".
(E)-4-((8-Aminoquinolin-5-yl)diazenyl)-N-hydroxybenzamide (19a)

Compound 19a was prepared from 18a in a similar manner as described for compound 6a. Red solid,
yield 24%. '"H NMR (400 MHz, DMSO-ds): § 11.34 (s, 1H), 9.35 — 9.20 (m, 1H), 9.10 (s, 1H), 8.86 (d,
J=2.6Hz, 1H), 8.03 (d, /= 8.7 Hz, 1H), 7.94 (s, 4H), 7.70 (dd, J= 8.5, 4.1 Hz, 1H), 7.24 (s, 2H), 6.99
(d, J= 8.7 Hz, 1H) ppm. *C NMR (101 MHz, DMSO-ds): 6 164.2, 160.1, 155.0, 151.5, 148.2, 136.3,
136.0, 133.3, 132.0, 128.5 (2C), 123.9, 122.2 (2C), 117.2, 108.8 ppm. LRMS (ESI+) m/z calcd for
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[C16H14NsO,]™: 308.11, found: 308.05 [M+H]". HPLC (method A): #r = 10.8 min, purity 96.5%. mp =
237-239 °C.
(E)-4-((8-Aminoquinolin-5-yl)diazenyl)-3-fluoro-N-hydroxybenzamide (19b)

Compound 19b was prepared from 18b in a similar manner as described for compound 6a. Brown
solid, yield 24%. '"H NMR (400 MHz, DMSO-ds): 6 11.42 (s, 1H), 9.27 (d, J = 8.2 Hz, 1H), 8.86 (d, J
=2.3 Hz, 1H), 8.05 (d, /= 8.7 Hz, 1H), 7.95 (t, /= 8.0 Hz, 1H), 7.82 — 7.65 (m, 3H), 7.42 (s, 2H), 7.01
(d, J = 8.7 Hz, 1H) ppm (one exchangeable proton not observed). *C NMR (101 MHz, DMSO-ds): 6
167.50, 158.37 (d, J = 253.8 Hz), 152.17, 148.28, 143.01 (d, J = 6.9 Hz), 136.38 (d, J = 25.7 Hz, 2C),
134.5,131.98, 128.76, 124.18, 123.93 (d, /= 3.8 Hz), 118.29 (d, /= 11.1 Hz, 2C), 115.84 (d, J = 20.6
Hz), 108.98 ppm. LRMS (ESI+) m/z calcd for [C16H13FN5O2]": 325.10, found: 326.05 [M+H]". HPLC
(method A): fr = 11.5 min, purity 97.9%. mp = 203-205 °C.

Methyl (E)-4-(quinolin-5-yldiazenyl)benzoate (20a)

18a (0.20 g, 0.65 mmol) was added to 2 mL of 50% HBF, aq. at -15 °C, then NaNO- (71 mg, 0.98
mmol) in 1 mL water was added dropwise. The mixture was stirred at -15 °C for 30 min, then the
precipitate was filtered out and washed with cold Et,O and the mixture of Et,O - MeOH (1:1) to afford
the dizonium salt. The dizonium salt was then suspended in 2 mL water and added to copper powder
(0.42 g, 6.5 mmol), subsequently, NaNO; (0.24 g, 3.25 mmol) in 1 mL water was added. The mixture
was stirred at r.t. over night. Afterwards, the mixture was extracted with ethyl acetate and purified with
column chromatography to afford red solid 12 mg, yield 6%. '"H NMR (400 MHz, CDCls): § 9.30 (d, J
= 8.5 Hz, 1H), 9.06 (d, /= 3.6 Hz, 1H), 8.33 (d, /= 7.9 Hz, 1H), 8.27 (d, /= 8.2 Hz, 2H), 8.09 (d, J =
8.3 Hz, 2H), 7.98 (d, J = 7.6 Hz, 1H), 7.85 (t, J = 8.0 Hz, 1H), 7.61 (dd, J = 8.5, 4.1 Hz, 1H), 4.01 (s,
3H) ppm. *C NMR (101 MHz, CDCl;): 6 166.4, 155.6, 155.3, 150.7, 147.2, 132.9, 132.8, 132.3, 130.8
(2C), 129.36, 127.0, 123.0 (2C), 122.0, 112.9, 52.4 ppm. LRMS (ESI+) m/z calcd for [C17H14N30,]":
292.10, found: 292.15 [M+H]".

Methyl (E)-3-fluoro-4-(quinolin-5-yldiazenyl)benzoate (20b)

Intermediate 20b was prepared from 18b in the similar procedure as described for intermediate 20a.
Red solid, yield 7%. "H NMR (400 MHz, CDCl;): 6 9.32 (d, J = 8.4 Hz, 1H), 9.07 (d, J= 3.1 Hz, 1H),
8.38 (d, J=8.3 Hz, 1H), 8.04 (d, J=7.6 Hz, 1H), 8.03 — 7.97 (m, 2H), 7.95 - 7.90 (m, 1H), 7.87 (t,J =
8.0 Hz, 1H), 7.64 (dd, J = 8.6, 4.2 Hz, 1H), 4.01 (s, 3H) ppm. >°C NMR (101 MHz, CDCl;): J 165.4,
159.5 (d, J =259.5 Hz), 153.2, 151.2, 148.7, 147.5, 143.5 (d, J = 7.2 Hz), 134.0, 132.0, 129.0, 126.9,
125.6 (d, J=3.8 Hz), 122.3, 118.7 (d, /= 21.9 Hz), 118.2, 113.4, 52.7 ppm. LRMS (ESI+) m/z calcd
for [C17H13FN30,]": 310.09, found: 310.10 [M+H]".
(E)-N-hydroxy-4-(quinolin-5-yldiazenyl)benzamide (21a)

Compound 21a was prepared from 20a in a similar manner as described for compound 6a. Red solid,
26 mg, yield 20%. '"H NMR (400 MHz, DMSO-ds): 6 11.43 (s, 1H), 9.30 (d, J = 8.2 Hz, 1H), 9.07 (d, J
= 2.7 Hz, 1H), 8.35 — 8.23 (m, 1H), 8.13 (t, /= 8.9 Hz, 2H), 8.03 (d, /= 8.3 Hz, 2H), 7.94 (d, /= 4.0
Hz, 2H), 7.76 (dd, J = 8.4, 4.0 Hz, 1H). >*C NMR (101 MHz, DMSO-ds): § 154.1, 152.0, 148.6, 147.1,
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135.9, 133.5, 132.1, 129.8, 128.7, 126.5, 123.5 (2C), 123.2, 112.9 ppm. LRMS (ESI+) m/z calcd for
[C16H13N402]": 293.10, found: 293.15 [M+H]". HPLC (method A): fr = 9.6 min, purity 97.4%. mp =
218-220 °C.

(E)-3-fluoro-N-hydroxy-4-(quinolin-5-yldiazenyl)benzamide (21b)

Compound 21b was prepared from 20b in a similar manner as described for compound 6a. Brown
solid, 10 mg, yield 33%. 'H NMR (400 MHz, DMSO-ds): 6 9.26 (s, 1H), 9.06 (s, 1H), 8.29 (s, 1H), 8.03
(s, 1H), 7.97 — 7.60 (m, 6H) ppm (one exchangeable proton not observed). *C NMR (101 MHz, DMSO-
ds): 0 162.3, 159.5 (d, J = 256.9 Hz), 157.6, 152.0, 148.6, 147.3, 141.9 (d, J = 12.0 Hz), 134.0, 132.1
129.8, 126.6, 124.0, 123.3, 118.8, 116.2 (d, J = 21.4 Hz), 113.3 ppm. LRMS (ESI+) m/z calcd for
[C16H12FN4O2]": 311.09, found: 311.05 [M+H]". HPLC (method A): fr = 11.3 min, purity 96.1%. mp =
182-183 °C.

Methyl (E)-4-((8-chloroquinolin-5-yl)diazenyl)benzoate (22)

18a (0.30 g, 0.98 mmol) was added to a solution of sodium nitrite (0.29 g, 3.92 mmol) in 3 mL DMSO,
then 0.5 mL of 37% HCI was added dropwise to the mixture and stirred at r.t. over night. Excess water
was added, red solid was precipitated and filtered, then purified with column chromatography to afford
red solid 38 mg, yield 12%. 'H NMR (400 MHz, CDCl;): 6 9.28 (dd, J = 8.5, 1.5 Hz, 1H), 9.09 (dd, J =
4.1, 1.5 Hz, 1H), 8.17 (d, J = 8.4 Hz, 2H), 7.99 (d, /= 8.4 Hz, 2H), 7.91 — 7.81 (m, 2H), 7.61 (dd, J =
8.5,4.2 Hz, 1H), 3.91 (s, 3H) ppm. *C NMR (101 MHz, CDCl;): 6 166.3, 155.5, 155.05, 147.0, 146.1,
137.4, 134.0, 132.9, 131.5, 130.8 (2C), 128.8, 123.2 (2C), 115.8, 114.9, 52.5 ppm. LRMS (ESI+) m/z
caled for [C17H13CIN3O,]": 326.06, found: 326.10 [M+H]".
(E)-4-((8-chloroquinolin-5-yl)diazenyl)-N-hydroxybenzamide (23)

Compound 23 was prepared from intermediate22 in a similar manner as described for compound 6a.
Red solid, yield 32%."H NMR (400 MHz, DMSO-ds): 6 11.37 (s, 1H), 9.27 (d, J= 77.1 Hz, 2H), 8.33
—7.68 (m, 8H) ppm. *C NMR (101 MHz, DMSO-ds): 6 154.1, 152.6, 146.0, 144.2, 137.0, 136.0, 132.9,
130.02, 130.00, 128.7 (2C), 127.7, 124.0, 123.6 (2C), 113.0 ppm. LRMS (ESI+) m/z calcd for
[C16H12CIN4O]": 327.06, found: 327.10 [M+H]". HPLC (method A): g = 11.9 min, purity 95.3%. mp
=173-175 °C.

Methyl (E)-4-((5-aminoquinolin-8-yl)diazenyl)benzoate (25)

Intermediate 25 was prepared from 5-aminoquinoline (24) and methyl 4-aminobenzoate in a similar
manner as described for intermediate 2a. Brown solid, yield 71%. 'H NMR (400 MHz, DMSO-ds): ¢
9.05 (dd, J=4.1, 1.4 Hz, 1H), 8.71 (dd, J = 8.5, 1.4 Hz, 1H), 8.13 (d, J = 8.4 Hz, 2H), 8.07 (d, /= 8.7
Hz, 1H), 7.96 (d, J= 8.5 Hz, 2H), 7.57 (dd, /= 8.5, 4.2 Hz, 1H), 7.40 (s, 2H), 6.83 (d, /= 8.8 Hz, 1H),
3.90 (s, 3H) ppm. *C NMR (101 MHz, DMSO-ds): § 166.4, 156.0, 152.6, 151.7, 146.2, 137.5, 132.8,
130.9 (20), 129.8, 122.5 (2C), 120.4, 120.3, 116.8, 108.2, 52.7 ppm. LRMS (ESI+) m/z caled for
[C17H;5N40,]™: 307.11, found: 307.10 [M+H]".

75



(E)-4-((5-aminoquinolin-8-yl)diazenyl)-N-hydroxybenzamide (26)

Compound 26 was prepared from intermediate 25 in a similar manner as described for compound 6a.
Black solid, yield 14%. 'H NMR (400 MHz, DMSO-ds): J 9.02 (s, 1H), 8.69 (d, J = 8.1 Hz, 1H), 8.27
(s, 2H), 8.02 (d, /= 8.6 Hz, 1H), 7.94 (d, J= 8.4 Hz, 2H), 7.89 (d, J= 8.4 Hz, 2H), 7.53 (d, /= 4.5 Hz,
1H), 7.24 (s, 1H), 6.82 (d, J= 8.6 Hz, 1H) ppm (one exchangeable proton not observed). >*C NMR (101
MHz, DMSO-ds): 6 164.7,155.1,151.9, 151.7, 146.8, 138.4, 136.1, 131.9, 128.5 (2C), 127.0 122.3 (2C),
120.1, 118.9, 107.7 ppm. LRMS (ESI+) m/z calcd for [C16H14NsO2]™: 308.11, found: 308.10 [M+H]".
HPLC (method A): fr = 8.0 min, purity 95.0%. mp = 209-211 °C.

In Vitro HDACs Inhibition Fluorescence Assay. All of the HDAC enzymes were bought from BPS
Bioscience. In vitro HDAC inhibition assays were conducted as previously described with partial
modification.”*® In brief, 20 uL of recombinant HDAC enzyme solution was mixed with various
concentrations of tested compound (20 xL). Only for the measurement of corresponding cis-isomers,
diluted compounds were treated with irradiation of 365 nm UV light for 2 min before being mixed with
the enzymes. The mixture was incubated at 30 °C for 1 h, then 10 uL of fluorogenic substrate (Boc-Lys
(acetyl)-AMC) was added. After incubation at 30 °C for 2 h, the catalysis was stopped by addition of 10
uL of developer containing trypsin. Thirty minutes later, fluorescence intensity was measured using a
microplate reader at excitation and emission wavelengths of 360 and 460 nm, respectively. All samples
were prepared in duplicate and minimum of two independent assays were performed for each compound.
The inhibition ratios were calculated from the fluorescence intensity readings of tested wells relative to
those of control wells, and the ICso curves and values were determined by GraphPad Prism 7, using the

“log (inhibitor) vs. normalized response - variable slope” function.
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5. Summary

Most antioxidants reported so far only achieved limited success in AD clinical trials. Growing
evidences suggest that merely targeting oxidative stress will not be sufficient to fight AD. While multi-
target directed ligands could synergistically modulate different steps in the neurodegenerative process,
offering a promising potential for treatment of this complex disease. The rationale of oxidative stress
based MTDL strategy is that single molecules, endowed with antioxidant properties by incorporating
with the pharmacophore of antioxidants, can produce additional neuroprotective effects against AD.

In the first project of this thesis (cf. Chapter 3), 15 target compounds have been designed by merging
melatonin and ferulic acid into the cap group of a tertiary amide HDACG6 inhibitor. All target compounds
were chemically synthesized and biologically evaluated by enzyme-based and cellular HDAC inhibition
assays, DPPH and ORAC assays. Compound 10b was screened as the best hybrid molecule exhibit
potent HDACG6 inhibition (ICso = 30.7 nM, 25-fold selectivity over HDAC1) and potent antioxidant
capacity (DPPH ECso= 10.8 uM, ORAC value = 2.1 trolox eq.). Further immunomodulatory effects
were evaluated in murine N9 cells, compound 10b alleviated LPS-induced microglia inflammation and
led to a switch from neurotoxic M1 to the neuroprotective M2 microglial phenotype. Moreover,
compound 10b show pronounced attenuation of spatial working memory and long-term memory
damage in an in vivo AD mouse model induced by icv Af»s-35 peptide injection at dose of only 0.3
mg/kg, indicating its in vivo neuroprotective properties. Compound 10b can be a potentially effective

drug candidate for treatment of AD and its druggability worth to be further studied.

In Vitro Neuroprotectivity In Vivo
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Immunomodulatory effects in microglia cells

Furthermore, novel neuroprotectants based on molecular hybridization can be an effective approach
to uncover the pathogenesis and signaling pathways of aging and neurodegenerative diseases. Based on
the potent neuroprotective effects of vitamin K derivatives against oxytosis pathway, we have designed
ten novel neuroprotectants by hybridizing with several common antioxidants, including ferulic acid,
melatonin, lipoic acid, and trolox. The trolox hybrid compound exhibited the most potent
neuroprotective effects in multiple neuroprotection assays. Besides, we identified the synergistic effects
between trolox and vitamin K derivative, and our trolox hybrid compound showed comparable

neuroprotection with the mixture of trolox and vitamin K derivative.
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8e
ECs (DPPH) = 15.4 uM
ORAC value = 1.6 trolox eq.
Protect HT22 cells from
oxytosis and ferroptosis at 0.75
and 0.15 pM, respectively

Encouraged by the potent antioxidant capacity and neuroprotective effects of vitamin K hybrids, we
have studied the structure-activity relationship of quinone derivatives with antioxidant capacity and
neuroprotective effects to provide guidance for further design of novel neuroprotectants. We have
designed and synthesized 24 quinone derivatives based on five kinds of different quinones including
ubiquinone, 2,3,5-trimethyl-1,4-benzoquinone, memoquin, thymoquinone, and anthraquinone. Their
antioxidant capacity and neuroprotective effects have been evaluated by ORAC and oxytosis assays,
respectively. 2,3,5-Trimethyl-1,4-benzoquinone (12a-d) and thymoquinone derivatives (14a-d) were
identified as potent antioxidants with ORAC values ranging from 0.3 to 4.5, respectively. Moreover,
trimethylbenzoquinone and thymoquinone derivatives showed more potent neuroprotection than other
quinones in oxytosis assay. Therefore, trimethylbenzoquinone and thymoquinone derivatives can be
used as lead compounds for further mechanism study and drug discovery for treatment of
neurodegenerative disease. No relationship between their antioxidant capacity and neuroprotective

effects in HT22 cells could be observed.

o CH; O .
HaC N-r HaC R
HsC CH, CHs
o) (0]
12a-d (Trimethylbenzoquinone derivatives) 14a-d (Thymoquinone derivatives)
ORAC value = 0.3 - 4.5 trolox eq. ORAC value = 0.6 - 3.5 trolox eq.

Protect HT22 cells from oxytosis at 5 uM Protect HT22 cells from oxytosis at 5 uM

HDACS6 is a new emerging target showing great therapeutic potential to tackle neurodegenerative
disorders, however, its mode of action in neurodegenerative progression remains unclear. We herein
designed a series of photoswitchable HDAC inhibitors, which could be effective molecular tools due to
the high spatial and temporal resolution. In total 23 target compounds were synthesized and
photophysicochemically characterized. Azoquinoline-based compounds possess more thermally stable
cis-isomers in buffer solution, which were further tested in enzyme-based HDAC inhibition assay.
However, none of those tested compounds show significant differences in activities between trans-
isomers and corresponding cis-isomers. Although the expected “cis-on” effect was not achieved, the
substituent effects on 3-arylazoindole and azoquinoline photoswitches have been thoroughly
investigated, and the obtained structure-photophysicochemical properties relationship could be a

direction for other researchers and in other applications.
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6. Zusammenfassung

Die meisten bisher berichteten Antioxidantien erzielten in klinischen-Studien zur Alzheimer-
Krankheit nur einen begrenzten Erfolg. Es gibt immer mehr Hinweise darauf, dass die blofle
Bekdmpfung von oxidativem Stress nicht ausreicht, um die Alzheimer-Krankheit zu bekémpfen.
Wihrend Multipotente Liganden verschiedene Schritte im neurodegenerativen Prozess synergistisch
modulieren kénnten und ein vielversprechendes Potenzial fiir die Behandlung dieser komplexen
Krankheit bieten. Das Design fiir die Verbindungen basiert auf oxidativem Stress und der Multipotente
Liganden Strategie ist, einzelnen Molekiilen, die durch den Einbau in den Pharmakophor von
Antioxidantien mit antioxidativen Eigenschaften ausgestattet sind, zusitzliche neuroprotektive
Wirkungen gegen die Alzheimer-Krankheit haben koénnen.

Im ersten Projekt dieser Dissertation (vgl. Kapitel 3) wurden 15 Zielverbindungen entworfen, indem
Melatonin und Ferulasdure in die Deckel-Gruppe eines tertidren Amid-HDAC6-Inhibitors fusioniert
wurden. Alle Zielverbindungen wurden chemisch synthetisiert und durch enzymbasierte und zellulédre
HDAC-Inhibitionsassays, dem DPPH-Assay und dem ORAC-Assay biologisch untersucht. Verbindung
10b wurde als bestes Hybridmolekiil gescreent, das eine potente HDAC6-Hemmung (IC50 = 30,7 nM,
25-fache Selektivitit gegeniiber HDAC1) und eine starke antioxidative Kapazitdt (DPPH EC50 = 10,8
uM, ORAC-Wert = 2,1 Trolox-Aq.) aufweist. Weitere immunmodulatorische Effekte wurden in
murinen N9-Zellen untersucht. Hierbei linderte Verbindung 10b die LPS-induzierte Mikroglia-
Entziindung und fiihrte zu einem Wechsel vom neurotoxischen M1- zum neuroprotektiven M2-
Mikroglia-Phénotyp. Dariiber hinaus zeigt Verbindung 10b eine ausgeprigte Abschwichung des
rdumlichen Arbeitsgeddchtnisses und eine Schidigung des Langzeitgedédchtnisses in einem in vivo
Alzheimer-Krankheit-Mausmodell, das durch icv A»s.35 Peptidinjektion in einer Dosis von 0,3 mg/kg
induziert wurde, was auf seine in vivo neuroprotektiven Eigenschaften hinweist. Verbindung 10b kann
ein potenzieller Wirkstoffkandidat zur Behandlung der Alzheimer-Krankheit sein, und eignet sich fiir

weiterfihrende Studien.

CHj
In Vitro Neuroprotektion In Vivo
Deckel H3CO, OH
HN
2:0
HaC N Linker =
HaCO H N©—§
NT(CHS HyC Ob H3Co\©\/§\N °
| 0 N
N A '
Melatonin
10b
> IC50 (HDAC1) =771 nM s
HsCO . COOH =
3 ICso (HDACS) = 30,7 nM 10b (0,3 mg/kg)
Ho ECgo (DPPH) = 10,8 MM

ORAC-Wert = 2,1 Trolox-Aq.
Immunmodulatorische Effekte
in Mikrogliazellen

Ferulasaure

Dariiber hinaus kdnnen neuartige neuroprotektive Substanzen, die auf molekularer Hybridisierung

basieren, ein effektiver Ansatz sein, um die Pathogenese und Signalwege des Alterns und
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neurodegenerativer Erkrankungen zu behandeln. Basierend auf den starken neuroprotektiven
Wirkungen von Vitamin-K-Derivaten gegen den Oxytoseweg, haben wir zehn neue Verbindungen
entwickelt, indem wir Vitamin K mit mehreren Antioxidantien, darunter Ferulasdure, Melatonin,
Liponsdure und Trolox, hybridisieten. Die Trolox-Hybridverbindung zeigte die stirksten
neuroprotektiven Wirkungen in mehreren Neuroprotektionsassays. AufBlerdem haben wir die
synergistischen Effekte zwischen Trolox und dem Vitamin-K-Derivat identifiziert, und unsere Trolox-
Hybridverbindung zeigte eine vergleichbare Neuroprotektion mit der Mischung aus Trolox und

Vitamin-K-Derivat.

O CHz  CHj
~ N O CH3
H
OH
CHs
8e

ECs¢ (DPPH) = 15,4 uM
ORAC-Wert = 1,6 Trolox-Aq.
Schitzen Sie HT22-Zellen vor
Oxytose und Ferroptose bei
0,75 und 0,15 mM, respektive

Ermutigt durch die starke antioxidative Kapazitit und der neuroprotektiven Wirkung von Vitamin-K-
Hybriden, haben wir die Struktur-Aktivitits-Beziehung von Chinon-Derivaten mit der antioxidativen
Kapazitit und der neuroprotektiven Wirkungen untersucht, um Leitlinien fiir das weitere Design neuer
neuroprotektive Verbindungen bereitzustellen. Wir haben 24 Chinon-Derivate entwickelt und
synthetisiert, die auf fiinf verschiedenen Chinonen basieren, darunter Ubichinon, 2,3,5-Trimethyl-1,4-
Benzochinon, Memoquin, Thymochinon und Anthrachinon. Deren antioxidative Kapazitit und
neuroprotektive Wirkung wurden durch ORAC- bzw. Oxytose-Assays bewertet. 2,3,5-Trimethyl-1,4-
benzochinon (12a-d) und Thymochinon-Derivate (14a-d) wurden als starke Antioxidantien mit ORAC-
Werten zwischen 0,3 bzw. 4,5 identifiziert. Dariiber hinaus zeigten Trimethylbenzochinon- und
Thymochinon-Derivate im Oxytose-Assay eine stirkere Neuroprotektion als andere Chinone. Daher
konnen Trimethylbenzochinon- und Thymochinon-Derivate als Leitverbindungen fiir die weitere
Untersuchung des Mechanismus und die Wirkstoftforschung zur Behandlung neurodegenerativer
Erkrankungen verwendet werden. Es konnte kein Zusammenhang zwischen deren antioxidativen

Kapazitit und der neuroprotektiven Wirkungen in HT22-Zellen beobachtet werden.

o H CH; O H
HyC N-R HC R
H4C CH, CHs;
o 0]
12a-d (Trimethylbenzochinon-Derivate) 14a-d (Thymochinon-Derivate )
ORAC-Wert = 0,3 - 4,5 Trolox-Aq. ORAC-Wert = 0,6 - 3,5 Trolox Aq.

Schitzen Sie HT22-Zellen vor Oxytose bei 5 uM  Schiitzen Sie HT22-Zellen vor Oxytose bei 5 uM
HDAC6 ist ein neues aufkommendes Target, das ein groBes therapeutisches Potenzial zur

Bekdmpfung  neurodegenerativer  Erkrankungen  aufweist, sein  Wirkmechanismus  bei
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neurodegenerativer Progression bleibt jedoch unklar. Wir haben hier eine Reihe von photoschaltbaren
HDAC-Inhibitoren entwickelt, die aufgrund der hohen raumlichen und zeitlichen Auflosung effektive
molekulare Werkzeuge sein konnten. Insgesamt wurden 23 Zielverbindungen synthetisiert und
photophysikochemisch charakterisiert. Die Verbindungen auf Azochinolinbasis besitzen thermisch
stabilere cis-Isomere in Pufferlosung, die in einem enzymbasierten HDAC-Inhibitionsassay weiter
getestet wurden. Keine dieser getesteten Verbindungen zeigt jedoch signifikante Unterschiede in der
Aktivitdt zwischen trans-Isomeren und den entsprechenden cis-Isomeren. Obwohl der vermutete ,,cis-
on‘“-Effekt nicht erreicht wurde, wurden die Substituenteneffekte auf 3-Arylazoindol- und Azochinolin-
Photoschalter griindlich untersucht, und die erhaltene Beziechung zwischen Struktur und
photophysikochemischen Eigenschaften kdnnte eine Richtung fiir andere Forscher und fiir andere

Anwendungen sein.

N=N
R4
v O
N R2 N:N
R4
AN H Cis-lsomere sind
N N in Puffer thermisch
\ X instabil
0 Rs 3 OH
NH
HO
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R
| X \/\]
NN
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beobachtet
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7. Abbreviations
AAPH

Ap

AChE

AD

ALS

APP
ARE
ATF4
Bachl

BChE
DCM

DGR
DMSO
DNA
EDTA
FL
GPx4
GSH
GST
GSK3p

HDAC
HO-1

HIF-1a
HSP-90
IL-1p
IND
iNOS
Keapl

LOX

2,2’-Azobis(amidinopropane) dihydrochloride

Amyloid S

Acetylcholinesterase
Alzheimer’s disease
Amyotrophic lateral sclerosis
Amyloid precursor protein
Antioxidant response element
Aactivating transcription factor 4
BTB domain and CNC homolog 1
Butyrylcholinesterase
Dichloromethane

Double glycine repeat
Dimethylsulfoxide
Deoxyribonucleic acid
Ethylenediaminetetraacetic acid
Fluorescein

Glutathione peroxidase 4
Glutathione

Glutathione S-transferase
Glycogen synthase kinase 34
Histone deacetylase

Heme oxygenase-1
Hypoxiainducible factor

Hot shock protein 90

Interleukin 1 beta
Investigational new drug
Inducible nitric oxide synthase
Kelch-like ECH-associated protein 1

Lipoxygenase
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LPS Lipopolysaccharides

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MTDL Multi-target-directed ligands

mp Melting point

NAD" Nicotinamide adenine dinucleotide

NQOI1 NAD(P)H quinone oxidoreductase-1

NFTs Neurofibrillary tangles

NMDAR N-Methyl-D-aspartate receptor

Nrf2 Nuclear factor erythroid 2-related factor

PBS Phosphate buffered saline

PD Parkinson’s disease

PDES5 Phosphodiesterase 5

PDT Photodynamic therapy

PHF6 PHD finger protein 6

PPI Protein-protein interaction

ROS Ractive oxygen species

TBTU O-(benzotriazol-1-yl)-N,N,N',N'-tetra-methyluron-ium tetrafluoroborate
TEA Trimethylamine

TFA Trifluoroacetic acid

THF Tetrahydrofuran

TG2 Transglutaminase 2

TREM2 Triggering receptor expressed on myeloid cells 2

Trolox (£)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
YMT Y-maze test

ZBG Zinc binding group
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ABSTRACT: The structures of melatonin and ferulic acid were merged into tertiary amide-based histone deacetylase 6 (HDAC6)
inhibitors to develop multi-target-directed inhibitors for neurodegenerative diseases to incorporate antioxidant effects without losing
affinity and selectivity at HDAC6. Structure-activity relationships led to compound 10b as a hybrid molecule showing pronounced
and selective inhibition of HDAC6 (ICS0 = 30.7 nM, > 25-fold selectivity over other subtypes). This compound shows comparable
DPPH radical scavenging ability to ferulic acid, comparable ORAC value to melatonin and comparable Cu®" chelating ability to
EDTA. It also lacks neurotoxicity on HT-22 cells, exhibits a pronounced immunomodulatory effect, and is active in vivo showing
significantly higher efficacy in an AD mouse model to prevent both Af25—35-induced spatial working and long-term memory
dysfunction at lower dose (0.3 mg/kg) compared to positive control HDAC6 inhibitor ACY1215 and an equimolar mixture of the
three entities ACY121S5, melatonin and ferulic acid, suggesting potentially disease-modifying properties.

B INTRODUCTION modulates tau protein phosphorylation, which aggregates to
intracellular neurofibrillary tangles (NFTs) in AD patients.”
Phenylhydroxamic acid-based selective HDAC6 inhibitors can
activate Nrf2 and hypoxic adaptive response, which contribute
to neuroprotection in vitro and in vivo.® 5-Aroylindole-based
HDACS6 inhibitors showed neuroprotective activity by
triggering ubiquitination and ameliorated the cognition
impairment on a scopolamine-induced AD model in rats, a
model reflecting the hypocholinergy seen in the pathology.”
Lastly, given the importance in AD progression of a sustained

Histone deacetylases (HDACs) are responsible for controlling
gene expression by modulating the acetylation status of histone
and some nonhistone proteins." HDACs play essential roles in
neurodevelopment, memory formation, and cognitive pro-
cesses, and HDAC inhibitors have been validated as innovative
agents for the treatment of neurodegenerative disorders, such
as Alzheimer’s disease (AD).” Among all 18 subtypes, HDAC6
is of particular interest as it contains two catalytic domains and
is mainly cytoplasmic. Moreover, due to its cytoplasmic
localization, HDACG rather targets nonhistone proteins, such
as HSP-90, a-tubulin, p-catenin, and tau protein, which Received: November 9, 2020 =
renders HDACG6 to be an interesting target for treatment of Published: March 26, 2021 S
neurodegenerative diseases and several rare diseases like Rett
syndrome and idiopathic pulmonary fibrosis.”~> It is overex-
pressed in the brain of AD patients, especially in the cortex and
hippocampus.” HDACG6 enables tau protein deacetylation and
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Figure 1. Design of melatonin- and ferulic acid-based HDAC inhibitors.
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immune response (inflammation) and microglia-related
mechanisms in A clearance and production,'® the potential
immunomodulatory activity of HDACs through control of
release of cytokines, as well as alteration of activity or function
of CNS’ macrophages (microglia) and dendritic cells, has been
widely investigated."' Recent studies have demonstrated that
manipulation of HDAC6 by tubastatin A (TBSA) alleviates
LPS-induced neuroinflammation, representing a new strategy
to counteract inflammation and consequently neurodegener-
ative progression in mice.'”

Given the multifactorial nature of AD, multitarget
compounds being able to simultaneously modulate multiple
targets involved in the onset of the disease are promising to
restore the physiological balance and generate sufficient
therapeutic efficacy. There are several recent reviews covering
the design of multitarget compounds.'*™'® As a new approach
for AD treatment, the pharmacophore model of HDAC
inhibitors has been designed into multitarget compounds
addressing several other related targets, which has been
extensively discussed in several comprehensive reviews.'’ >’
Generally, HDAC inhibitors comprise a zinc binding group
(ZBG, eg, hydroxamic acid), a linker mimicking the lysine
chain, and a cap group, usually an aromatic group that interacts
with the external surface of the enzyme.”’ Due to the high
compatibility of the cap group, it can be replaced by different
pharmacophores addressing a second target. The Oyarzabal
group has reported HDAC and phosphodiesterase 5 (PDES)
dual-target inhibitor CM-414, which can rescue the impaired
long-term potentiation evident in hippocampal slices from
APP/PS1 mice and reverse cognitive deficits in Tg2576
mice.”””** Simone et al. designed the first-in-class GSK-3-
HDAC dual inhibitor showing disease-modifying effects in
vitro for AD.”> The Wu group recently published memantine-
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based HDAC-NMDAR and tacrine-based HDAC-ChEs multi-
target inhibitors, which exhibit potent neuroprotection,
antioxidant, and anti-Af-aggregation activities.”**’ Tseng et
al. designed HDAC-AChE multitarget inhibitors that enhance
neurite outgrowth and show significant anti-Af-aggregation
activity.28

Natural products melatonin and ferulic acid have shown
promising pharmacological effects potentially beneficial for AD
treatment, such as antioxidant effects, neuroprotection, and
neurogenesis promotion.zg_32 In the hippocampus of AD
patients, increased melatonin receptor 1 (MT1) and decreased
melatonin receptor 2 (MT2) expression has been ob-
served.”>** However, ferulic acid has low bio-availability and
poor blood-brain-barrier penetration, melatonin possesses very
short biological half time and lack of selectivity, which are
present limitations for further clinical application.””*" Never-
theless, pan-HDAC inhibitors based on ferulic acid, trypt-
amine, or tryptophan all show potent inhibitory activities.”> ™
For instance, the tryptamine-based HDAC inhibitor panobino-
stat (LBHS89) was approved by the FDA for the treatment of
multiple myeloma in 2015.>’ In addition, we have recently
reported that hybrids of ferulic and cinnamic acids with
flavonoids shown pronounced neuroprotection in vitro, which
also translates to in vivo activity. These activities are due to
specific interactions with distinct mitochondrial targets.**'

In this study, we chemically merged the structures of
melatonin and ferulic acid into HDAC6 inhibitor A to develop
novel multitarget-directed drug candidates for AD with the aim
to combine antioxidant effects in a synergistic manner without
losing affinity at and selectivity toward HDAC6. Accordingly,
1S target compounds have been designed (Figure 1),
synthesized, and bioevaluated. Compounds 3a and 3b were
designed with two aromatic linker groups to replace the acetyl

https://doi.org/10.1021/acs.jmedchem.0c01940
J. Med. Chem. 2021, 64, 3794—3812
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Scheme 1. Synthesis of Target Compounds 3a—3b, Sa—5d and 8a—8c from S-Methoxytryptamine (1)“
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bromohexanoate for 7¢, -BuOK, THF, reflux; (ii) SOCL, MeOH, r.t.; (f) ferulic acid, ethyl chloroformate, TEA, dried THF, 0 °C; (g) Boc-Gly-
Scheme 2. Synthesis of Target Compounds 10a—10c and 15a—15c from S-Methoxytryptamine (1)“
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group; similarly, compounds Sa—5d incorporate four linker
groups in the same position and maintain the amide linkage to
study SARs and evaluate the importance of the amide linkage.

The linker groups of compounds 8a—8c were introduced at
the indole nitrogen atom, this design makes the linker groups
not as long as the linker group in ethylamine position, and the
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Table 1. Structures, In Vitro HDAC (HDAC3 and HDAC6) Inhibitory, DPPH Radical Scavenging Activities, and ORAC

Values of Target Compounds
ﬁ i
0 o/
— o
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~ \ H 0 L HJQ o N _o ”J«/N !
g VR O© 3 R
N N N
R N N

/
g OH

N
3a-b,5a-d 8a—c 10a—-c¢ 15a—-c¢
1C5 HDAC3 [nM] or 1C5 HDAC6 [nM] or Selectivity DPPH Radical ORAC
Compound R Inhibition [%] at 1 kM Inhibition [%] at 1 uM Ratio to Scavenging Activity (trolox
(pICso£ SEM) (n=2) (pICso£ SEM) (n=2) HDAC6 ECso [uM]? equivalents)®
ACY1215 - 51.0¢ 4.70 11 255+20.2 05+0.1
Melatonin - - - - >6 mM 2.0+0.3
Ferulic acid - - - - 13.7+£0.5 3.1+£03
3a [Q—\\_(o 5.1 214
( (8.29.50.09) (7674 0.03) <1 171428 24+0.1
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. ﬁ HHN_OH 26% 43% - 66.7+8.8 30402
O, (0] o o
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5 3 19 33
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()
8¢ Ao~~~ on 494 52.3
N (6.31+0.10) (728 £ 0.04) o 2624293 16+0.3
10a [G—\\J(O 163 25.6
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(o)
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N
N (6.92+0.10) (7.24%0.03) 2 191+ 11 32404

“Data from ref 48. “Data are the mean (n =3) + SD. “Data are expressed as Trolox equivalents and are the mean (n = 3) + SD.

structures are less flexible, which is supposed to produce higher cap group were merged into one entity for compounds 10a—
HDACSG selective inhibition. Melatonin and ferulic acid as the 10c and 1S5a—1S5c aiming to produce stronger HDAC6
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Table 2. Inhibitory Activities of Compounds 8b and 10b at HDAC1—4 and HDAC6—9

8b 10b
HDAC classes  subtype  ICgy (nM) (pICsy = SEM) (n =2) selectivity ratio to HDAC6 ICy, (nM) (pICsy = SEM) (n =2) selectivity ratio to HDAC6
class 1 HDACI 262 (6.58 + 0.07) 23 771 (6.11 + 0.09) 25
HDAC2 336 (647 + 0.09) 30 2851 (5.55 + 0.41) 93
HDAC3 641 (6.19 + 0.09) 57 1613 (5.79 + 0.16) 53
HDACS 838 (6.08 + 0.23) 75 3590 (5.45 + 0.54) 117
class Ila HDAC4 3431 (5.47 + 0.06) 306 >10 uM >326
HDAC7 1653 (5.78 + 0.10) 148 >10 uM >326
HDACY 362 (6.44 + 0.11) 2 >10 uM >326
class IIb HDAC6 11.2 (7.59 + 0.06) 30.7 (7.51 + 0.06)
A B C
L2 L2
S .
Ss?ﬁ\ S 5 ssm\\&
%Qki.q g1\ Q4.4
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yj )

Figure 2. Proposed binding modes of compounds 8b (A) and 10b (B, C) at the active site of HDACG6. The two alternative binding modes shown
for 10b correspond to the best-ranked result (B) and the most populated cluster of the docking results (C). Distances are given in A; selected
interactions are highlighted with dashed lines. The Zn®* ion is represented as a grey sphere. Loops 1 and 2 are denoted as L1 and L2. The deep

active-site pocket is visualized with a transparent light-grey surface.

selective inhibition and more pronounced antioxidant
21
capacity.

B RESULTS AND DISCUSSION

Chemistry. In Scheme 1, the syntheses of target
compounds 3a, 3b, 5a—5d, and 8a—8c are described starting
from S-methoxytryptamine (1). Corresponding linker groups
were introduced to the ethylamine position of S-methoxytrypt-
amine (1) by stirring with potassium carbonate in a mixture of
THF and water to afford intermediates 2a and 2b. The
formation of dual-substituted byproducts lowered the yields of
this step, especially the synthesis of intermediate 2¢ presented
in Scheme 2. Amide condensation to form intermediates 4a—
4d were carried out after corresponding carboxylic acids had
been activated by TBTU and stirred with compound 1, which
gave reasonable yields of 60—79%. Melatonin (6) formed by
acetylation of compound 1 was refluxed with corresponding
bromides and #-BuOK in THF; meanwhile, the ester groups
were hydrolyzed. The obtained crude carboxyl intermediates
were therefore esterified in methanol after activation with
thionyl chloride to afford intermediates 7a—7c.

The key step to synthesize compounds 10a—10c was the
introduction of a ferulic acid moiety, which was introduced
into intermediates 2a—2c to produce the tertiary amides
(Scheme 2). First, the carboxyl group of ferulic acid was
activated by excess ethyl chloroformate; then the phenolic
hydroxyl group was esterified and could be hydrolyzed in
NH,OH-KOH methanol solution during the formation of the
hydroxamate group. BOC-Gly-OH reacted with 5-methoxy-
tryptamine (1) after it had been activated with EDCI, and the
Boc protecting group was removed in 10% TFA in dichloro-
methane to afford intermediate 12. Subsequently, compounds
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15a—15¢c were obtained through procedures similar to the
synthesis of compounds 10a—10c. All ester intermediates 2a,
2b, 4a—4d, 7a—7c, 9a—9¢, and 14a—14c were converted to
hydroxamic acid compounds 3a, 3b, Sa—5d, 8a—8c, 10a—10c,
and 15a—1S5c, respectively, by NH,OH-KOH in methanol.
Purification of target compounds proved challenging because
of a carboxylic acid byproduct formed and absorbed on silica
el.

’ Due to the tertiary amide groups of compounds 10a—10c
and 15a—1S5c, the occurrence of cis/trans amide bond rotamers
was observed, which possess two sets of NMR signals, arising
from the restricted rotation around the tertiary amide bond for
each rotamer. Since this phenomenon had already been
discussed in detail in several publications,“_44 variable
temperature NMR studies (VT-NMR) for these compounds
did not deem necessary.

Inhibition of HDACs. To evaluate selectivity toward
HDAC6 and extent of inhibition, a fluorescence assay against
HDAC3 and HDAC6 was applied to test the target molecules
(Table 1).*> At 1 uM, compounds 3b, 5a, 5d, and 15b show
less potent inhibition of both HDAC3 and HDACG6 than all
other target compounds. Compounds 3b, Sa, and 5d share
similar lengths of linker groups, which are shorter than the
cinnamate group in compounds 3a, Sb, and Sc, indicating that
the longer linker (like a cinnamate group) is preferable. For
comparison, compounds 8b and 10b show the highest
selectivity values regarding HDACG inhibition, namely, 57-
fold and S53-fold, respectively, over HDAC3. Interestingly,
compounds 8b and 10b share the same phenylhydroxamic acid
with different bulky capping groups, being in line with the
other reported selective HDAC6 inhibitors.”" Also, due to the
longer linker and its high flexibility, compounds 3a, 3b, and

https://doi.org/10.1021/acs.jmedchem.0c01940
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Sa—5d exhibit less selective inhibition of HDAC6 compared to
the other compounds. On the contrary, compounds 3a and 5b
show the most potent inhibition to HDAC3 with ICs, values of
5.1 and 3.6 nM, respectively, which is more pronounced than
their inhibition of HDAC6. Compounds Sb and 3a with or
without the amide linkage showed no differences in the extent
of HDAC inhibition.

To further confirm selective inhibition of compounds 8b
and 10b over other HDACs, their ICsys at other Zn>*-
dependent HDACs (HDAC1— 9) were measured (Table 2).
Both compounds show highly selective inhibition (more than
23-fold over other subtypes) toward HDACG, and their
selectivity values are higher than those of reference compound
ACY1215. The results further validate the importance of
phenylhydroxamic acid with bulky capping groups to yield
pronounced HDACG6 selective inhibition.

Computational docking studies were carried out to identify
putative binding modes of compounds 8b and 10b for
HDACG6. The protein structure from the crystallographically
determined complex of HDAC6 with reference compound A
(PDB: 6DVM)”" was used for this purpose. For compound 8b,
a well-clustered top-ranked docking result was obtained in
which the phenylhydroxamate binds to the deep active-site
tunnel in a previously reported conformation.*"***’ The
hydroxamate shows a monodentate coordination to the zinc-
ion at 2.5 A and a hydrogen-bonding interaction with Gly582
at 2.8 A distance (Figure 2A). The phenyl linker is sandwiched
in the tunnel between Phe583 and Phe643 at 4.1 and 4.5 A,
respectively. The melatonin-based capping group is positioned
in a pocket at the outer rim of the active site, flanked by the L1
loop. The indole moiety is oriented toward His463 and
Pro464, while the extended amide might accept a hydrogen
bond from Asn457. For compound 10b, two binding modes
appear feasible for the capping groups, which are placed above
the pocket flanked by loop L1 but can be switched in their
orientation (Figure 2B,C). In the best binding pose according
to the DSX scoring function®” (cf. the Supporting Information
for further details), aromatic interactions of the indole moiety
with His463 appear to be feasible, whereas the hydroxy-
methoxyphenyl ring shows van der Waals interactions with
Leu712. In the switched orientation, which is somewhat less
favorably scored by DSX but found more frequently in the
docking runs, the indole is placed above Leu712, whereas the
hydroxy group of the ferulic acid-based moiety can reach
Asp460 for a hydrogen-bond interaction. Based on the docking
results for both compounds, binding of the capping groups to
the L1 loop pocket can be assumed to be the likely reason for
HDACG6 selectivity, in line with the elegant crystallographic
analyses presented by Porter et al.”’

To examine the cellular potency and selectivity of
compounds 10b and 8b, acetylated tubulin and acetylated
histone H3 and H4 were examined in HT-22 cells (Figure 3).
As expected, 10b strongly induced the increase of acetylated
tubulin (AcTub), while a little-to-no increase was observed for
acetylated histone H3 and H4 (AcHH3 and AcHH4).
Compound 8b also selectively increases the level of AcTub
at 500 uM. The Western blot data indicate that both 10b and
8b are selectively inhibiting HDACG activity but not the class I
HDAC:s targeting histone acetylation.

Antioxidant Activities. By combination of antioxidants
melatonin and ferulic acid, compounds were designed to
maintain their antioxidant capacity. Their antioxidant
capacities were evaluated using both 2,2-diphenyl-1-picrylhy-
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Figure 3. Western blot analysis of acetylated tubulin (AcTubulin),
acetylated histone H3 (AcHH3), acetylated histone H4 (AcHH4),
and Hsp90 in HT22 cell lines after 24 h treatment with compounds
10b (500, 100, and 20 nM) and 8b (500 nM) using ACY1215 (500
nM) as a positive control. Tubulin was used as a loading control.
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drazyl radical (DPPH) and oxygen radical absorbance capacity
(ORAC) assays. These assays are well-established techniques
for determining the radical scavenging activity (RSA) of a test
compound. Reactive oxygen species (ROS), such as the
hydroxyl or superoxide radicals, cause lipid peroxidation,
protein oxidation, and DNA damage, which can lead to
organelles malfunction and further cellular disorders.”
Melatonin is inactive regarding inactivation of the DPPH
radical, and HDACG6 inhibitor ACY1215 shows only weak
scavenging activities. Among all target compounds, tertiary
amide-based compounds 10a, 10c, and 15a show the highest
radical scavenging ability, and compound 10b is comparable to
terulic acid. Various linker groups also affect radical scavenging
activities: the compounds bearing the cinnamate group (e.g.
compounds 3a, Sb and 8a) exhibit stronger scavenging
activities than compounds bearing a phenylene (e.g. com-
pounds 3b, 5a and 8b) or analkylene chain (e.g. compounds
5d and 8c), respectively. ACY121S also shows higher radical
scavenging activity than melatonin indicating that the
hydroxamic acid group is supportive to scavenge the DPPH
radical. The ORAC values shown in Table 1 are expressed as
trolox (water-soluble analogue of vitamin E) equivalents (TE),
in relation to radical scavenging properties of trolox. Ferulic
acid and melatonin were used as positive controls showing
ORAC values of 3.1 and 2.0, respectively. All evaluated
compounds exhibit strong radical scavenging properties with
TE values ranging from 1.0 (10a) to 3.2 (15c). HDAC6
selective compound 10b possesses a TE value of 2.1, which is
comparable to melatonin. Compounds 8a—8c show lower TE
values than melatonin and most other compounds tested,
indicating the importance of unsubstituted indole-N to
maintain the antioxidant capacity of melatonin. There is no
obvious effect for amide linkage regarding DPPH scavenging
or TE values in compounds Sa and 3a, 5b and 3b. Compounds
15a—15¢ show no significant difference to compounds 10a—
10c, which means that the presence of an acetyl group is not
necessary. Introduction of one alkylene chain is much more
effective than aromatic linkers, as seen from the TE values of
compounds 5d, 10c, and 15c, respectively. Also, the presence
of ferulic acid moiety is poorly correlated with the observed TE
values unlike for the DPPH radical scavenging capacity.
Cerebral biometals (such as copper, zinc, and iron) play
crucial roles in Af aggregation and neurotoxicity, being a
driving force for neurodegeneration in AD.”' As shown in
Figure S1, compounds 8b, 10b, and ACYI121S exhibit
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comparable chelating abilities to each other at all concen-
trations tested and also comparable abilities to EDTA when
chelating copper ions. In contrast to nonselective chelation of
EDTA, compounds 8b, 10b, and ACY1215, respectively, show
higher selectivity to the copper ion over ferrous and zinc ions,
which might render them superior regarding copper-ion
dysregulation-related neurodegeneration diseases like AD.”
In a summary, compounds 8b and 10b show the best
selective HDACG6 inhibition and additional potent total
antioxidant capacities, especially, compound 10b exhibits
comparable radical scavenging capacities to both ferulic acid
and melatonin in DPPH assay and ORAC assay, respectively.
Neurotoxicity. HDAC inhibitors usually possess high
cytotoxicity, which might counteract their application as
CNS-targeting therapeutics. Hence, it was important to
investigate their neurotoxicity profile. A survival assay was
performed, treating murine hippocampal neuronal HT-22 cells
with 10 uM of each of the target compounds (Figure 4).
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Figure 4. Neurotoxicity of target compounds in HT-22 cells at 10
HuM. Statistical analysis was performed applying One-way ANOVA
followed by Dunnett’s multiple comparison post-test. Levels of
significance: ***p < 0.001, *p < 0.05 referring to control cells treated
with DMSO.

Generally, the compounds proved to be safe and showed no
neurotoxicity. Compound 10b showed no significant neuro-
toxicity, and slight neurotoxic effects were observed for
compound 8b and reference compound ACY1215.

Interestingly, compounds 3a and Sb also showed some
neurotoxic effects with S0 and 60% cell survival, respectively.
This is not too surprising due to their potent inhibition of
HDAC3 and might even be beneficial for further anticancer
research. With 10 uM, a relatively high concentration was
tested and the viability rates should not counteract beneficial
effects.

As shown in Figure S2 (cf. Supporting Information), the
neuroprotection of target compounds against glutamate-
induced oxytosis and iodoacetic acid-induced ATP depletion
in HT-22 cells has been tested; only compound 10a revealed
significant neuroprotection at 50 uM.

Immunomodulatory Effect. Activation of microglia cells,
i, CNS’ macrophages, is a hallmark of neuroinflammation, a
characteristic feature of neurodegenerative conditions. De-
pending on brain microenvironment, microglia acquire differ-
ent phenotypes: the neurotoxic M1 phenotype, generally
characterized by production of proinflammatory cytokines
(TNF-a, IL-1§) or reactive oxygen species (ROS), or the
neuroprotective M2 phenotype distinguished by the expression
of phagocytic protein TREM2 and of growth factors, such as
TGFf2.>® To analyze the possible immunomodulatory activity,
ie, the ability to shift the microglial phenotype from the
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neurotoxic M1 to the neuroprotective M2, of HDACs
inhibitors 8b, 10b, and control ACY1215, N9 microglial cells
were treated with increasing concentration of compounds (0.1,
0.5, 1, 2.5, S uM) in the presence or absence of 100 ng/mL
LPS (lipopolysaccharide), which induces an M1 activation
state. After 24 h of treatment, to investigate nitric oxide and
IL1p release, markers of M1 microglia, conditioned media
were collected and evaluated by a colorimetric assay based on
the Griess reaction and Western blot analysis, respectively. In
parallel, cell lysates were analyzed by Western blot to measure
the expression of the inducible nitric oxide synthase (iNOS,
M1 marker), TREM2 and TGFf2, both markers of M2
microglia. As shown in Figure 5, compound 10b strongly
reduces in dose-dependent manner nitrite accumulation (F)
and IL1f release (I) compared to compound 8b and control
ACY1215, as well as iNOS expression induced by LPS-
mediated microglia activation (L). Additionally, compound
10b leads to an increase in the phagocytic protein TREM2 (O)
and TGFf2 (R) expression, suggesting an immunomodulatory
effect, i.e, a switch from neurotoxic M1 to neuroprotective M2
microglia when cells are treated with high concentration of the
compound (2.5, S uM). Differently, no change in TREM2 and
TGFB2 expression was observed in the presence of increasing
concentration of compound 8b (E, H, K, N, Q).

In Vivo Studies. Due to its promising in vitro properties,
compound 10b was chosen to evaluate its neuroprotective
properties in an in vivo model of AD in mice. The HDAC6
inhibitor ACY1215 was also tested as a comparator. Mice
received an intracerebroventricular (icv) injection of theoligo-
merized Af,s_;5 peptide into the brain on day 1. Compounds
were then injected intraperitoneally (ip) once daily (0.d.) from
days 1 to 7. Spatial working memory was evaluated using the
spontaneous alternation behavior when mice explored a Y
maze, on day 8. Nonspatial long-term memory was analyzed
using the step-through passive avoidance response, with
training on day 9 and retention on day 10. In this
administration scheme, not symptomatic effects, but neuro-
protectivity can be assessed in vivo.>* =7

As shown in Figure S3 (cf. Supporting Information), none of
the treatment (DMSO containing a vehicle or each
compound) significantly affected the mouse body weight
gain during the week of administration showing good
tolerability. A transient weight loss was observed on day 2,
related to the icv injection of the peptide under light gazeous
anesthesia, but animals recovered during the following days.

As shown in Figure 6A,C, compound 10b significantly
attenuated the Af,;_js-induced spontaneous alternation
deficits at a lower dose, 0.3 mg/kg, compared to ACY1215,
active at 1 mg/kg. The compound 10b was active in the 0.3—1
mg/kg dose-range, reflecting a more potent neuroprotective
effect on working memory deficits. The hybrid molecule 10b
was compared to an equimolar (0.7 #M) mixture of the three
entities ACY-121S, melatonin, and ferulic acid (Figure 6E).
Melatonin did not prevent Af},s_;s-induced alternation deficits
at this low, 0.16 mg/kg dose, and neither did the mixture.
None of the treatment affected the exploratory response,
measured in terms of number of arms entered during the
session (Figure 6B,D,F).

In the passive avoidance test, compound ACY1215
attenuated the Af,;_;s-induced deficit at all doses tested, but
not significantly vs the Af,s_;s-injected group (Figure 7A).
Compound 10b attenuated the deficit at both 0.1 and 0.3 mg/
kg, significantly at the lowest dose tested, but was not active at
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Figure S. Effect of compounds 8b, 10b and control ACY121S on murine N9 cells induced in a M1 activation state by LPS (100ng/mL) treatment.
IL1J release in N9-conditioned medium and expression of iINOS, TREM2 and TGFf2 were analyzed by western blot after 24h treatment with LPS
in presence of increasing concentrations (0.1, 0.5, 1, 2.5 and SuM) of compounds ACY1215 (A), 8a (B) and 10b (C). Nitric Oxide release was
evaluated through Griess reaction in media conditioned for 24h by microglial cells treated with LPS in presence of compounds ACY1215 (D), 8a
(E) and 10b (F); as shown in figure F, only compound 10b induced a significative reduction of NO release, with the strongest effect at SyM.
Additionally, IL1f release and iNOS expression, both markers of M1 neurotoxic microglia, strongly decreased in the presence of increasing
concentrations of compound 10b compared to LPS-treated control (I, L); conversely, no significant effects where observed on N9 cells following
ACYI1215 (G, J), and 8a (H, K) treatment. In parallel, expression of M2 microglial marker TREM2 increased in cells co-treated by LPS-10b (O)
and LPS-ACY1215 (M) compounds, whereas no significant effects in TREM2 expression were obtained following LPS-8a treatment (N). In
addition, compared to ACY121S (P) and 8a (Q), in LPS-10b treated cells TGF/32 expression turned out to increase (R) suggesting, together with
TREM expression (O), a shift from neurotoxic M1 to neuroprotective M2 microglia. All quantitative data are presented as means + S.E. from at
last 3 independent experiments. Statistical significance between different treatments was calculated with GRAPHPAD PRISM 6 (La Jolla,
California, USA) by using one-way analysis of variance (ANOVA) followed by post-hoc comparison through Bonferroni's test. *p<0.0S; **p<0.01
compared to un-treated control; #p<0.05; ##p<0.01compared to LPS-treated control.

1 mg/kg (Figure 7B). These bell-shaped dose—response effects and 10b at the 1 mg/kg dose, suggesting that this biphasic

are commonly observed in cognitive and neuroprotection effect relies on HDACSG inhibition. Melatonin or the equimolar
responses in vivo, as shown recently with the NMDAR mixture of the three compounds failed to attenuate AS,;_3s-
antagonist memantine in the same Afl,s_;; mouse model of induced passive avoidance deficit, again showing the

AD.” They are here observed in our study for both ACY1215 pronounced effect of the hybrid molecule (Figure 7C).
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Figure 6. Effects of compound on the Af,s_;s-induced spontaneous
alternation deficit in mice. Mice received Af,s_35 (9 nmol icv) or
vehicle solution (3 L icv) on day 1 and compounds (A, B) ACY121S
or (C, D) 10b, in the 0.1—-3 mg/kg ip dose range, 0.d., from days 1 to
7.1In (E, F), the effect of a drug combination with equimolar doses of
ACY-1215 (0.3 mg/kg), melatonin (0.16 mg/kg), and ferulic acid
(0.13 mg/kg) was compared to the efficacy of the hybrid molecule.
Mice were then tested for spontaneous alternation performance in the
YMT in day 8. Top panel (A, C, and E): spontaneous alternation
performance; lower panel (B, D, and F): number of arm entries. Data
show mean + SEM with n = 12—22 per group. ANOVA: F(,¢) =
281,p < 0.0S in (A), F(4,86) = 268,p < 0.05 in (B), F(4,76) = llé,p >
0.05 in (C); Fiyg6) = 0581, p > 0.05 in (D); F(s.76) = 6:20, p < 0.0001
in (E); F(s6) = 0.554, p > 0.0 in (F). *p < 0.05, **p < 0.01, ***p <
0.001 vs (V + V)-treated group. #p < 0.05, ##p < 0.01 vs (Afys_3s +
V)-treated group; Dunnett’s test.
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Figure 7. Effects of compounds on Af,s_3s-induced passive avoidance
deficits in mice. Mice received Af,s_35 (9 nmol icv) or vehicle
solution (3 yL icv) on day 1 and compounds (A) ACY1215 and (B)
10b, in the 0.1-3 mg/kg ip dose range, o.d.,, from days 1 to 7.
Animals were trained in the passive avoidance test on day 9, and
retention (step-through latency) was analyzed on day 10. Data show
the median and interquartile range with n = 10—21 per group.
Kruskal-Wallis ANOVA: H = 10.76, p < 0.0S in (A); H = 16.59, p <
0.01 in (B); H = 14.25, p < 0.05 in (C). *p < 0.0, **p < 0.01, ***p <
0.001 vs (V + V)-treated group. *p < 0.05 vs (ABys_ss + V)-treated
group; Dunn’s test.

Compound 10b therefore exhibited a remarkably effective
neuroprotective properties in vivo at sub-mg/kg active dose-
range against Af3)s_ss-induced memory dysfunction, suggesting
that HDACG6 inhibition could be an effective neuroprotective
strategy for the treatment of AD.
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B CONCLUSIONS

In this work, we designed hybrid HDAC inhibitors by
chemically merging the structures of melatonin and ferulic
acid into the HDACS6 inhibitor to develop novel multitarget-
directed drug candidates for AD with the aim to combine
effects in a synergistic manner without losing affinity and
selectivity at HDACG6. Altogether, 15 target compounds have
been designed, synthesized, and evaluated comprehensively in
several in vitro and in vivo assays.

The newly synthesized compounds were firstly evaluated for
inhibition of HDACs. Melatonin-based compound 8b and
melatonin-ferulic acid-based compound 10b show the highest
HDAC6 inhibition with more than 20-fold selectivity over
other subtypes and maintaining two-digit nanomolar ICjs.
Compound 8b and 10b also maintain the antioxidant
capacities from melatonin and ferulic acid, especially
compound 10b, which scavenges the DPPH radical com-
parable to ferulic acid and possesses the comparable ORAC
value with regard to melatonin. Compound 10b does not
exhibit neurotoxicity at 10 4M and comparable Cu** chelating
ability to the positive control and potent chelator EDTA,
which indicates beneficial effects for reduction of metal-
mediated oxidative stress, tau, and Af} aggregation.>”

Compound 10b shows an immunomodulatory effect,
leading to a reduction in LPS-induced microglia inflammation
and to a switch from neurotoxic M1 to the neuroprotective M2
microglial phenotype. Furthermore, it shows pronounced
attenuation of spatial working memory and long-term memory
alteration in an in vivo AD mouse model induced by icv
Apys_3s peptide injection, at very low doses, thereby proving
neuroprotective properties. The superior in vivo efficacy of
compound 10b may indicate a synergistic effect between
HDACSG6 inhibition and its antioxidant activities. In addition or
alternatively, interaction with MT receptors is possible since
expression levels of both MT receptor subtypes are altered in
AD and melatonin was reported to rescue neurogenesis
impairment by multiple modes of action,” ™" as well as
beneficial pharmacokinetic properties. In any case, the tertiary
amide-based HDACG6 selective inhibitor described herein
shows that HDACG6 inhibitors cannot only be merged with
melatonin and ferulic acid moieties and also maintain potent
HDACG6 selective inhibition and the antioxidant properties but
also represent a suitable scaffold to develop neuroprotective
compounds in vivo, with potentially neurodegenerative disease-
modifying properties.

B EXPERIMENTAL SECTION

General Chemistry. Common reagents and solvents were
purchased from commercial suppliers and used without further
purification unless otherwise stated. Tetrahydrofuran (THF) was
distilled from sodium-benzophenone under an argon atmosphere.
Reaction progress was monitored using analytical thin-layer
chromatography (TLC) on precoated silica gel GF254 plates
(Macherey Nagel GmbH & Co. KG, Diiren, Germany), and spots
were detected under UV light (254 and 366 nm). Compounds were
purified with flash column chromatography with a silica gel and
particle size of 40—63 M (VWR chemicals, Leuven, Belgium) as the
stationary phase and petroleum ether/ethyl acetate or dichloro-
methane/methanol mixtures as eluent systems. Nuclear magnetic
resonance spectra were measured on a Bruker AV-400 NMR
instrument (Bruker, Karlsruhe, Germany) in deuterated solvents
(DMSO-ds, CDCly, MeOD-d,). Chemical shifts are expressed in ppm
relative to DMSO-ds, CDCl;, or MeOD-d, (2.50/7.26/3.31 for 'H;
39.52/77.16/49.00 for *C). '"H NMR signals marked with an asterisk
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() correspond to peaks assigned to the minor rotamer conformation.
Infrared spectra were measured using a Jasco FT/IR-4100, absorption
values are expressed as wavenumbers (cm™'). Uncorrected melting
points were measured using a Stuart melting point apparatus SMP30.

Measurements for verification and purity of the compounds were
performed by LC/MS (from Shimadzu), comprising a DGU-20A3R
controller, pump LC-20AB, degasser DGU-20A, and SPD-20A UV/
Vis detector. ESI ionization was accomplished by an LCMS-2020
single quadrupol mass spectrometer. As a stationary phase, for
analytical purpose, a Synergi 4U fusion-RP 80 A (150 X 4.6 mm)
column and, for preparative purpose, a Synergi 4 U fusion-RP 80 A
(250 X 10.0 mm) were used. As a mobile phase, a gradient of MeOH/
water (both containing 0.1% formic acid) (phase 1/phase 2) was
used. The compounds were dissolved in MeOH and filtered through
syringe filters. Method A: V(1) / (V(1) + V(2)) = from 0 to 60% over
10 min, V(1) / (V(1) + V(2)) = 60% for S min, V(1) / (V(1) +
V(2)) = from 60 to 0% over 3 min. Method B: V(1) / (V(1) + V(2))
= from $ to 90% over 10 min, V(1) / (V(1) + V(2)) = 90% for S min,
V(1) / (V(1) + V(2)) = from 90 to 5% over 3 min. Methods were
performed with a flow rate of 1.0 mL/min. Compounds were detected
at 4 = 254 nm, and target compounds were >95% pure.

All designed target compounds did not show any promiscuous
moieties in the pan-assay interference compound assay (PAINS)
using two different in silico filters (http: //www.cbligand.org/PAINS/
and http://fafdrugs4.mti.univ-paris-diderot.fr/ ).

Methyl (E)-3-(4-(((2-(5-Methoxy-1H-indol-3-yl)ethyl)-amino)-
methyl)phenyl)acrylate (2a). K,CO; (0.25 g 1.78 mmol) and
methyl (E)-3-(4-(bromomethyl)phenyl)-acrylate (0.23 g, 0.89 mmol)
were added in portions to a solution of S-methoxytryptamine 1 (0.17
g 0.89 mmol) in S mL of THF and 0.5 mL of H,O at 70 °C and
stirred for 2 h. Excess MgSO,, was added to the mixture and stirred for
30 min; the precipitation was filtered out and washed with THF twice.
THF solution was combined and concentrated under vacuum and
then purified with column chromatography to afford 0.16 g of red oil,
yield 49%. "H NMR (400 MHz, DMSO-dy): 6 10.60 (s, 1H), 7.71—
7.62 (m, 3H), 7.40 (d, ] = 8.1 Hz, 2H), 7.21 (d, J = 8.7 Hz, 1H), 7.08
(d,J=2.3Hz, 1H), 6.94 (d, ] = 2.4 Hz, 1H), 6.70 (dd, ] = 8.7, 2.4 Hz,
1H), 6.61 (d, J = 16.1 Hz, 1H), 3.80 (s, 2H), 3.73 (s, 6H), 2.86—2.75
(m, 4H) ppm (one exchangeable proton not observed). *C NMR
(101 MHz, DMSO-d,): § 167.2, 153.4, 145.0, 132.9, 131.9, 128.9
(2C), 128.8, 128.7 (2C), 128.0, 123.7, 117.6, 112.7, 112.4, 111.5,
100.6, 55.8, 52.8, 51.9, 49.7, 25.8 ppm. LRMS (ESI+) m/z calcd for
[C5,H,N,0,]": 365.18, found: 365.20 [M + H]*. HPLC (method
B): tp = 8.71 min.

Methyl 4-(((2-(5-Methoxy-1H-indol-3-yl)ethyl)-amino)methyl)-
benzoate (2b). Intermediate 2b was prepared from S5-methoxytrypt-
amine 1 and methyl 4-(bromomethyl)benzoate in a similar manner as
described for intermediate 2a. Brown solid, yield 62%. '"H NMR (400
MHz, DMSO-d): 5 10.59 (s, 1H), 7.90 (d, ] = 8.2 Hz, 2H), 7.49 (d, ]
=82 Hz, 2H), 7.21 (d, ] = 8.7 Hz, 1H), 7.08 (d, ] = 2.3 Hz, 1H), 6.94
(d, J = 2.4 Hz, 1H), 6.70 (dd, ] = 8.7, 2.4 Hz, 1H), 3.85 (s, 3H), 3.84
(s, 2H), 3.73 (s, 3H), 2.87—2.74 (m, 4H) ppm (one exchangeable
proton not observed). *C NMR (101 MHz, DMSO-dg): & 166.7,
153.3, 147.3, 131.9, 129.5, 128.6, 128.4, 128.0, 123.7, 112.7, 112.4,
111.4, 100.6, 55.8, 52.8, 52.5, 49.9, 25.9 ppm. LRMS (ESI+) m/z
caled for [CyoH,3N,05]%: 339.16, found: 339.15 [M + H]*. HPLC
(method B): t; = 8.05 min.

Methyl 6-((2-(5-Methoxy-1H-indol-3-yl)ethyl)-amino)hexanoate
(2¢). Intermediate 2c was prepared from S-methoxytryptamine 1 and
methyl 6-bromo-hexanoate in a similar manner as described for
intermediate 2a. Brown solid, yield 35%. 'H NMR (400 MHz,
CDCl,): 6 8.52 (s, 1H), 7.24 (d, ] = 8.8 Hz, 1H), 7.08 (d, ] = 2.3 Hz,
1H), 7.00 (d, ] = 1.3 Hz, 1H), 6.87 (dd, ] = 8.8, 2.3 Hz, 1H), 3.87 (s,
3H), 3.67 (s, 3H), 2.97 (s, 4H), 2.65 (t, J = 7.3 Hz, 2H), 2.30 (t, ] =
7.5 Hz, 2H), 1.68—1.58 (m, 2H), 1.56—1.45 (m, 3H), 1.38—1.27 (m,
2H) ppm. “C NMR (101 MHz, CDCL): § 174.2, 153.8, 1315,
127.8, 122.8, 113.3, 112.1, 111.9, 100.7, 56.0, 51.5, 49.8, 49.5, 34.0,
29.6, 26.9, 25.6, 24.8 ppm. LRMS (ESI+) m/z caled for
[CysH,,N,O0;]*: 319.19, found: 319.20 [M + H]*. HPLC (method
B): tp = 7.52 min.
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(E)-N-Hydroxy-3-(4-(((2-(5-methoxy- 1H-indol-3-yl)-ethyl)amino)-
methyl)phenyl)acrylamide (3a). To a stirred solution of NH,OH-
HCI (23.35 g, 343 mmol) in 120 mL of MeOH was added KOH (28
g, 509 mmol) in 70 mL of MeOH at r.t. After 30 min, a white
precipitate was filtered out to afford NH,OK methanol solution. 2a
(80 mg, 0.22 mmol) was added to S mL of NH,OK methanol
solution, the mixture was stirred at room temperature for 5 min. The
solvent was evaporated under vacuum; the residue was redissolved
with S mL of water and then adjusted to pH 6—7 by hydrochloric
acid. The precipitate was filtered and purified with column
chromatography to afford light red solid 44 mg, yield 29%. 'H
NMR (400 MHz, DMSO-d,): 5 10.88 (brs, 1H) 10.74 (s, 1H), 8.98
(brs, 1H), 7.58 (d, J = 8.1 Hz, 2H), 7.53 (d, ] = 8.1 Hz, 2H), 7.45 (d,
J =15.8 Hz, 1H), 7.24 (d, ] = 8.7 Hz, 1H), 7.14 (d, ] = 2.2 Hz, 1H),
7.03 (d, ] = 2.3 Hz, 1H), 6.73 (dd, ] = 8.7, 2.4 Hz, 1H), 6.51 (d, ] =
15.8 Hz, 1H), 4.07 (s, 2H), 3.75 (s, 3H), 3.01 (s, 4H) ppm (one
exchangeable proton not observed). *C NMR (101 MHz, DMSO-
dg): & 164.3, 153.5, 146.3, 137.9, 135.2, 131.9, 130.4 (2C), 127.9
(2C), 127.7, 124.1, 120.0, 112.6, 111.7, 110.6, 100.7, 55.9, 50.9, 48.1,
23.4 ppm. IR (film): v 3174, 2918, 2823, 1651, 1613, 1579, 1481,
1450, 1435, 1418, 1338, 1288, 1208, 1162, 1064, 1038, 1017, 964,
818, 796, 745, 698 cm™'. LRMS (ESI+) m/z calcd for
[C, H,,N;0,]*: 366.17, found: 339.05 [M + H]*. HPLC (method
A): tp = 8.77 min, purity = 96.1%. mp = 166—168 °C.

N-Hydroxy-4-(((2-(5-methoxy-1H-indol-3-yl)ethyl)-amino)-
methyl)benzamide (3b). Compound 3b was prepared from 2b in a
similar manner as described for compound 3a. Light red solid, yield
48%. 'H NMR (400 MHz, DMSO-dg): 6 11.30 (brs, 1H), 10.79 (s,
1H), 9.13 (brs, 1H), 7.80 (d, J = 8.3 Hz, 2H), 7.66 (d, ] = 8.3 Hz,
2H), 7.25 (d, ] = 8.8 Hz, 1H), 7.17 (d, ] = 2.4 Hz, 1H), 7.09 (d, ] =
2.4 Hz, 1H), 6.74 (dd, ] = 8.7, 2.4 Hz, 1H), 4.21 (s, 2H), 3.76 (s,
3H), 3.10 (s, 4H) ppm (one exchangeable proton not observed). *C
NMR (101 MHz, DMSO-dg) § 164.0, 153.6, 136.2, 133.4, 131.9,
130.3 (2C), 127.6, 127.5 (2C), 124.3, 112.7, 111.7, 109.8, 100.7, 56.0,
50.0, 47.5, 22.4 ppm. IR (film): v 3197, 2928, 2861, 1623, 1579, 1553,
1487, 1460, 1442, 1384, 1317, 1232, 1210, 1182, 1165, 1111, 1036,
1017, 897, 836, 791, 699 cm™'. LRMS (ESI+) m/z caled for
[C1oH,,N30,]": 340.16, found: 340.10 [M + H]*. HPLC (method
A): tp = 7.50 min, purity = 99.4%. mp = 190—192 °C.

Methyl 4-((2-(5-Methoxy-1H-indol-3-yl)ethyl)-carbamoyl)-
benzoate (4a). TEA (0.48 g, 4.74 mmol) and TBTU (0.51 g, 1.58
mmol) were added to a solution of 4-(methoxycarbonyl)benzoic acid
(0.28 g, 1.58 mmol) in 10 mL of THF and then stirred at r.t. for 1 h.
S-Methoxytryptamine 1 (0.3 g, 1.58 mmol) was added to the mixture
and stirred for 2 h. By subsequently washing with water and brine,
drying over MgSO,, and filtering, then, the solvent was removed
under vacuum. The raw product was purified with column
chromatography to afford red oil (0.37 g, yield 67%). ESI-MS m/z:
353.14 [M + H]". 'H NMR (400 MHz, CDCL): § 7.96 (d, ] = 8.2
Hz, 2H), 7.64 (d, ] = 8.2 Hz, 2H), 7.19 (s, 1H), 7.02—6.94 (m, 2H),
6.80 (dd, J = 8.8, 2.3 Hz, 1H), 6.23 (brs, 1H), 3.85 (s, 3H), 3.76—3.68
(m, SH), 3.00 (t, ] = 6.5 Hz, 2H) ppm (one exchangeable proton not
observed). 3C NMR (101 MHz, CDCL,): § 166.6, 166.3, 154.2,
138.6, 132.6, 131.6, 129.8 (2C), 127.7, 126.9 (2C), 122.9, 112.7
(2C), 112.1, 100.4, 55.9, 52.4, 40.5, 25.2 ppm. LRMS (ESI+) m/z
caled for [C,oH,N,0,]": 353.14, found: 353.15 [M + H]*. HPLC
(method B): t; = 11.28 min.

Methyl (E)-3-(4-((2-(5-Methoxy-1H-indol-3-yl)ethyl)-carbamoyl)-
phenyl)acrylate (4b). Intermediate 4b was prepared from S-
methoxytryptamine 1 and (E)-4-(3-methoxy-3-oxoprop-1-en-1-yl)-
benzoic acid in a similar manner as described for intermediate 4a.
Faint yellow solid, yield 71%. 'H NMR (400 MHz, DMSO-d;): &
10.69 (s, 1H), 8.72 (t, ] = 5.6 Hz, 1H), 7.94 (d, ] = 8.3 Hz, 2H), 7.87
(d, J = 8.3 Hz, 2H), 7.75 (d, ] = 16.1 Hz, 1H), 7.28 (d, ] = 8.7 Hz,
1H), 7.19 (d, ] = 2.0 Hz, 1H), 7.11 (d, J = 2.2 Hz, 1H), 6.83—6.74
(m, 2H), 3.80 (s, 3H), 3.77 (s, 3H), 3.60 (q, ] = 6.9 Hz, 2H), 2.98 (t,
J = 7.4 Hz, 2H) ppm. C NMR (101 MHz, DMSO-d): § 167.0,
165.9, 153.5, 144.0, 136.9, 136.5, 131.9, 128.7 (2C), 128.13 (2C),
128.09, 123.8, 119.8, 112.5, 112.2, 111.5, 100.6, 55.8, 52.1, 40.8, 25.6
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ppm. LRMS (ESI+) m/z caled for [C,,H,3N,0,]": 379.16, found:
379.20 [M + H]*. HPLC (method B): tz = 11.69 min.

Methyl (E)-4-(3-((2-(5-Methoxy-1H-indol-3-yl)ethyl)-amino)-3-
oxoprop-1-en-1-yl)benzoate (4c). Intermediate 4c was prepared
from S-methoxytryptamine 1 and (E)-3-(4-(methoxycarbonyl)-
phenyl)acrylic acid in a similar manner as described for intermediate
4a. Yellow solid, yield 79%. ESI-MS m/z: 379.15 [M + H]*. '"H NMR
(400 MHz, DMSO-d): 6 10.65 (s, 1H), 8.30 (t, ] = 5.7 Hz, 1H), 7.99
(d, J = 8.4 Hz, 2H), 7.70 (d, ] = 8.4 Hz, 2H), 7.50 (d, ] = 15.8 Hz,
1H), 7.23 (d, ] = 8.7 Hz, 1H), 7.14 (d, ] = 2.3 Hz, 1H), 7.05 (d, ] =
2.4 Hz, 1H), 6.78 (d, ] = 15.8 Hz, 1H), 6.72 (dd, ] = 8.7, 2.4 Hz, 1H),
3.87 (s, 3H), 3.76 (s, 3H), 3.49 (q, J = 7.1 Hz, 2H), 2.88 (t, ] = 7.2
Hz, 2H), 2.70 (s, 4H) ppm. *C NMR (101 MHz, DMSO-d;): §
166.3, 165.0, 153.5, 140.1, 137.6, 131.9, 130.4, 130.2, 128.2, 128.0,
125.6, 1239, 112.5, 112.1, 111.6, 100.6, 55.8, 52.7, 38.7, 25.6 ppm.
LRMS (ESI+) m/z caled for [C,,H,;N,0,]*: 379.16, found: 379.20
[M + H]*. HPLC (method B): t; = 11.81 min.

Methyl 6-((2-(5-Methoxy-1H-indol-3-yl)ethyl)-amino)-6-oxohex-
anoate (4d). Intermediate 4d was prepared from S-methoxytrypt-
amine 1 and 6-methoxy-6-oxohexanoic acid in a similar manner as
described for intermediate 4a. Colorless oil, yield 60%. ESI-MS m/z:
319.15 [M + H]*. '"H NMR (400 MHz, DMSO-dy): 6 10.62 (s, 1H),
7.88 (t,J = 5.6 Hz, 1H), 7.22 (d, ] = 8.7 Hz, 1H), 7.09 (d, ] = 2.2 Hz,
1H), 7.02 (d, ] = 2.4 Hz, 1H), 6.72 (dd, ] = 8.7, 2.4 Hz, 1H), 3.76 (s,
3H), 3.59 (s, 3H), 3.35—3.27 (m, 2H), 2.77 (t, ] = 7.4 Hz, 2H), 2.21
(t, J = 6.9 Hz, 2H), 2.07 (t, ] = 7.0 Hz, 2H), 1.54—1.45 (m, 4H) ppm.
13C NMR (101 MHz, DMSO-dy): 6 173.7, 172.2, 153.4, 131.9, 128.0,
123.7, 112.4, 112.1, 111.5, 100.6, 55.8, 51.7, 35.6, 33.5, 25.8, 25.2,
24.6 ppm. LRMS (ESI+) m/z caled for [C gH,N,0,]": 333.17,
found: 333.20 [M + H]*. HPLC (method B): t; = 10.31 min.

N'-Hydroxy-N*-(2-(5-methoxy- 1H-indol-3-yl)ethyl)-terephthala-
mide (5a). Compound Sa was prepared from 4a in a similar manner
as described for compound 3a. Gray solid, yield 19%. "H NMR (400
MHz, DMSO-dy): § 11.32 (s, 1H), 10.65 (s, 1H), 9.11 (s, 1H), 8.70
(t, J=5.6 Hz, 1H), 7.91 (d, ] = 8.4 Hz, 2H), 7.82 (d, ] = 8.4 Hz, 2H),
7.23 (d, ] = 8.7 Hz, 1H), 7.15 (d, ] = 2.1 Hz, 1H), 7.06 (d, ] = 2.3 Hz,
1H), 6.72 (dd, ] = 8.7, 2.4 Hz, 1H), 3.73 (s, 3H), 3.55 (q, ] = 7.3 Hz,
2H), 2.93 (t, ] = 7.4 Hz, 2H) ppm. *C NMR (101 MHz, DMSO-dj):
5 165.9, 164.0, 153.5, 137.4, 135.4, 131.9, 128.1, 127.7 (2C), 127.3
(20C), 123.8, 112.5, 1122, 111.5, 100.6, 55.8, 40.8, 25.6 ppm. IR
(flm): v 3258, 2921, 2833, 1667, 1608, 1541, 1482, 1443, 1420, 1332,
1303, 1291, 1214, 1178, 1153, 1030, 1013, 838, 795, 723, 692, 677
cm™'. LRMS (ESI+) m/z caled for [C,oH,oN;0,]*: 354.14, found:
354.00 [M + H]*. HPLC (method A): tg = 11.36 min, purity = 99.9%.
mp = 179—181 °C.

(E)-4-(3-(Hydroxyamino)-3-oxoprop-1-en-1-yl)-N-(2-(5-methoxy-
1H-indol-3-yl)ethyl)benzamide (5b). Compound Sb was prepared
from 4b in a similar manner as described for compound 3a. Red solid,
yield 30%. "H NMR (400 MHz, DMSO-dg): & 10.82 (brs, 1H), 10.65
(s, 1H), 8.65 (t, ] = 5.5 Hz, 1H), 7.88 (d, ] = 8.3 Hz, 2H), 7.64 (d, ] =
8.2 Hz, 2H), 7.50 (d, ] = 15.8 Hz, 1H), 7.23 (d, ] = 8.7 Hz, 1H), 7.14
(d, ] =2.0 Hz, 1H), 7.06 (d, ] = 2.3 Hz, 1H), 6.72 (dd, ] = 8.7, 2.4 Hz,
1H), 6.56 (d, ] = 15.8 Hz, 1H), 3.73 (s, 3H), 3.54 (q, ] = 6.8 Hz, 2H),
293 (t, ] = 74 Hz, 2H) ppm (one exchangeable proton not
observed). >*C NMR (101 MHz, DMSO-d,): § 166.0, 162.9, 153.5,
137.8, 137.8, 135.7, 131.9, 128.2 (2C), 128.1, 127.8 (2C), 123.8,
121.2, 112.5, 112.2, 111.5, 100.7, 55.8, 40.7, 25.6 ppm. IR (film): v
3186, 2883, 2814, 1609, 1525, 1487, 1478, 1440, 1427, 1284, 1207,
1163, 1043, 1021, 974, 831, 792, 755, 704, 660 cm™'. LRMS (ESI+)
m/z caled for [C,H,,N;0,]": 380.15, found: 380.05 [M + HJ".
HPLC (method A): # = 12.13 min, purity = 99.1%. mp = 90—92 °C.

(E)-N-Hydroxy-4-(3-((2-(5-methoxy-1H-indol-3-yl)-ethyl)Jamino)-
3-oxoprop-1-en-1-yl)lbenzamide (5c). Compound Sc was prepared
from 4c in a similar manner as described for compound 3a. Yellow
solid, yield 18%. '"H NMR (400 MHz, DMSO-dy): & 11.26 (brs, 1H),
10.65 (s, 1H), 9.07 (brs, 1H), 8.25 (t, ] = 5.7 Hz, 1H), 7.78 (d, ] = 8.3
Hz, 2H), 7.63 (d, ] = 8.3 Hz, 2H), 7.47 (d, ] = 15.8 Hz, 1H), 7.23 (d,
] =8.7 Hz, 1H), 7.14 (d, ] = 2.2 Hz, 1H), 7.05 (d, ] = 2.3 Hz, 1H),
6.77—6.65 (m, 2H), 3.76 (s, 3H), 3.48 (q, ] = 7.0 Hz, 2H), 2.87 (t, ] =
7.2 Hz, 2H) ppm. *C NMR (101 MHz, DMSO-dg): § 165.5, 165.1,
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153.5, 138.1, 137.9, 133.7, 131.9, 128.0, 127.92 (2C), 127.87 (2C),
124.5, 123.8, 112.5, 112.1, 111.6, 100.6, 55.8, 49.1, 25.7 ppm. IR
(film): v 3198, 2894, 1659, 1565, 1536, 1491, 1459, 1356, 1317, 1224,
1204, 1174, 1029, 1013, 986, 895, 855, 801, 779, 713, 675 cm™.
LRMS (ESI+) m/z caled for [C,;H,,N30,]": 380.1S, found: 380.10
[M + H]*. HPLC (method A): ty = 12.24 min, purity = 97.1%. mp =
140—142 °C.

N'-Hydroxy-N®-(2-(5-methoxy-1H-indol-3-yl)ethyl)-adipamide
(5d). Compound Sd was prepared from 4d in a similar manner as
described for compound 3a. White solid, yield 17%. '"H NMR (400
MHz, DMSO-dy): § 10.62 (s, 1H), 10.33 (s, 1H), 8.65 (s, 1H), 7.87
(t, J=5.4Hz, 1H), 7.22 (d, ] = 8.7 Hz, 1H), 7.09 (d, ] = 2.1 Hz, 1H),
7.02 (d, ] = 2.3 Hz, 1H), 6.71 (dd, ] = 8.7, 2.4 Hz, 1H), 3.76 (s, 3H),
3.31 (q, J = 7.4 Hz, 2H), 2.77 (t, ] = 7.4 Hz, 2H), 2.06 (t, ] = 8.0 Hz,
2H), 1.94 (t, ] = 8.0 Hz, 2H), 1.51-1.43 (m, 4H) ppm. *C NMR
(101 MHz, DMSO-dy): 6 172.3, 169.5, 153.4, 131.9, 128.0, 123.7,
112.4, 112.1, 111.5, 100.6, 98.7, 55.8, 35.8, 32.6, 25.8, 25.5, 25.4 ppm.
IR (flm): v 3386, 3318, 3189, 2972, 2871, 1637, 1616, 1586, 1549,
1485, 1466, 1452, 1434, 1416, 1288, 1213, 1170, 1036, 1020, 951,
923, 840, 812, 773, 702, 667 cm™'. LRMS (ESI+) m/z calcd for
[C1;Hy,N;0,]": 334.17, found: 334.05 [M + H]*. HPLC (method
A): tg = 10.64 min, purity = 96.5%. mp = 138—139 °C.

N-(2-(5-Methoxy-1H-indol-3-yl)ethyl)acetamide (Melatonin, 6).
S-Methoxytryptamine 1 (2.0 g, 10.5 mmol) was suspended in 25 mL
of DCM, and acetic anhydride (4.4 g, 42.11 mmol) in S mL of DCM
was added in drops to the solution at 0 °C and then stirred at r.t. for 2
h. The mixture was washed with sat. NaHCO; aq., water, and brine;
dried with MgSO,; filtered; and removed the solvent to afford brown
solid 2.0 g, yield 82%. "H NMR (400 MHz, CDCly): 6 8.00 (brs, 1H),
7.20 (d, ] = 8.7 Hz, 1H), 6.97 (d, ] = 2.3 Hz, 1H), 6.95 (s, 1H), 6.80
(dd, J = 8.8,2.2 Hz, 1H), 5.53 (brs, 1H), 3.79 (s, 3H), 3.52 (q, ] = 6.4
Hz, 2H), 2.86 (t, ] = 6.7 Hz, 2H), 1.86 (s, 3H) ppm. LRMS (ESI+)
m/z caled for [C3H;N,0,]*: 233.12, found: 233.15 [M + H]".
HPLC (method B): t; = 8.98 min, purity 98.7%.

Methyl (E)-3-(4-((3-(2-Acetamidoethyl)-5-methoxy-1H-indol-1-
yl)methyl)phenyl)acrylate (7a). Melatonin (0.5 g, 2.2 mmol) and t-
BuOK (0.49 g, 4.4 mmol) were stirred in 15 mL of THF at 70 °C for
40 min; then methyl (E)-3-(4-(bromomethyl)phenyl)acrylate (0.66 g,
2.6 mmol) was added and stirred for 12 h. The mixture was cooled to
r.t. and concentrated under vacuum; the residue was redissolved in
DCM and then washed with 0.1 M HCI, water, and brine. The
organic phase was dried over MgSO, and filtered, the solvent was
removed and then redissolved in MeOH, and SOCL, (0.79 g, 6.6
mmol) was added in drop with an ice bath and after that stirred at r.t.
overnight. The solvent was removed under vacuum and redissolved
with DCM, then washed with 0.1 M NaOH, water, and brine and
finally purified with column chromatography to afford yellow solid
0.83 g, yield 66%. "H NMR (400 MHz, DMSO-dg): 6 7.94 (t, ] = 5.5
Hz, 1H), 7.64 (d, ] = 8.3 Hz, 2H), 7.61 (d, ] = 16.4 Hz, 1H), 7.27 (d,
J = 8.8 Hz, 1H), 7.27 (s, 1H), 7.18 (d, ] = 8.1 Hz, 2H), 7.06 (d, J =
2.3 Hz, 1H), 6.73 (dd, ] = 8.8, 2.3 Hz, 1H), 6.58 (d, ] = 16.0 Hz, 1H),
5.34 (s, 2H), 3.76 (s, 3H), 3.71 (s, 3H), 3.32 (q, ] = 7.4 Hz, 2H), 2.79
(t,J = 7.4 Hz, 2H), 1.81 (s, 3H) ppm. *C NMR (101 MHz, DMSO-
dg): 5 169.5, 167.1, 153.8, 144.6, 141.6, 133.5, 131.8, 129.0 (2C),
1287, 127.9 (2C), 127.6, 118.1, 112.2, 111.7, 111.2, 101.2, 55.9, S1.9,
49.3, 25.6, 23.2 ppm. LRMS (ESI+) m/z calcd for [C,,H,,N,0,]":
407.19, found: 407.20 [M + H]*. HPLC (method B): ty = 12.48 min.

Methyl 4-((3-(2-Acetamidoethyl)-5-methoxy-1H-indol-1-yl)-
methyl)benzoate (7b). Intermediate 7b was prepared from melatonin
and methyl 4-(bromomethyl)-benzoate in a similar manner as
described for intermediate 7a. Off-white solid, yield 63%. 'H NMR
(400 MHz, DMSO-dg): 6 7.93 (t,] = 5.0 Hz, 1H), 7.88 (d, ] = 8.3 Hz,
2H), 7.27 (s, 1H), 7.25 (d, ] = 8.3 Hz, 2H), 7.24 (d, ] = 8.8 Hz, 1H),
7.06 (d, J = 2.4 Hz, 1H), 6.73 (dd, ] = 8.8, 2.4 Hz, 1H), 5.42 (s, 2H),
3.82 (s, 3H), 3.76 (s, 3H), 3.32 (q, ] = 7.4 Hz, 2H), 2.80 (t, ] = 7.4
Hz, 2H), 1.80 (s, 3H) ppm. 3C NMR (101 MHz, DMSO-dg): &
169.5, 166.4, 153.8, 144.6, 131.8, 129.9, 129.0, 128.7, 127.7, 127.5,
112.3, 111.8, 111.2, 101.2, 55.9, 52.6, 49.2, 25.6, 23.2 ppm. LRMS
(ESI+) m/z caled for [C,,H,N,0,]": 381.17, found: 381.20 [M +
H]*. HPLC (method B): t; = 12.08 min.
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Methyl 6-(3-(2-Acetamidoethyl)-5-methoxy-1H-indol-1-yl)-
hexanoate (7c). Intermediate 7c was prepared from melatonin and
methyl 6-bromohexanoate in a similar manner as described for
intermediate 7a. Yellow oil, yield 57%. "H NMR (400 MHz, CDCl,):
5713 (d,] = 8.9 Hz, 1H), 6.94 (d, ] = 2.1 Hz, 1H), 6.84 (s, 1H), 6.81
(dd, J = 8.9, 2.1 Hz, 1H), 6.05 (brs, 1H), 3.97 (t, ] = 6.9 Hz, 2H),
3.79 (s, 3H), 3.60 (s, 3H), 3.56 (s, 3H), 3.54—3.47 (m, 2H), 2.87 (t,]
= 6.0 Hz, 2H), 2.21 (t, J = 7.3 Hz, 2H), 1.78—1.70 (m, 2H), 1.57—
1.51 (m, 2H), 1.30—1.20 (m, 2H) ppm. *C NMR (101 MHyg,
CDCL,): 6 169.2, 165.4, 149.1, 127.0, 123.4, 121.6, 107.2, 106.2,
105.5, 95.9, 51.2, 46.8, 41.4, 35.3, 29.0, 25.2, 21.7, 20.5, 19.7, 18.6
ppm. LRMS (ESI+) m/z caled for [CyH,0N,0,]": 361.20, found:
361.20 [M + H]*. HPLC (method B): t = 11.83 min.

(E)-3-(4-((3-(2-Acetamidoethyl)-5-methoxy-1H-indol-1-yl)-
methyl)phenyl)-N-hydroxyacrylamide (8a). Compound 8a was
prepared from 7a in a similar manner as described for compound
3a. Red solid, yield 34%. '"H NMR (400 MHz, DMSO-d;): & 8.21 (s,
2H), 7.94 (t, ] = 5.3 Hz, 1H), 7.48 (d, ] = 8.0 Hz, 2H), 7.40 (d, ] =
15.8 Hz, 1H), 7.27 (4, ] = 7.6 Hz, 1H), 7.26 (s, 1H), 7.18 (d, ] = 8.1
Hz, 2H), 7.05 (d, ] = 2.3 Hz, 1H), 6.73 (dd, ] = 8.8, 2.4 Hz, 1H), 6.40
(d, J = 15.8 Hz, 1H), 5.33 (s, 2H), 3.76 (s, 3H), 3.31 (q, ] = 7.4 Hz,
2H), 2.79 (t, ] = 7.4 Hz, 2H), 1.80 (s, 3H) ppm. *C NMR (101
MHz, DMSO-d,): & 169.5, 165.5, 153.8, 140.4, 138.3, 134.3, 131.8,
128.7, 128.1 (2C), 127.9 (2C), 127.6, 119.4, 112.1, 111.7, 111.2,
1012, 55.9, 49.3, 39.9, 25.6, 23.2 ppm. IR (film): v 3276, 2919, 2839,
1662, 1631, 1562, 1492, 1455, 1440, 1358, 1303, 1222, 1178, 1040,
975, 831, 795, 738, 669 cm™'. LRMS (ESI+) m/z caled for
[C,3HyN;0,]*: 408.18, found: 408.10 [M + H]*. HPLC (method
A): tp = 13.31 min, purity = 95.2%. mp = 187—189 °C.

4-((3-(2-Acetamidoethyl)-5-methoxy- 1H-indol-1-yl)-methyl)-N-
hydroxybenzamide (8b). Compound 8b was prepared from 7b in a
similar manner as described for compound 3a. Off-white solid, yield
14%. 'H NMR (400 MHz, DMSO-d) 6 11.13 (s, 1H), 8.99 (s, 1H),
7.94 (t, ] = 5.6 Hz, 1H), 7.66 (d, ] = 8.2 Hz, 2H), 7.27 (s, 1H), 7.26
(d, ] = 8.3 Hz, 1H), 7.20 (d, ] = 8.2 Hz, 2H), 7.05 (d, ] = 2.4 Hz, 1H),
6.73 (dd, ] = 8.8, 2.4 Hz, 1H), 5.36 (s, 2H), 3.76 (s, 3H), 3.31 (q, ] =
7.3 Hz, 2H), 2.79 (t, ] = 7.4 Hz, 2H), 1.80 (s, 3H). '*C NMR (101
MHz, DMSO-dy) 6 169.5, 164.4, 153.8, 142.2, 132.3, 131.7, 128.7,
127.6, 127.5 (2C), 127.3 (2C), 112.1, 111.7, 111.2, 101.2, 55.9, 49.2,
39.9, 25.6, 23.2. IR (film): v 3204, 3012, 2812, 2633, 2531, 1646,
1627, 1585, 1574, 1495, 1453, 1411, 1356, 1224, 1040, 1030, 844,
837, 807, 773, 715 cm™'. LRMS (ESI+) m/z caled for
[C,;H,N;0,]": 382.17, found: 382.05 [M + H]*. HPLC (method
A): tg = 12.14 min, purity = 98.0%. mp = 90—92 °C.

6-(3-(2-Acetamidoethyl)-5-methoxy-1H-indol-1-yl)-N-hydroxy-
hexanamide (8c). Compound 8c was prepared from 7c in a similar
manner as described for compound 3a. Pale yellow solid, yield 26%.
'H NMR (400 MHz, DMSO-d;): 6 10.31 (s, 1H), 8.64 (s, 1H), 7.93
(t, J=5.4Hz, 1H), 7.30 (d, ] = 8.8 Hz, 1H), 7.12 (s, 1H), 7.02 (d, ] =
2.3 Hz, 1H), 6.76 (dd, ] = 8.8, 2.4 Hz, 1H), 4.04 (t, ] = 7.0 Hz, 2H),
3.77 (s, 3H), 3.31 (q, ] = 7.4 Hz, 2H), 2.76 (t, ] = 7.4 Hz, 2H), 1.92
(t, ] = 7.4 Hz, 2H), 1.81 (s, 3H), 1.74—1.65 (m, 2H), 1.56—1.44 (m,
2H), 1.26—1.15 (m, 2H) ppm. *C NMR (101 MHz, DMSO-d;): §
169.5, 169.4, 153.5, 131.7, 128.4, 127.0, 111.5, 111.3, 110.8, 101.0,
55.9, 45.7, 39.9, 32.6, 30.1, 26.4, 25.6, 25.2, 23.2 ppm. IR (film): v
3298, 3265, 2933, 2879, 1667, 1659, 1596, 1504, 1461, 1398, 1332,
1231, 1185, 1094, 1040, 966, 849, 791, 769, 676 cm™". LRMS (ESI+)
m/z caled for [CoHyN;0,]": 362.20, found: 362.10 [M + HJ".
HPLC (method A): t; = 12.28 min, purity = 99.5%. mp = 130—131
°C.

Methyl (E)-3-(4-(((E)-3-(4-((Ethoxycarbonyl)oxy)-3-methoxy-
phenyl)-N-(2-(5-methoxy-1H-indol-3-yl)-ethyl)acrylamido)methyl)-
phenyl)acrylate (9a). TEA (0.33 g, 3.3 mmol) and ethyl
chloroformate (0.28 g, 2.6 mmol) were added to a solution of ferulic
acid (0.26 g, 1.3 mmol) in 15 mL of THF and then stirred at room
temperature for 5 min. 2a (0.40 g, 1.1 mmol) was added to the
mixture in portions and then stirred at r.t. for 30 min. The solvent was
removed under vacuum, and the residue was purified with column
chromatography to afford pale-yellow solid 0.40 g, yield 60%. 'H
NMR (400 MHz, DMSO-d): 6 10.66/10.64* (d, ] = 1.6 Hz, 1H),
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7.72%/7.71 (d, ] = 8.1 Hz, 2H), 7.66/7.64* (d, ] = 15.9 Hz, 1H),
7.62%/7.40 (d, ] = 15.4 Hz, 1H), 7.46%/7.28 (d, ] = 1.9 Hz, 1H),
7.35/7.31*% (d, ] = 8.1 Hz, 2H), 7.22%/7.18 (d, ] = 8.8 Hz, 1H),
7.20%/7.11 (d, ] = 8.8 Hz, 1H), 7.09 (d, ] = 2.2 Hz, 1H), 7.04*/6.99
(d, J = 2.2 Hz, 1H), 6.85 (dd, J = 8.8, 1.6 Hz, 1H), 6.82 (d, ] = 15.7
Hz, 1H), 6.71 (dd, J = 8.7, 2.3 Hz, 1H), 6.63/6.62* (d, ] = 16.0 Hz,
1H), 4.87%/4.72 (s, 2H), 4.30—4.19 (m, 2H), 3.83%/3.80 (s, 3H),
3.75%/3.73 (s, 3H), 3.71 (s, 3H), 3.71—3.58 (m, 2H), 3.02—2.84 (m,
2H), 1.29/1.27* (t, ] = 7.1 Hz, 3H) ppm (the minor rotamer: 35%).
13C NMR (101 MHz, DMSO-dy): § 167.2, 167.1, 166.3, 153.6, 153.5,
152.8, 151.4, 144.7, 141.6, 140.8, 140.6, 134.8, 133.3, 131.9, 129.2,
129.0, 128.7, 128.0, 127.8, 124.7, 120.4, 119.5, 118.0, 112.9, 112.6,
111.6, 110.9, 100.4, 100.0, 65.2, 56.6, 56.4, 55.79, 55.75, 51.9, 48.5,
48.0, 25.1, 14.5 ppm. LRMS (ESI+) m/z calcd for [C3sHyN,O8]":
613.25, found: 613.30 [M + H]*. HPLC (method B): t; = 13.33 min.

Methyl (E)-4-((3-(4-((Ethoxycarbonyl)oxy)-3-meth-oxyphenyl)-N-
(2-(5-methoxy-1H-indol-3-yl)ethyl)acry-lamido)methyl)benzoate
(9b). Intermediate 9b was prepared from 2b and ferulic acid in a
similar manner as described for intermediate 9a. Yellow solid, yield
90%. "H NMR (400 MHz, DMSO-d,): 6 10.66/10.64* (d, ] = 1.5 Hz,
1H), 7.95 (d, J = 8.2 Hz, 2H), 7.62%/7.40 (d, ] = 15.2 Hz, 1H), 7.44
(d, J = 8.2 Hz, 2H), 7.41 (d, ] = 8.4 Hz, 1H), 7.28/7.26* (d, ] = 1.7
Hz, 1H), 7.24*/6.82 (d, ] = 15.6 Hz, 1H) 7.22%/7.17 (d, ] = 8.8 Hz,
1H), 7.20%/7.11 (d, ] = 8.8 Hz, 1H), 7.08 (d, ] = 2.4 Hz, 1H), 7.03*/
6.99 (d, ] =22 Hz, 1H), 6.85 (dd, ] = 8.8, 1.6 Hz, 1H), 6.71 (dd, ] =
8.7, 2.3 Hz, 1H), 4.93*/4.78 (s, 2H), 4.29—4.20 (m, 2H), 3.85/3.83*
(s, 3H), 3.83*/3.80 (s, 3H), 3.74*/3.71 (s, 3H), 3.70—3.58 (m, 2H),
3.00—2.84 (m, 2H), 1.29/1.28* (t, ] = 7.0 Hz, 3H) ppm (the minor
rotamer: 32%). *C NMR (101 MHz, DMSO-dy): § 166.8, 166.7,
166.6, 166.5, 153.7, 153.5, 149.0, 148.8, 148.3, 148.2, 144.9, 144.8,
143.1, 142.5, 131.9, 130.0, 129.8, 129.1, 128.8, 128.3, 128.0, 127.9,
127.6, 127.12, 127.0S, 124.6, 123.9, 122.8, 121.9, 116.1, 115.3, 112.6,
112.5,112.3,111.9, 111.8, 111.6, 111.0, 100.6, 100.4, 56.2, 56.1, 55.8,
55.4,52.5, 51.1, 48.7, 48.1, 47.7, 25.2, 23.9, 14.3 ppm. LRMS (ESI+)
m/z caled for [C33HiN,Og]*: 587.23, found: $87.25 [M + HJ™.
HPLC (method B): t; = 13.13 min.

Methyl (E)-6-(3-(4-((Ethoxycarbonyl)oxy)-3-meth-oxyphenyl)-N-
(2-(5-methoxy-1H-indol-3-yl)ethyl)acry-lamido)hexanoate (9c). In-
termediate 9c was prepared from 2c and ferulic acid in a similar
manner as described for intermediate 9a. Yellow oil, yield 49%. 'H
NMR (400 MHz, DMSO-d): § 10.66/10.64* (d, ] = 1.5 Hz, 1H),
7.55%/7.30 (d, ] = 15.6 Hz, 1H), 7.48%/7.03 (d, ] = 2.2 Hz, 1H),
7.33%/6.82 (dd, ] = 8.3, 1.5 Hz, 1H), 7.25—7.22 (m, 1H), 7.18 (d, ] =
8.7 Hz, 1H), 7.16—7.11 (m, 2H), 7.09 (d, ] = 8.2 Hz, 1H), 6.76—6.69
(m, 1H), 4.25%/4.24 (q, J = 7.1 Hz, 2H), 3.87%/3.79 (s, 3H), 3.77%/
3.72 (s, 3H), 3.72%/3.62 (t, ] = 7.3 Hz, 2H), 3.59/3.54* (s, 3H),
3.48%/3.39 (t, ] = 7.3 Hz, 2H), 2.94/2.92* (t, ] = 7.0 Hz, 2H), 2.32/
2.27% (t, J = 7.4 Hz, 2H), 1.65—-1.48 (m, 4H), 1.36—1.23 (m, SH)
ppm (the minor rotamer: 42%). *C NMR (101 MHz, DMSO-dy): &
173.8, 173.7, 165.7, 165.6, 153.6, 152.9, 151.5, 151.4, 140.8, 140.5,
139.9, 135.0, 131.8, 127.9, 124.7, 123.8, 122.9, 121.0120.3, 120.1,
119.9, 112.8, 112.6, 112.5, 112.0, 111.54, 111.50, 111.0, 100.8, 100.4,
65.2, 56.5, 56.4, 55.8, 55.7, 51.6, 51.6, 48.2, 45.8, 33.7, 33.6, 29.6,
27.6, 26.5, 26.0, 25.4, 24.7, 24.6, 24.1, 14.5 ppm. LRMS (ESI+) m/z
caled for [Cy5;H3N,04]": 567.26, found: 567.30 [M + H]*. HPLC
(method B): t; = 12.90 min.

(E)-3-(4-Hydroxy-3-methoxyphenyl)-N-(4-((E)-3-(hydroxyamino)-
3-oxoprop-1-en-1-yl)benzyl)-N-(2-(5-methoxy-1H-indol-3-yl)ethyl)-
acrylamide (10a). Compound 10a was prepared from 9a in a similar
manner as described for compound 3a. Gray solid 0.16 g, yield 60%.
'"H NMR (400 MHz, DMSO-d): § 10.75 (s, 1H), 10.67/10.64* (s,
1H), 9.40 (s, 1H), 9.03 (s, 1H), 7.54 (d, J = 7.5 Hz, 2H), 7.45/7.44*
(d, J=15.8 Hz, 1H), 7.38 (d, J = 15.3 Hz, 1H), 7.33/7.29* (d, ] = 8.1
Hz, 2H), 7.24 (d, ] = 3.5 Hz, 1H), 7.21 (d, ] = 8.6 Hz, 1H), 7.12—
7.06 (m, 2H), 7.03%/7.00 (d, ] = 1.9 Hz, 1H), 6.81—6.64 (m, 3H),
6.45/6.44* (d, ] = 15.8 Hz, 1H), 4.83%/4.70 (s, 2H), 3.80%/3.77 (s,
3H), 3.74%/3.73 (s, 3H), 3.68/3.61* (t, ] = 6.8 Hz, 2H), 3.01-2.85
(m, 2H) ppm (the minor rotamer: 38%). *C NMR (101 MHyg,
DMSO-dy): 6 166.7, 166.6, 163.3, 153.6, 153.5, 149.0, 148.8, 148.3,
148.1, 142.9, 142.3, 140.6, 138.5, 134.1, 131.9, 128.7 (2C), 128.3,

https://doi.org/10.1021/acs.jmedchem.0c01940
J. Med. Chem. 2021, 64, 3794—3812


pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.0c01940?rel=cite-as&ref=PDF&jav=VoR

Journal of Medicinal Chemistry

pubs.acs.org/jmc

128.1 (2C), 128.0, 127.8, 127.13, 127.07, 124.6, 123.8, 122.8, 121.9,
119.4, 1192, 116.04, 115.98, 115.5, 112.6, 112.3, 111.9, 111.8, 111.6,
111.0, 100.6, 100.4, 56.24, 56.15, 55.8, 48.4, 47.9, 47.5, 25.1, 23.9
ppm. IR (film): v 3229, 2952, 2885, 1626, 1572, 1505, 1472, 1450,
1434, 1412, 1352, 1259, 1230, 1204, 1171, 1148, 1120, 1022, 976,
835, 816, 792, 748, 701, 656 cm™'. LRMS (ESI+) m/z calcd for
[C3;Hy,N;O]*: 542.22, found: 542.30 [M + H]*. HPLC (method
B): tp = 11.20 min, purity = 99.8%. mp = 135—137 °C.
(E)-N-Hydroxy-4-((3-(4-hydroxy-3-methoxyphenyl)-N-(2-(5-me-
thoxy-1H-indol-3-yl)ethyl)acrylamido)-methyl)benzamide (100b).
Compound 10b was prepared from 9b in a similar manner as
described for compound 3a. Orange oil, yield 46%. '"H NMR (400
MHz, DMSO-dy): 6 11.18 (s, 1H), 10.68/10.64* (s, 1H), 9.42%/9.40
(s, 1H), 9.01 (brs, 1H), 7.77—7.69 (m, 2H), 7.58—7.16 (m, SH),
7.12—6.98 (m, 3H), 6.82—6.64 (m, 3H), 4.85%/4.71 (s, 2H), 3.79*/
3.77 (s, 3H), 3.74*/3.73 (s, 3H), 3.69/3.61* (t, ] = 6.6 Hz, 2H),
3.00—2.85 (m, 2H) ppm (the minor rotamer: 38%). *C NMR (101
MHz, DMSO-d,): § 169.2, 166.8, 153.6, 153.49, 153.46, 148.8, 148.1,
147.8, 147.6, 142.4, 142.3, 132.8, 131.9, 128.4, 128.0, 127.6, 127.5,
127.3, 127.3, 127.0, 124.6, 124.1, 123.8, 122.4, 121.9, 116.0, 115.8,
115.4, 113.0, 112.6, 112.3, 111.6, 111.0, 110.9, 100.4, 100.2, 56.2,
56.1, 56.0, 55.9, 55.8, 55.8, 55.4, 49.1, 25.1, 21.0 ppm. IR (film): v
3201, 2930, 2856, 1639, 1574, 1513, 1482, 1452, 1366, 1268, 1211,
1155, 1124, 1070, 1025, 1013, 973, 894, 815, 796, 747 cm™". LRMS
(ESI+) m/z caled for [CyoH3oN;O4]": 516.21, found: 516.25 [M +
H]*. HPLC (method B): tg = 10.77 min, purity = 95.7%. mp = 86—88
°C.
(E)-N-Hydroxy-6-(3-(4-hydroxy-3-methoxyphenyl)-N-(2-(5-me-
thoxy-1H-indol-3-yl)ethyl)acrylamido)-hexanamide (10c). Com-
pound 10c was prepared from 9c in a similar manner as described
for compound 3a. White solid, yield 33%. '"H NMR (400 MHz,
DMSO-dy): 6 10.67/10.63* (s, 1H), 10.34/10.32* (s, 1H), 9.35 (brs,
1H), 8.66 (s, 1H), 7.48%/7.27 (d, ] = 15.2 Hz, 1H), 7.26—7.09 (m,
1H), 7.16—7.10 (s, 1H), 7.03 (s, 1H), 6.91*/6.58 (d, J = 15.3 Hz,
1H), 6.81%/6.73 (d, J = 8.1 Hz, 1H), 6.76—6.67 (m, 2H), 6.18—6.14
(m, 1H), 3.83%/3.77 (s, 3H), 3.75%/3.74 (s, 3H), 3.70/3.60* (t, J =
7.2 Hz 2H), 3.45%/3.36 (t, ] = 7.2 Hz 2H), 2.94/2.90% (t, ] = 6.80
Hz, 2H), 2.02—1.90 (m, 2H), 1.62—1.46 (m, 4H), 1.34—1.18 (m,
2H) ppm (the minor rotamer: 40%). '>*C NMR (101 MHz, DMSO-
dg) 6 169.6, 169.5, 166.1, 166.0, 163.0, 153.6, 153.5, 148.8, 148.6,
1483, 148.1, 142.1, 141.4, 131.9, 127.9, 127.3, 124.6, 123.8, 122.4,
121.7, 116.1, 115.8, 112.6, 112.2, 112.0, 111.5, 111.5, 111.1, 100.8,
100.4, 56.3, 56.1, 55.79, $5.75, 48.2, 47.5, 45.9, 32.7, 29.7, 27.8, 26.7,
26.2,25.5,25.3 ppm. IR (film): v 3304, 3199, 2922, 2851, 1637, 1582,
1513, 1481, 1454, 1427, 1372, 1268, 1214, 1161, 1124, 1101, 1064,
1028, 972, 917, 816, 795 cm™'. LRMS (ESI+) m/z caled for
[CyyHyN;O4]*: 496.24, found: 496.25 [M + H]*. HPLC (method
B): tg = 10.77 min, purity = 97.6%. mp = 85—87 °C.
tert-Butyl (2-((2-(5-Methoxy-1H-indol-3-yl)ethyl)-amino)-2-
oxoethyl)carbamate (11). TEA (1.07 g, 10.50 mmol), EDCI (2.40
g, 12.60 mmol), and DMAP (1.28 g, 10.5 mmol) were added to a
solution of Boc-Glu-OH (2.20 g, 12.60 mmol) in 40 mL of THF; then
S-methoxytryptamine 1 (2.00 g, 10.50 mmol) was added to the
mixture and, after that, stirred overnight at r.t. THF was removed, and
the residue was redissolved in DCM, washed with 0.1 M HCI, water,
and brine, dried over MgSO,, and purified with column chromatog-
raphy to afford a 3.20 g white solid, yield 88%. '"H NMR (400 MHz,
CDCl,): 6 7.99 (brs, 1H), 7.18 (d, J = 7.9 Hz 1H), 6.95 (d, J = 2.3
Hz, 1H), 6.93 (s, 1H), 6.79 (dd, ] = 8.8, 2.4 Hz, 1H), 6.13 (brs, 1H),
5.03 (brs, 1H), 3.79 (s, 3H), 3.66 (s, 2H), 3.53 (q, ] = 6.1 Hz, 2H),
2.87 (t, J = 6.7 Hz, 2H), 1.35 (s, 9H) ppm. *C NMR (101 MHz,
CDCly): 6 172.2, 169.3, 154.1, 131.6, 127.7, 122.9, 112.4 (2C), 112.0,
100.5, 56.0, 44.5, 39.5, 28.3 (3C), 25.3 ppm. LRMS (ESI+) m/z caled
for [C,gH,¢N;0,]": 348.18, found: 348.20 [M + H]*. HPLC (method
B): tg = 10.74 min.
2-Amino-N-(2-(5-methoxy-1H-indol-3-yl)ethyl)acet-amide (12).
11 (2.5 g 7.20 mmol) was dissolved in 30 mL of DCM; then 8
mL of TFA was added and stirred at r.t. for 30 min. After that, the
solvent was removed under vacuum and purified with column

chromatography to afford light red oil 1.6 g, yield 90%. "H NMR (400
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MHz, DMSO-d,): 6 10.65 (s, 1H), 8.01 (s, 1H), 7.23 (d, ] = 8.7 Hz,
1H), 7.12 (d, J = 2.3 Hz, 1H), 7.05 (d, ] = 2.4 Hz, 1H), 6.72 (dd, ] =
8.7,2.4 Hz, 1H), 3.77 (s, 3H), 3.38 (q, J = 7.1 Hz, 2H), 3.11 (s, 2H),
2.81 (t, ] = 7.4 Hz, 2H), 2.29 (brs, 2H) ppm. *C NMR (101 MHz,
DMSO-dy): 6§ 173.0, 153.5, 131.9, 128.0, 123.8, 112.5, 111.9, 111.5,
100.7, 55.8, 55.4, 44.7, 25.7 ppm. LRMS (ESI+) m/z calcd for
[C13H gN;O,]*: 248.13, found: 248.20 [M + H]*. HPLC (method
B): tg = 6.15 min.

Methyl (E)-3-(4-(((2-((2-(5-Methoxy-1H-indol-3-yl)-ethyl)amino)-
2-oxoethyl)lamino)methyl)phenyl)acry-late (13a). Intermediate 13a
was prepared from intermediate 12 and methyl (E)-3-(4-(bromo-
methyl)-phenyl)acrylate in a similar manner as described for
intermediate 2a. Yellow oil, yield 30%. 'H NMR (400 MHz,
DMSO-dy): § 10.66 (s, 1H), 7.90 (t, J = 5.7 Hz, 1H), 7.65 (d, ] =
15.7 Hz, 1H), 7.64 (d, ] = 8.4 Hz, 2H), 7.32 (d, ] = 8.1 Hz, 2H), 7.24
(d,] = 8.7 Hz, 1H), 7.12 (d, ] = 2.3 Hz, 1H), 7.05 (d, ] = 2.4 Hz, 1H),
6.73 (dd, J = 8.7,2.4 Hz, 1H), 6.62 (d, ] = 16.1 Hz, 1H), 3.76 (s, 3H),
3.73 (s, 3H), 3.66 (s, 2H), 3.40 (q, ] = 7.0 Hz, 2H), 3.07 (s, 2H), 2.81
(t,J = 7.2 Hz, 2H) ppm (one exchangeable proton not observed). '*C
NMR (101 MHz, DMSO-dy): & 171.0, 167.2, 153.5, 144.9, 143.3,
133.0, 131.9, 129.0 (2C), 128.7 (2C), 128.0, 123.8, 117.7, 112.5,
1119, 111.5, 100.7, 55.8, 55.4, 52.7, 51.9, 51.8, 25.7 ppm. LRMS (ESI
+) m/z caled for [C,,H,gN;0,]": 422.20, found: 422.20 [M + H]*".
HPLC (method B): t; = 8.69 min.

Methyl 4-(((2-((2-(5-Methoxy-1H-indol-3-yl)ethyl)-amino)-2-
oxoethyllamino)methyl)benzoate (13b). Intermediate 13b was
prepared from intermediate 12 and methyl 4-(bromomethyl)benzoate
in a similar manner as described for intermediate 2a. Pale yellow oil,
yield 16%. 'H NMR (400 MHz, DMSO-d;): § 10.66 (s, 1H), 7.93—
7.84 (m, 3H), 7.41 (d, J = 8.2 Hz, 2H), 7.23 (d, ] = 8.7 Hz, 1H), 7.12
(d,J=2.2Hz, 1H), 7.05 (d, ] = 2.3 Hz, 1H), 6.73 (dd, ] = 8.7, 2.4 Hz,
1H), 3.85 (s, 3H), 3.76 (s, 3H), 3.69 (s, 2H), 3.40 (q, 7.0 Hz, 2H),
3.07 (s, 2H), 2.81 (t, ] = 7.2 Hz, 2H) ppm (one exchangeable proton
not observed). *C NMR (101 MHz, DMSO-dy): § 171.1, 166.7,
153.5, 146.6, 131.9, 129.5 (2C), 128.6 (2C), 128.5, 128.0, 123.8,
112.5, 112.0, 111.5, 100.7, 55.8, 52.7, 52.5, 52.0, 25.7 ppm. LRMS
(BSI+) m/z caled for [Cy,HysN;0,]*: 396.18, found: 396.20 [M +
H]*. HPLC (method B): tz = 8.30 min.

Methyl 6-((2-((2-(5-Methoxy-1H-indol-3-yl)ethyl)-amino)-2-
oxoethyl)amino)hexanoate (13c). Intermediate 13c was prepared
from intermediate 12 and methyl 6-bromohexanoate in a similar
manner as described for intermediate 2a. Yellow oil, yield 42%. 'H
NMR (400 MHz, MeOD-d,): § 7.24 (d, ] = 8.8 Hz, 1H), 7.07 (s,
1H), 7.07 (d, ] = 2.4 Hz, 1H), 6.77 (dd, ] = 8.8, 2.4 Hz, 1H), 3.84 (s,
3H), 3.74 (s, 2H), 3.67 (s, 3H), 3.61—3.54 (m, 2H), 2.95 (t, ] = 7.0
Hz, 2H), 2.77 (t, ] = 7.6 Hz, 2H), 2.34 (t, ] = 7.3 Hz, 2H), 1.93—1.83
(m, 2H), 1.74—1.52 (m, 2H), 1.43—1.23 (m, 2H) ppm (exchangeable
protons not observed). *C NMR (101 MHz, MeOD-d,): § 174.2,
167.6153.6, 131.0, 127.3, 122.9, 112.2, 111.7, 111.4, 99.8, 54.6, 52.5,
50.7, 49.8, 48.6, 33.2, 28.2, 26.3, 24.9, 24.6 ppm. LRMS (ESI+) m/z
caled for [C,0H;(N;0,]": 376.22, found: 376.20 [M + H]*. HPLC
(method B): ty = 7.96 min.

Methyl (E)-3-(4-(((E)-3-(4-((Ethoxycarbonyl)oxy)-3-methoxy-
phenyl)-N-(2-((2-(5-methoxy-1H-indol-3-yl)-ethyl)amino)-2-
oxoethyl)acrylamido)methyl)phenyl)-acrylate (14a). Intermediate
14a was prepared from intermediate 13a and ferulic acid in a similar
manner as described for intermediate 9a. White solid, yield 44%. 'H
NMR (400 MHz, CDCl,): § 8.22/8.20% (s, 1H), 7.73*/7.67 (d, ] =
15.2 Hz, 1H), 7.65/7.60%* (d, ] = 16.0 Hz, 1H), 7.45/7.31* (d, ] = 8.0
Hz, 2H), 7.22/7.15% (d, ] = 8.8 Hz, 2H), 7.19-7.01 (m, SH), 6.99/
6.95* (s, 1H), 6.88—6.76 (m, 1H), 6.65/6.62* (d, ] = 15.2 Hz, 1H),
6.55/6.01%* (t, ] = 5.4 Hz, 1H), 6.42/6.37* (d, ] = 16.1 Hz, 1H), 4.60/
4.58% (s, 2H), 4.40—4.28 (m, 2H), 4.03/4.02* (s, 2H), 3.85 (s, 3H),
3.84 (s, 3H), 3.82 (s, 3H), 3.58/3.52* (q, J = 6.4 Hz, 2H), 2.95/2.86*
(t, J = 6.6 Hz, 2H), 1.46—1.35 (m, 3H) ppm (the minor rotamer:
31%). *C NMR (101 MHz, CDCL,): § 168.9, 167.7, 167.3, 167.3,
154.1, 153.0, 151.6, 151.5, 143.9, 143.8, 141.5, 138.3, 134.2, 133.8,
128.9, 128.7, 128.5, 127.9, 127.1, 123.2, 122.8, 120.9, 120.6, 118.3,
116.5, 112.3, 112.3, 112.0, 112.0, 100.5, 100.4, 65.2, 65.2, 56.1, 56.0,
55.9, 52.2, 51.8, 51.0, 46.9, 39.7, 39.2, 24.9, 14.2, 8.6 ppm. LRMS
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(BSI+) m/z caled for [Cy,H,N;O,]": 670.27, found: 670.30 [M +
H]*. HPLC (method B): t = 12.72 min.

Methyl (E)-4-((3-(4-((Ethoxycarbonyl)oxy)-3-meth-oxyphenyl)-N-
(2-((2-(5-methoxy-1H-indol-3-yl)ethyl)-amino)-2-oxoethyl)-
acrylamido)methyl)benzoate (14b). Intermediate 14b was prepared
from intermediate 13b and ferulic acid in a similar manner as
described for intermediate 9a. White solid, yield 71%. "H NMR (400
MHz, CDCL,): § 8.05/8.02% (s, 1H), 7.91/7.81* (d, J = 8.1 Hz, 2H),
7.67—7.49 (m, 1H), 7.17—7.08 (m, 3H), 7.08—6.98 (m, 2H), 6.98—
6.91 (m, 2H), 6.88 (s, 1H), 6.81—6.69 (m, 1H), 6.52%/6.50 (d, J =
15.3 Hz, 1H), 6.44/5.94% (t, ] = 5.1 Hz, 1H), 4.54/4.52% (s, 2H),
4.32—4.15 (m, 2H), 3.95/3.91* (s, 2H), 3.84 (s, 3H), 3.80%/3.76 (s,
3H), 3.77*%/3.75 (s, 3H), 3.59—3.39 (m, 2H), 2.87/2.79* (t, ] = 6.7
Hz, 2H), 1.36—1.26 (m, 3H) ppm (the minor rotamer: 33%). *C
NMR (101 MHz, CDCly): § 169.3, 168.8, 167.7, 166.5, 154.1, 153.0,
151.5, 143.9, 141.5, 141.3, 133.8, 131.5, 130.3, 130.1, 129.9, 128.2,
126.5, 123.1, 122.9, 122.8, 121.4, 120.6, 118.0, 116.4, 1162, 112.4,
112.3,112.0, 111.9, 100.5, 65.2, 65.2, 56.0, 55.9, 52.2, 52.2, 51.2, 46.7,
39.7, 39.3, 24.9, 24.9, 14.2, 8.6 ppm. LRMS (ESI+) m/z calcd for
[CssH3sN;0,]*: 644.25, found: 644.30[M + H]*. HPLC (method B):
tr = 12.40 min.

Methyl (E)-6-(3-(4-((Ethoxycarbonyl)oxy)-3-meth-oxyphenyl)-N-
(2-((2-(5-methoxy-1H-indol-3-yl)ethyl)-amino)-2-oxoethyl)-
acrylamido)hexanoate (14c). Intermediate 14c was prepared from
intermediate 13c and ferulic acid in a similar manner as described for
intermediate 9a. Colorless oil, yield 35%. 'H NMR (400 MHz,
CDCl,): 6 8.18/8.16* (brs, 1H), 7.91—7.78 (m, 2H), 7.53—7.40 (m,
1H), 7.20—7.10 (m, 2H), 7.02—6.90 (m, 2H), 6.88—6.78 (m, 1H),
6.75%/6.71 (d, ] = 15.2 Hz, 1H), 6.45/6.00% (t, ] = 5.2 Hz, 1H),
4.30—4.15 (m, 2H), 3.89/3.86* (s, 2H), 3.82—3.58 (m, 9H), 3.55—
347 (m, 2H), 2.83—2.67 (m, 4H), 2.52—2.23 (m, 2H), 1.66—1.45
(m, 4H), 1.35—1.20 (m, SH) ppm (the minor rotamer: 34%). "*C
NMR (101 MHz, CDCl,): § 173.1, 173.0, 171.2, 168.7, 167.1, 165.2,
153.7, 148.5, 148.1, 143.5, 134.3, 128.2, 127.9, 127.3, 123.12, 123.08,
122.6, 120.4, 116.7, 115.1, 113.4, 112.0, 110.9, 99.3, 63.02, 62.96,
56.2, 55.9, 55.4, 55.2, 41.2, 31.9, 28.2, 27.4, 269, 25.9, 25.7, 25.6,
24.9, 24.8, 24.7, 24.6, 14.3, 8.6 ppm. LRMS (ESI+) m/z caled for
[C33H,,N;0,]*: 624.28, found: 624.30[M + H]*. HPLC (method B):
tg = 12.19 min.

(E)-3-(4-Hydroxy-3-methoxyphenyl)-N-(4-((E)-3-(hydroxyamino)-
3-oxoprop-1-en-1-yl)benzyl)-N-(2-((2-(5-methoxy-1H-indol-3-yl)-
ethyl)amino)-2-oxoethyl)-acrylamide (15a). Compound 15a was
prepared from 14a in a similar manner as described for compound 3a.
Off-white solid, yield 44%. 'H NMR (400 MHz, MeOD-d,): § 7.67—
7.30 (m, 4H), 7.27-7.12 (m, 3H), 7.12—6.93 (m, 4H), 6.90—6.60
(m, 3H), 6.54—6.36 (m, 1H), 4.75—4.50 (m, 2H), 4.17—-3.91 (m,
2H), 3.89—3.73 (m, 6H), 3.51/3.47* (t, ] = 7.3 Hz, 1H), 3.00—2.82
(m, 2H) ppm (exchangeable protons not observed) (the minor
rotamer: 22%). *C NMR (101 MHz, MeOD-d,): 6 171.2, 169.5,
169.3, 168.9, 164.9, 153.6, 148.9, 147.9, 144.3, 144.2, 139.7, 138.8,
134.3, 132.0, 128.7, 128.3, 127.9, 127.8, 127.7, 127.3, 126.9, 123.1,
1229, 122.4, 117.3, 115.1, 113.5, 113.3, 111.8, 111.6, 111.5, 111.2,
110.5, 110.5, 100.0, 55.1, 54.98, 54.95, 51.9, 50.0, 49.6, 39.9, 39.8,
24.7, 24.6 ppm. IR (film): v 3222, 2934, 2831, 1644, 1591, 1516,
1489, 1459, 1444, 1423, 1279, 1208, 1174, 1126, 1029, 972, 792, 743,
706, 662 cm ™. LRMS (ESI+) m/z caled for [Cy3HyN,O,]*: 599.24,
found: 599.30 [M + H]*. HPLC (method B): ty = 10.38 min, purity =
98.9%. mp = 140—142 °C.

(E)-N-Hydroxy-4-((3-(4-hydroxy-3-methoxyphenyl)-N-(2-((2-(5-
methoxy-1H-indol-3-yl)ethyl)amino)-2-oxoethyl)acrylamido)-
methyl)benzamide (15b). Compound 15b was prepared from 14b in
a similar manner as described for compound 3a. Golden yellow solid,
yield 22%. '"H NMR (400 MHz, MeOD-d,): § 8.15—7.54 (m, 3H),
7.50—7.19 (m, 3H), 7.19—6.92 (m, 4H), 6.88—6.48 (m, 3H), 4.80—
4.54 (m, 2H), 4.23-3.92 (m, 2H), 3.91-3.68 (m, 6H), 3.52/3.47* (t,
] = 6.8 Hz, 2H), 2.99—2.82 (m, 2H) ppm (exchangeable protons not
observed) (the minor rotamer: 19%). 13C NMR (101 MHz, MeOD-
d,): 8 171.5, 171.3, 169.6, 169.1, 168.5, 166.7, 153.6, 149.0, 148.9,
147.9, 147.4, 144.7, 144.4, 141.3, 134.8, 132.0, 130.9, 129.3, 128.3,
128.0, 127.82, 127.75, 127.5, 127.4, 127.23, 127.15, 126.8, 123.1,
123.0, 122.9, 122.5, 122.0, 119.3, 115.1, 114.8, 113.0, 111.9, 111.62,
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111.60, 111.4, 111.1, 110.5, 100.0, 55.2, 5.1, 55.03, 54.99, 52.6, 51.9,
50.5, 50.1, 40.1, 39.9, 24.8, 24.6 ppm. IR (film): v 3229, 2933, 2830,
1641, 1595, 1581, 1521, 1491, 1462, 1447, 1283, 1253, 1211, 1173,
1127, 1024, 1013, 894, 793, 708 cm™'. LRMS (ESI+) m/z calcd for
[C3,H,3N,O,]%: 573.23, found: 573.30 [M + H]*". HPLC (method
B): tp = 9.91 min, purity = 97.0%. mp = 98—100 °C.

(E)-N-Hydroxy-6-(3-(4-hydroxy-3-methoxyphenyl)-N-(2-((2-(5-
methoxy-1H-indol-3-yl)ethyl)amino)-2-oxoethyl)acrylamido)-
hexanamide (15c). Compound 1Sc was prepared from 14¢ in a
similar manner as described for compound 3a. Red solid, yield 60%.
'"H NMR (400 MHz, MeOD-d,): § 7.57—7.18 (m, 2H), 7.17—7.03
(m, 3H), 7.01-6.41 (m, 4H), 4.24-3.75 (m, 8H), 3.60—3.50 (m,
2H), 2.95/2.90% (t, ] = 6.6 Hz, 2H), 2.12/2.00% (t, ] = 7.0 Hz, 2H)
1.74—1.43 (m, 4H), 1.41-1.04 (m, 4H) ppm (exchangeable protons
not observed) (the minor rotamer: 17%). *C NMR (101 MHz,
MeOD-d,): § 171.0, 170.1, 170.0, 167.7, 167.0, 164.7, 153.6, 148.8,
147.9, 143.8, 132.0, 127.81, 127.77, 127.0, 123.1, 122.2, 119.1, 115.1,
114.0, 111.6, 111.2, 110.7, 99.9, 63.0, 62.9, 55.2, 55.1, 55.01, 54.97,
40.0, 32.1, 28.3, 274, 26.6, 25.9, 25.72, 25.66, 24.91, 24.85, 24.7, 24.6
ppm. IR (film): v 3174, 3074, 3020, 2936, 2881, 1632, 1575, 1511,
1480, 1450, 1433, 1370, 1273, 1209, 1195, 1162, 1123, 1070, 1024,
996, 974, 815, 792, 663 cm™'. LRMS (ESI+) m/z caled for
[CyH3,N,O,]": 553.26, found: $53.25 [M + H]". HPLC (method
B): tg = 9.97 min, purity = 97.7%. mp = 55—58 °C.

In Vitro HDAC Inhibition Fluorescence Assay. All the HDAC
enzymes were bought from BPS Bioscience. In vitro HDAC inhibition
assays were conducted as previously described with minor
modifications.”® In brief, 20 L of recombinant HDAC enzyme
solution (HDAC1—4, 6—9) was mixed with various concentrations of
tested compound (20 xL). The mixture was incubated at 30 °C for 1
h; then 10 uL of fluorogenic substrate (Boc-Lys (acetyl)-AMC for
HDAC], 2, 3, and 6, Boc-Lys (trifluoroacetyl)-AMC for HDAC 4, 7,
8 and 9) was added. After incubation at 30 °C for 2 h, the catalysis
was stopped by the addition of 10 uL of developer containing trypsin.
Thirty minutes later, fluorescence intensity was measured using a
microplate reader at excitation and emission wavelengths of 360 and
460 nm, respectively. All samples were prepared in duplicate, and the
minimum of two independent assays was performed for each
compound. The inhibition ratios were calculated from the
fluorescence intensity readings of tested wells relative to those of
control wells, and the ICS0 curves and values were determined by
GraphPad Prism 7.0, using the “log(inhibitor) versus normalized
response - variable slope” function.

Western Blot Analysis of Cellular HDAC Inhibition. HT22
cells (1,500,000 per well) were plated in flat-bottom six-well plates
and allowed to grow for 12 h and then treated with different
concentrations of compounds. Twenty-four hours later, cells were
harvested, washed by PBS, and lysed with RIPA buffer, which
comprised 50 mM Tris base, 150 mM NaCl, S mM EDTA, 0.1% (v/
v) SDS, 0.5% (v/v) sodium deoxycholate, and 1% (v/v) Triton-x-100.
After lysing, the suspension was ultrasonicated and centrifuged at
14,000 rpm for 15 min at 4 °C. The mixture of 75 uL of the
supernatant and 25 uL of f-mercaptoethanol/LDS solution (15:85)
was heated at 90 °C for 15 min and normalization according to BCA
test carried out before loading. Lysates were run on Invitrogen
NuPAGE 4—12% Bis-Tris 15 well gels at 170 V for approximately 60
min in MES buffer. Gels were transferred to methylcellulose and run
at 30 V for 3 h. Membranes were incubated at 4 °C overnight with 1/
1000 primary antibodies, which were diluted in 2.5% (w/v) milk or
5% (w/v) bovine serum albumin. The membrane was washed twice
with TBST buffer before being incubated with secondary antibodies.
Images were acquired using a GE ImageQuant LAS 4000.

Computational Docking. Docking studies for compounds 8b
and 10b were conducted based on the crystal structure of HDAC6
complexed with compound A (PDB: 6DVM).*' The preparation of
the structures and the setup of the docking calculations with
GOLD*”® are described in detail in the Supporting Information.
Figures were prepared with the PyMOL molecular graphics system
(Schrodinger-LLC, version 2.4.1).
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DPPH Assay. For determination of antioxidative properties, a 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical assay was used as
previously described.®" A stock solution (200 M) of DPPH was
freshly prepared in MeOH. Compounds were dissolved in MeOH (§
mM) as stock solution. To start the reaction, SO uL of the DPPH
stock solution was added to a 100 L diluted compound or pure
methanol as a negative control. The 96-well plate was incubated at
room temperature in the dark for 30 min, and absorbance was then
determined with a microplate reader at 517 nm. The experiments
were performed in triplicates. A dilution series of compound served as
a blank to the particular compound and was subtracted from each
measurement point. The scavenging potency is expressed as the
concentration that scavenged 50% of the DPPH free radicals (ECs,)
determined via a nonlinear regression curve. Ferulic acid was used as
references under the same assay conditions.

ORAC Assay. To study the antioxidant capacities of target
compounds and the SAR of melatonin, we used the ORAC-
Fluorescein method of Ou et al.® partially modified by Davalos et
al.®® that uses fluorescein (FL) as a fluorescent probe, (+)-6-hydroxy-
2,5,7,8-tetramethyl-chromane-2-carboxylic acid (Trolox) as a refer-
ence, and compound 2,2'-azobis(amidinopropane) dihydrochloride
(AAPH) as a free-radical generator. When the free-radical generator is
added, production of free radicals starts, and those oxidize fluorescein
decreasing its fluorescence. When an antioxidant is present, the
scavenger traps free radicals and the fluorescence remains unchanged.
Reactions were performed in 75 mM PBS (pH 7.4), and the final
reaction mixture volume was 200 uL at 37 °C. Derivatives at the
desired concentrations (20 pL) and FL (120 pL, 70 nM, final
concentration) solutions were mixed in a black 96-well microplate
(SARSTEDT) and preincubated for 15 min at 37 °C. Subsequently,
AAPH solution (60 uL, 12 mM, final concentration) was added
rapidly and the plate was placed in a TECAN microplate reader to
measure the fluorescence (485 nm excitation and 510 nm emission
filters) intensity every 2 min for 90 min. Samples were measured at
two different concentrations (2 and 4 uM). A blank (FL + AAPH in
PBS) and a calibration curve of Trolox (1, 2, 4, 6, 8, 10, 12, and 15
uM) were included in each experiment. All samples were prepared in
duplicate, and three independent assays were performed for each
compound. The area under the fluorescence decay curve (fluo-
rescence vs time) (AUC) was calculated as

i=45
AUC=1+ ) f/f,

i=1
where f, is the initial fluorescence reading at 0 min and f; is the
fluorescence reading at time 2i. The net AUC corresponding to a
sample was calculated by subtracting the AUC corresponding to the
blank (Net AUC = AUC,ioxidant — AUChpu)- Linear regression
equations were calculated by plotting the net AUC against the trolox
antioxidant standard concentration (R* > 0.99). ORAC-FL values
were expressed as trolox equivalents by using the standard curve
calculated for each assay, where the ORAC-FL value of Trolox was
taken as 1, plot the Trolox standard curve, and interpolate it to
determine sample ORAC values.

Metal Chelating Assays. The chelating ability to the ferrous ion
was carried out as Santos et al.** described and partially modified. The
ferrous ion in ferrous sulfate readily reacts with ferrozoine (3-(2-
Pyridyl)-S,6-diphenyl-1,2,4-triazine-p,p’-disulfonic acid monosodium
salt hydrate) to form a Fe**-ferrozoine complex, a purple-colored
chromogen whose intensity is measured at 562 nm. The presence of
antioxidant chelators reduces the formation of Fe®*-ferrozoine
complex. Lower absorbance indicates higher metal-chelating activity.
NaAc buffer was prepared (50 mM, pH 6.0). To start the reaction, SO
uL of Fe’* aq. (80 uM in buffer) was added to 100 uL diluted
compounds-MeOH solution or pure methanol as a negative control.
The 96-well plate was incubated at room temperature for 2 min, 50
uL of ferrozine aq. (250 uM in buffer) was added to each well and
then incubated at room temperature for 10 min, and absorbance was
then determined with a microplate reader at 562 nm. The experiments
were performed in duplicates. The mixture of a dilution series of
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compound and Fe®* aq. served as a blank to the particular compound
and was subtracted from each measurement point. EDTA-2Na in
water was diluted with MeOH, which was served as a reference under
the same assay conditions.

The ability of compounds to chelate Cu®* was assessed using the
method as Santos et al.®* described and partially modified that
employs pyrocatechol violet (PV) as the chromogen agent. In
aqueous medium buffered at slightly acidic medium (pH 6.0). There
is usually a leftover of Cu®" in the reactional medium because not all
the copper is bound by chemical compounds present in a test sample.
Thereafter, the remaining Cu®" reacts with pyrocatechol violet at a
proportion of 2:1, forming a blue-colored complex that can be
monitored at 632 nm. However, the dark color turns into yellow in
the presence of chelating agents that dissociate the complex, and the
chelating activity can thus be estimated by the measurement of the
rate of color reduction. Briefly, in each well, 50 uL of Cu*" aq. (400
uM in buffer) was added to 100 pL diluted compounds-MeOH
solution or pure methanol as negative control. The 96-well-plate was
incubated at room temperature for 2 min, 50 yL of PV aq. (400 #M in
buffer) was added to each well (avoid the light) and then incubated at
room temperature for 10 min, and absorbance was then determined
with a microplate reader at 632 nm. The experiments were performed
in duplicates. EDTA-2Na in water was diluted with MeOH, which was
served as a reference under the same assay conditions.

The chelating ability to zinc ions was carried out as Catapano et
al® described and partially modified. Stock solutions of target
compounds (10 mM) were prepared in DMSO, whereas that of zinc
chloride (10 mM) and EDTA (10 mM) were prepared in ultrapure
water. Dithizone (10 mM) as the chromogen agent was prepared in
DMSO. NaAc buffer was prepared (50 mM, pH 6.0). Firstly, zinc-ion
solutions (50 uL, 60 M) or water was added to the buffers (150 uL).
Thereafter, S0 uL of diluted compounds-DMSO solution or pure
DMSO was added. After 2 min of mixing, 50 uL of dithizone-DMSO
solution (250 uM) was added, and the absorbance was measured
immediately at 540 nm.

The chelation ratios were calculated from the absorbance intensity
readings of tested wells relative to those of control wells, data are
expressed as means + SEM of two different independent experiments.

Neurotoxicity Assay. HT-22 cells were grown in Dulbecco’s
modified Eagle medium (DMEM, Sigma-Aldrich, Munich Germany)
supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS)
and 1% (v/v) penicillin—streptomycin. Cells were subcultured every 2
days and incubated at 37 °C with 5% CO, in a humidified incubator.
Compounds were dissolved in DMSO (Sigma-Aldrich, Munich,
Germany) and diluted with a medium. Generally, 80% confluent cells
were seeded with 5000 cells per well into sterile 96-well plates and
were incubated for 24 h. For the neurotoxicity assay, the previous
medium was removed and 10 yM of the compound was added to the
wells, DMSO (0.05%) in DMEM served as a control. Cells were
incubated for 24 h. MTT solution (4 mg/mL in PBS) was diluted
1:10 with medium and added to the wells after the removal of the
previous medium. Cells were incubated for 3 h when the supernatant
was removed, and lysis buffer (10% SDS) was applied. The next day,
absorbance at 560 nm was determined with a multiwell plate
photometer (Tecan—SpectraMax 250). Experiments were performed
in triplicates. Results are presented as percentage to untreated control
cells. Data are expressed as means + SD of three different
independent experiments. Analysis was accomplished using GraphPad
Prism 7 Software applying oneway ANOVA followed by Dunnett’s
multiple comparison posttest. Levels of significance: *p < 0.05; **p <
0.01; ***p < 0.001.

For the oxytosis assay, S mM glutamate (monosodium-L-glutamate,
Sigma-Aldrich, Munich, Germany) together with respective com-
pounds was added to the cells and incubated for 24 h. Quercetin (25
uM) (Sigma-Aldrich, Munich, Germany) together with S mM
glutamate served as a positive control. After 24 h incubation, cell
viability was determined using a colorimetric MTT assay as described
above. Results are presented as percentage of untreated control cells.
Data is expressed as means + SEM of two independent experiments.
Analysis was accomplished using GraphPad Prism 7 Software applying

https://doi.org/10.1021/acs.jmedchem.0c01940
J. Med. Chem. 2021, 64, 3794—3812


pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.0c01940?rel=cite-as&ref=PDF&jav=VoR

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Oneway ANOVA followed by Dunnett’s multiple comparison
posttest. Levels of significance: ***p < 0.001.

For the ATP depletion assay, 3 X 10° cells per well were seeded
into sterile 96-well plates and incubated overnight. The next day
medium was exchanged with fresh medium. Iodoacetic acid (20 M)
(1AA) was added with a vehicle (DMSO) as a negative control, or
together with respective compounds for protection. After 2 h
incubation at 37 °C in the incubator, the medium was aspirated,
the fresh medium was applied, and only the compounds at the same
respective concentrations were added without IAA. After 24 h, cell
viability was determined using a colorimetric MTT assay. Results are
presented as percentage of untreated control cells.

Immunomodulation Analysis. Mouse N9-microglial cells were
cultured in Dulbecco modified eagle medium (DMEM) supple-
mented with 10% heat inactivated Fetal Bovine Serum (FBS), 1%
penicillin/streptomycin, and 2 mM glutamine (all from Aurogene Stl,
Rome, Italy). To evaluate the immunomodulatory effect, 2.5 X 10°
microglial cells were plated in a 35 mm dish in the presence or
absence of 100 ng/mL LPS (lipopolysaccharide) with increasing
concentrations of compounds. After 24 h of treatment, the microglial
conditioned medium was collected and used for nitrite measurement,
or concentrated using Microcon YM-3 (Millipore, Billerica, MA), and
resuspended in 4X loading buffer (0.2 M Tris—HCL pH 6.8; sodium
dodecyl sulfate; 40% glycerol; 0.4% bromophenol blue and 0.4 M
dithiothreitol; Sigma-Aldrich) for Western blot analysis. In parallel,
microglial cells were collected in lysis buffer (1% SDS, SO Mm Tris
pH 7.4, 1 mM EDTA, 10 uL/mL protease inhibitors and 10 p#L/mL
phosphatase inhibitors), and protein content was determined by using
the Lowry protein assay.

For Western blot analysis, media and cell samples were briefly
sonicated and loaded into 12% sodium-dodecyl sulfate-polyacryla-
mide gels (SDS-PAGE; Bio-Rad). After electrophoresis and transfer
onto nitrocellulose membranes (GE Healthcare, Milano, Italy),
membranes were blocked 1 h in blocking solution PBS-0.1%
Tween-20 (Sigma-Aldrich), 4% non-fat dry milk (Bio-Rad), and
incubated overnight at 4 °C with primary antibodies in PBS-0.1%
Tween-20: rabbit anti-iNOS (1:1000, Cell Signaling Technology,
Danvers, Massachusetts, USA), rabbit anti-TREM2 (1:1000, Cell
Signaling Technology), mouse anti-TGFf2 (1:1000 Abcam, Cam-
bridge, UK), and mouse anti-GAPDH (1:20,000, Dako North
America, Agilent Technologies, USA). The next day, membranes
were then incubated with specific antibodies conjugated to horse-
radish peroxidase (goat anti-rabbit and goat-anti mouse, 1:5000,
Jackson ImmunoResearch, Cambridge, UK) for 90 min at RT in PBS-
0.1% Tween-20. Proteins were visualized by using the Clarity Western
ECL Substrate (Bio-Rad) and detected using Bio-Rad Image Lab
Software with a ChemiDoc imaging system (Bio-Rad).

For nitrite measurement, accumulation of NO in microglial
conditioned media was quantified by a colorimetric assay based on
Greiss reaction in a 96-well-plate. A nitrate standard curve was
performed with NaNO, at known concentrations. To start the
reaction, S mM sulfanilamide (Sigma-Aldrich) was added to the
culture medium and standard curve; it reacts with nitrite under acidic
conditions to form a diazonium cation, which subsequently couples to
N-1-naphthylethylenediamine dihydrochloride 40 mM (NEDA;
Sigma-Aldrich) to produce a colored azo dye. After 15 min of
incubation at RT in the dark, absorbance was read at 540 nm with a
multiplate spectrophotometric reader (Bio-rad Laboratories Stl,
Milano, Italy).

All quantitative data are presented as means + S.E. from at last
three independent experiments. Statistical significance between
different treatments was calculated with GRAPHPAD PRISM6 (L
Jolla, California, USA) using one-way analysis of variance (ANOVA)
followed by post-hoc comparison Bonferroni’s test. A value of p <
0.05 was considered statistically significant.

In Vivo Studies. Protocols for the behavioral experiments were
established previously.”*™>” Compound 10b and the control
ACY121S were tested for their neuroprotective properties in the in
vivo pharmacological model of Alzheimer’s disease induced by
intracerebroventricular (icv) injection of the oligomerized Af,s_ss
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peptide in the mouse. Compounds were injected intraperitoneally
(ip) o.d. between days 1 and 7, the oligomerized Af,;_s5 peptide was
injected icv on the first day of the study, and behavioral evaluation
was performed between days 8 and 10 followed by sacrifice on day 11.
Brain samples were collected and stored at —80 °C awaiting further
biochemical analyses.

Animals. Male Swiss mice, 6 weeks old, weighing 31-36 g, from
JANVIER (Saint Berthevin, France), were kept for housing, and
experiments took place within the animal facility building of the
University of Montpellier (CECEMA, Office of Veterinary Services
agreement # B-34-172-23). Upon arrival, animals were divided into
groups and housed with access to food and water ad libitum, except
during behavioral experiments. Mice were kept in a temperature- and
humidity-controlled animal facility on a 12 h/12 h light/dark cycle
(lights off at 07:00 PM). All animal procedures were conducted in
strict adherence to the European Union directive of September 22,
2010 (2010/63/UE) and the ARRIVE guidelines. The project was
authorized by the French National Ethic Committee (APAFIS #1485-
15034).

Preparation of Compound Injection. Compounds were weighed,
dissolved in pure DMSO at a concentration of 1 mg/mL, and diluted
into final test concentrations with saline. The final percentage of
DMSO in saline was 60% for all compounds. Vehicle solution used for
control groups was 60% DMSO in saline. General behavior of the
mice in the home cage was checked visually after injections. In
particular, weight gain was checked every day. As shown in Figure S2,
the icv injection affected animals on day 1, but then weight gain was
regular and not significantly different from control. All treatments
showed good compound and vehicle solution tolerability. Moreover,
animals were tested in behavioral tests 24 h after the last compound/
vehicle administration.

Amyloid Peptide Preparation and icv Injection. Mice were
anesthetized with isoflurane (2.5%) and icv injected with the Af,s_3s
peptide (9 nmol/mouse), and homogeneous oligomeric preparation
of the Af,s_5 peptide was performed as described by Maurice et al.>*
The control group received bidistilled water icv as we previously
reported that injection of a control peptide does not result in memory
deficits or toxicity.

Spontaneous Alternation Performances in the Y Maze. On day 8,
all animals were tested for spontaneous alternation performance in the
Y maze to evaluate their spatial working memory. The Y maze is made
of gray poly(vinyl chloride). Each arm is 40 cm long, 13 cm high, 3
cm wide at the bottom, 10 cm wide at the top, and converging at an
equal angle. Each mouse is placed at the end of one arm and allowed
to explore the maze freely for 8 min. The sequence of arm entries
(including possible returns into the same arm) was checked visually
and noted down. If the mouse enters all three arms on consecutive
occasion, this is defined as an alternation. Therefore, the total number
of arm entries minus two is also the maximum number of alternations.
The percentage of alternation was calculated as (actual alternations/
maximum alternations) X 100. Parameters for the evaluation of
behavior are given as the percentage of alternation (memory index)
and the total number of arm entries (exploration index). When an
extreme behavior (alternation percentage < 20% or > 90% or a
number of arm entries of <10) was observed, animals were excluded
from the calculations, which corresponded to a 4.7% attrition in this
study.

Passive Avoidance Test. On days 9 and 10 of the study, a passive
avoidance test was performed to measure nonspatial long-term
memory, as described previously.”*™” The setup for the experiment
consists of a two-compartment (15 X 20 X 15 cm high) poly(vinyl
chloride) box, whereas one compartment is white and illuminated
with a bulb (60 W, 40 cm above the apparatus), and the other is black
with a cover and grid floor. A guillotine door separates the two
compartments. On day 9, during the training session, each animal was
placed in the white compartment with the door closed. After S s, the
door was opened, and the mouse was allowed to enter the dark
compartment. When it had placed all its paws on the grid floor, the
door was closed, and a foot shock was delivered (0.3 mA) for 3 s
using a scrambled shock generator (Lafayette Instruments, Lafayette,
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USA). The time spent to enter the dark compartment (step-through
latency) and the level of sensitivity to the shock were evaluated (no
sign = 0, flinching reactions = 1, vocalizations = 2). None of the
treatments affected the step-through latency or shock sensitivity in the
present study (data not shown). The retention test was carried out on
day 10. Five seconds after the mouse was placed in the white
compartment, the door was opened, and the mouse was allowed to
explore the box. The time spent to enter the dark compartment (step-
through latency) was measured up to 300 s. Animals showing
latencies during the training and retention session lower than 10 s and
shock sensitivity = 0 were considered as failing to learn the task and
discarded from calculations. In this study, it corresponded to 0.6%
attrition.

Statistical Analyses. All values, except passive avoidance latencies,
are expressed as mean + SEM. Statistical analyses were performed on
the different conditions using one-way ANOVA (F value), followed
by Dunnett’s post hoc multiple comparison test. Passive avoidance
latencies do not follow a Gaussian distribution since upper cutoff
times (300 s) are defined. Therefore, they were analyzed using a
Kruskal-Wallis nonparametric ANOVA (H value) followed by
Dunn’s multiple comparison test. p < 0.05 was considered as
statistically significant.
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HPLC CHROMATOGRAMS OF TARGET COMPOUNDS

Measurements for verification and purity of the compounds were performed by LC/MS (from
Shimadzu), comprising a DGU-20A3R controller, pump LC-20AB, degasser DGU-20A, and SPD-
20A UV/Vis detector. ESI ionization was accomplished by an LCMS-2020 single quadrupol mass
spectrometer. As a stationary phase, for analytical purpose, a Synergi 4U fusion-RP 80 A (150 x
4.6 mm) column and for preparative purpose, a Synergi 4U fusion-RP 80 A (250 x 10.0 mm) were
used. As a mobile phase, a gradient of MeOH/water (both containing 0.1% formic acid) (phase
1/phase 2) was used. The compounds were dissolved in MeOH and filtered through syringe filters.
Methods were performed with a flow rate of 1.0 mL/min.

Method A: V(1)/(V(1) + V(2)) = from 0 to 60% over 10 min, V(1)/(V(1) + V(2)) = 60% for 5
min, V(1)/(V(1) + V(2)) = from 60 to 0% over 3 min, used by compounds 3a-3b, 5a-5d and 8a-8c.

Method B: V(1)/(V(1) + V(2)) = from 5 to 90% over 10 min, V(1)/(V(1) + V(2)) = 90% for 5

min, V(1)/(V(1) + V(2)) = from 90 to 5% over 3 min, used by compound 10a-10¢ and 15a-15c.
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METAL CHELATION
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Figure S1. The chelating ratio (Mean+ SEM) of target compounds at different concentration to Fe?*, Cu?*
and Zn?*. A) Target compounds (10, 20, 50, 100 and 200 M) and EDTA (10 and 20 uM), with Fe>* (20
4M) and indicator ferrozine (62.5 uM); B) Target compounds (12.5, 25, 50, 100 and 200 4uM) and EDTA
(50 and 100 M), with Cu?" (100 M) and indicator pyrocatechol violet (PV, 37.5 uM); C) Target
compounds (500 M) and EDTA (50 uM), with Zn?* (10 uM) and indicator dithizone (41.7 uM).
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NEUROPROTECTION AGAINST OXYTOSIS AND ATP
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Figure S2. Neuroprotection in HT-22 cells against glutamate (5 mM) induced oxytosis
(A, B and C) and iodoacetic acid (IAA, 20 uM) induced ATP depletion (D) in HT22
cells. Target compounds at 10 uM (A), 25 uM (B) and 50 uM (C and D). Statistical
analysis was performed applying One-way ANOVA followed by Dunnett’s multiple

comparison post-test. Levels of significance: ***p<0.001 referring to cells treated with

glutamate.
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WEIGHT OF ANIMALS DURING /N VIVO STUDIES
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Figure S3. Development of body weight. Top panel: stress-induced weight loss is
observed on day 2. Animals recovered during the following days. Data show mean.
Bottom panel: average weight gain from day 2-7. Data show mean + SEM. ANOVA:
Fa95)=2.26,p=0.07,n=12-25in B, F497,=2.47,p=0.05,n=12-25 in D. Data are

not significantly different from AB+V-treated group, Dunnett's test.
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COMPUTATIONAL DOCKING

Methods

Protein and ligand preparations were carried out with the Molecular Operating
Environment (MOE) 2020.09.! The protein structure was prepared from the well-
resolved crystal structure of Danio rerio (zebrafish) HDAC6 complexed with
compound A (PDB 6DVM, 1.47 A).2 As discussed by Porter et al.2 the zebrafish
HDACG6 is an excellent and more readily studied surrogate of human HDACS6.
Protonation states were set according to the expected ionization at pH 7.4. Further
assessment of the ligand protonation states was achieved with Epik.> The hydroxamic
acid as zinc binding group was deprotonated to the negatively charged hydroxamate.
The Zn>" ion as well as three conserved water molecules were retained for the docking
calculations. Each ligand was built in MOE and energy minimized with the MMFF94x

force field in tether mode to an rms-gradient of 0.001 kcal/(mol-A).

Docking studies were carried out with the Genetic Optimization for Ligand Docking
(GOLD) program v.5.8.1.4° Selection of suitable genetic algorithm (GA) parameters as
well as the fitness function were done after comprehensive redocking calculations. The
latter were performed with a set of HDAC6 complexes cocrystallized with phenyl-
hydroxamate ligands (6DVM, 6DVO, 6PZS, and 6PZ0).>% Improved convergence
towards reasonable binding modes was achieved with the following GA search
parameters: population size 500, number of operations 500,000, crossover frequency
90, and migration frequency 20. For compounds 8b and 10b, 100 independent GA runs
were performed, using ASP and ChemPLP as scoring functions. The water molecule
coordinated to the Zn>' ion was handled in toggle mode, whereas the two water
molecules next to His614 and Phe643 were kept “on”. For optimal placement and
orientation of water molecules during docking, a translation distance of 1 A and a
“Trans spin” state were set. Constrained docking calculations were performed for
compound 10b, using the phenylhydroxamate substructure as scaffold. The obtained

docking poses for each ligand were clustered based on a root-mean-square-deviation
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(RMSD) of 2 A as cut-off and rescored with the scoring function DSX.” The PyMOL
Molecular Graphics System v.2.4.1.8 was used for visual inspection and figure

preparation.

Redocking studies of HDAC6 protein-ligand complexes

The binding modes of the cocrystallized ligands could be reproduced with good
convergence and reasonable accuracy by the top-ranked docking pose after rescoring
with DSX. The obtained RMSD values with respect to the experimental reference
structure were 1.03 A for 6DVO, 1.91 A for 6PZS, and 2.83 A for 6PZO.

Special attention was paid to 6DVM as it contains ligand A (according to Figure 1
of the main manuscript) and is, hence, the reference structure most closely related to
compounds 8b and 10b. This protein-ligand complex is influenced by crystal packing,
because the ligand forms extensive interactions with a symmetry-related ligand
molecule, including a staggered n-stacking interaction of the dimethylaniline moieties.?
In the absence of the crystal enviroment, the tolyl moiety of the ligand is entirely
exposed and oriented away from the protein surface (cf. binding mode shown in green
in Figure S4), a situation which is unlikely to represent the binding mode in solution.
This is reflected by the docking calculations: performing the redocking in the presence
of the symmetry-related molecule leads to virtually perfect reproduction of the
crystallographic binding mode with an RMSD of 0.89 A. In contrast, in the absence of
the symmetry-related molecule, a different binding mode is obtained (shown in orange
in Figure S4), in which the tolyl group is oriented toward Leu712. Although this
different orientation leads to an overall RMSD of 4.31 A with respect to the crystal
structure, it appears as the more reasonable binding mode in solution where the crystal
environment is not present. Furthermore, a similar orientation is found for the capping
groups of the investigated compounds 8b and, in particular, 10b, as can be seen by

comparison of Figure S4 with Figure 2 of the main manuscript.
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Figure S4. Docking solution (shown in orange) obtained for 6DVM without
considering the symmetry-related molecule from the crystal structure in comparison to

the binding mode observed in the crystal structure (shown in green).
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Appendix I1

4.1. Design, Synthesis and Bio-Evaluation of Hybrid Neuroprotectants
based on Vitamin K Derivatives for Treatment of Neurodegenerative

Disorders
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LCMS Data of Target Compounds

Measurements for verification and purity of the compounds were performed by LC/MS (from
Shimadzu), comprising a DGU-20A3R controller, pump LC-20AB, degasser DGU-20A, and SPD-
20A UV/Vis detector. ESI ionization was accomplished by an LCMS-2020 single quadrupol mass
spectrometer. As a stationary phase, for analytical purpose, a Synergi 4U fusion-RP 80 A (150 x
4.6 mm) column and for preparative purpose, a Synergi 4U fusion-RP 80 A (250 x 10.0 mm) were
used. As a mobile phase, a gradient of MeOH/water (both containing 0.1% formic acid) (phase
1/phase 2) was used. The compounds were dissolved in MeOH and filtered through syringe filters.
Methods were performed with a flow rate of 1.0 mL/min.

Method: V(1)/(V(1) + V(2)) = from 5 to 90% over 10 min, V(1)/(V(1) + V(2)) = 90% for 5 min,

V(1)/(V(1) + V(2)) = from 90 to 5% over 3 min.
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Pan-Assay Interference Compounds (PAINS) Exclusion Assay
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Figure II-1. LCMS records reactions of compounds 1,4-naphthoquinone (3), 8a, 2,3-dimethoxy-5-

min

methylcyclohexa-2,5-diene-1,4-dione (U0), and 17 with two equivalent of 2-mercaptoethanol
(BME) in PBS (pH 7.4).
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4.2. Structure-Activity Relationship (SAR) study of quinones as

free radical scavengers and neuroprotectants
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LCMS DATA OF TARGET COMPOUNDS

Measurements for verification and purity of the compounds were performed by LC/MS (from

Shimadzu), comprising a DGU-20A3R controller, pump LC-20AB, degasser DGU-20A, and SPD-

20A UV/Vis detector. ESI ionization was accomplished by an LCMS-2020 single quadrupol mass

spectrometer. As a stationary phase, for analytical purpose, a Synergi 4U fusion-RP 80 A (150 x

4.6 mm) column and for preparative purpose, a Synergi 4U fusion-RP 80 A (250 x 10.0 mm) were

used. As a mobile phase, a gradient of MeOH/water (both containing 0.1% formic acid) (phase

1/phase 2) was used. The compounds were dissolved in MeOH and filtered through syringe filters.

Methods were performed with a flow rate of 1.0 mL/min.

Method: V(1)/(V(1) + V(2)) = from 5 to 90% over 10 min, V(1)/(V(1) + V(2)) = 90% for 5 min,

V(1)/(V(1) + V(2)) = from 90 to 5% over 3 min.
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Pan-Assay Interference Compounds (PAINS) Exclusion Assay
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Figure III-1. LCMS records reactions of quinone derivatives 21,
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Figure III-2. LCMS records reactions of quinone derivatives 6, 14c¢, 23, and 15¢ with two

equivalent of 2-mercaptoethanol (BME) in PBS (pH 7.4).
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Photophysicochemical Properties
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Figure IV-1. Photochemical properties of compound 6a (50 puM). Absorption spectra of

photostationary state (PSS) at the dark-adapted state and after irradiation with 385 nm (to cis) and
530 nm (to trans) for 1 min in DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 385

nm/530 nm light irradiation performed without significant photodecomposition (c).
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Figure IV-2. Photochemical properties of compound 6b (50 uM). Absorption spectra of PSS at the

dark-adapted state and after irradiation with 385 nm (to cis) and 530 nm (to trans) for 1 min in
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DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 385 nm/530 nm light irradiation

performed without significant photodecomposition in buffer (c).
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Figure IV-3. Photochemical properties of compound 6¢ (50 uM). Absorption spectra of PSS at the
dark-adapted state and after irradiation with 385 nm (to cis) and 530 nm (to #rans) for 1 min in
DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 385 nm/530 nm light irradiation

performed without significant photodecomposition in buffer (c).
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Figure IV-4. Photochemical properties of compound 6d (50 uM). Absorption spectra of PSS at the

dark-adapted state and after irradiation with 385 nm (to cis) and 530 nm (to trans) for 1 min in
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DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 385 nm/530 nm light irradiation

performed without significant photodecomposition in buffer (c).
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Figure IV-5. Photochemical properties of compound 6e (50 uM). Absorption spectra of PSS at the
dark-adapted state and after irradiation with 385 nm (to cis) and 530 nm (to trans) for 1 min in
DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 385 nm/530 nm light irradiation

performed without significant photodecomposition in buffer (c).
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Figure IV-6. Photochemical properties of compound 6f (50 uM). Absorption spectra of PSS at the
dark-adapted state and after irradiation with 385 nm (to cis) and 530 nm (to frans) for 1 min in

DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 385 nm/530 nm light irradiation
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performed without significant photodecomposition in buffer (c).
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Figure I'V-7. Photochemical properties of compound 9a (40.6 uM). Absorption spectra of PSS at
the dark-adapted state and after irradiation with 385 nm (to cis) and 530 nm (to trans) for 1 min in
DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 385 nm/530 nm light irradiation

performed without significant photodecomposition in buffer (c).
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Figure I'V-8. Photochemical properties of compound 11a (50 uM). Absorption spectra of PSS at the
dark-adapted state and after irradiation with 385 and 400 nm for 1 min in DMSO (a) and HDAC
assay buffer (pH7.4) (b).
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Figure IV-9. Photochemical properties of compound 11b (50 uM). Absorption spectra of PSS at the
dark-adapted state and after irradiation with 385 and 400 nm for 1 min in DMSO (a) and HDAC
assay buffer (pH7.4) (b).
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Figure I'V-10. Photochemical properties of compound 14a (50 uM). Absorption spectra of PSS at
the dark-adapted state and after irradiation with 400 nm (to cis) and 530 nm (to trans) for 1 min in
DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 400 nm/530 nm light irradiation

performed without significant photodecomposition in DMSO (c).
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Figure I'V-11. Photochemical properties of compound 14b (50 uM). Absorption spectra of PSS at
the dark-adapted state and after irradiation with 400 nm (to cis) and 530 nm (to trans) for 1 min in
DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 400 nm/530 nm light irradiation

performed without significant photodecomposition in DMSO (c).
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Figure I'V-12. Photochemical properties of compound 14¢ (50 uM). Absorption spectra of PSS at
the dark-adapted state and after irradiation with 385 nm (to cis) and 530 nm (to trans) for 1 min in
DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 385 nm/530 nm light irradiation

performed without significant photodecomposition in DMSO (c).
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Figure I'V-13. Photochemical properties of compound 14d (50 uM). Absorption spectra of PSS at
the dark-adapted state and after irradiation with 385 nm (to cis) and 530 nm (to trans) for 1 min in
DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 385 nm/530 nm light irradiation

performed without significant photodecomposition in buffer (c).
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Figure I'V-14. Photochemical properties of compound 14e (50 uM). Absorption spectra of PSS at
the dark-adapted state and after irradiation with 385 nm (to cis) and 530 nm (to trans) for 1 min in
DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 385 nm/530 nm light irradiation

performed without significant photodecomposition in buffer (c).
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Figure I'V-15. Photochemical properties of compound 14f (50 uM). Absorption spectra of PSS at
the dark-adapted state and after irradiation with 385 nm (to cis) and 530 nm (to trans) for 1 min in

DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 385 nm/530 nm light irradiation
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performed without significant photodecomposition in buffer (c).
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Figure I'V-16. Photochemical properties of compound 17 (50 uM). Absorption spectra of PSS at the

dark-adapted state and after irradiation with 365 nm (to cis) and 455 nm (to trans) for 1 min in

DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 365 nm/455 nm light irradiation

performed without significant photodecomposition in buffer (c). Stability measurement of cis-

isomer during 210 min in darkness at 30 °C, HPLC ratios of trans vs cis-isomer show in

corresponding time point (d).

a 1.5
NH ' — 24 hindark
N — PSS (455 nm)
A é 1.0 — PSS (365 nm)
a
N\\N =
2os
<
0.0 T T T ]
0" 'NH 300 400 500 600
OH Wavelength (nm
19a gth (nm)
— 24 hindark C 101
b — PSS (475 nm)
0.5 0.9
— PSS (365 nm)
. PSS (455 nm) £ 038
£ PSS(385nm)  § o7
2 PSS (530 nm) ®
" 2 0.6
8 PSS (400 nm) 2
< PSS (505 nm) 0.54
0.0 r T T y 0.4 T T T
300 400 500 600 0 5 10 15

Wavelength (nm)

Cycle number

Figure I'V-17. Photochemical properties of compound 19a. Absorption spectra of PSS at the dark-
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adapted state and after irradiation with 455 nm (to cis) and 365 nm (to trans) for 1 min, 50 uM in
DMSO (a) and 25 pM in HDAC assay buffer (pH7.4) (b). The abnormal spectra red-shift at the
irradiation of various lights, which may induced by chelation with remaining metal ions. 15 cycles

of 455 nm/365 nm light irradiation performed with significant photodecomposition in DMSO (c).
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Figure I'V-18. Photochemical properties of compound 19b. Absorption spectra of PSS at the dark-
adapted state and after irradiation with 455 nm and 475 nm for 1 min, 50 uM in DMSO (a) and 25
uM in HDAC assay buffer (pH7.4) (b). The abnormal spectra red-shift at the irradiation of various

lights, which may induced by chelation with remaining metal ions.
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Figure I'V-19. Photochemical properties of compound 21a (50 uM). Absorption spectra of PSS at
the dark-adapted state and after irradiation with 365 nm (to cis) and 455 nm (to trans) for 1 min in
DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 365 nm/455 nm light irradiation
performed without significant photodecomposition in buffer (c). Stability measurement of cis-
isomer during 210 min in darkness at 30 °C, HPLC ratios of trans vs cis-isomer show in

corresponding time point (d).
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Figure I'V-20. Photochemical properties of compound 21b. Absorption spectra of PSS at the dark-
adapted state and after irradiation with 365 nm (to cis) and 455 nm (to trans) for 1 min, 50 pM in
DMSO (a) and 25 uM HDAC assay buffer (pH7.4) (b). 15 cycles of 365 nm/455 nm light irradiation
performed without significant photodecomposition in buffer at 50 pM (c). Stability measurement of
cis-isomer during 210 min in darkness at 50 uM, 30 °C, HPLC ratios of trans vs cis-isomer show in
corresponding time point (d).
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Figure IV-21. Photochemical properties of compound 23 (50 uM). Absorption spectra of PSS at the
dark-adapted state and after irradiation with 365 nm (to cis) and 455 nm (to trans) for 1 min in
DMSO (a) and HDAC assay buffer (pH7.4) (b). 15 cycles of 365 nm/455 nm light irradiation
performed without significant photodecomposition in buffer (c). Stability measurement of cis-
isomer during 210 min in darkness at 30 °C, HPLC ratios of trans vs cis-isomer show in

corresponding time point (d).
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Figure IV-22. Photochemical properties of compound 26. Absorption spectra of PSS at the dark-
adapted state and after irradiation with 455 nm (to cis) and 365 nm (to trans) for 1 min, 50 uM in
DMSO (a) and 25 uM HDAC assay buffer (pH7.4) (b). 15 cycles of 455 nm/365 nm light irradiation
performed without significant photodecomposition in DMSO (c).
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LCMS DATA OF TARGET COMPOUNDS

Measurements for verification and purity of the compounds were performed by LC/MS (from

Shimadzu), comprising a DGU-20A3R controller, pump LC-20AB, degasser DGU-20A, and SPD-

20A UV/Vis detector. ESI ionization was accomplished by an LCMS-2020 single quadrupol mass

spectrometer. As a stationary phase, for analytical purpose, a Synergi 4U fusion-RP 80 A (150 x

4.6 mm) column and for preparative purpose, a Synergi 4U fusion-RP 80 A (250 x 10.0 mm) were

used. As a mobile phase, a gradient of MeOH/water (both containing 0.1% formic acid) (phase

1/phase 2) was used. The compounds were dissolved in MeOH and filtered through syringe filters.

Methods were performed with a flow rate of 1.0 mL/min.

Method: V(1)/(V(1) + V(2)) = from 5 to 90% over 10 min, V(1)/(V(1) + V(2)) = 90% for 5 min,

V(1)/(V(1) + V(2)) = from 90 to 5% over 3 min.
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MS Chromatogram min
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TCEH@L QY326004)@1 MS Chromatogram
Tas3e968 Sezment#1 (x100.000)
TICCH@1 (1)293.05)@1 (1
1004
. » T
00 25 50
Peak# Ret Time Area X 7 —
307 15924 0050 0.0 25 30 7.5 10,0 125 150 175
864 18669 0,058 mn
807 8410 0,088 Peak# Ret. Time Area Area%
461 31494602 97.906 1 7,085 84066 7,076
ﬁg 1 %g;g ? g;g 2 9576 1073049 90324
3 11.525 30885 2,600
508 8842 0,027
8 924 33636 0105 Total 1188000 100,000
Totall 32168356 100.000
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250+ “
‘ |
o % 2 5 \
o] LI — o] R S S SRS I
0,0 7,‘5 5‘0 7‘5 1(]‘0 12‘5 15‘0 17‘5 0.0 7,‘5 510 7‘,5 1dO 12‘5 15,0 17,5
min min
MS Chromatogram MS Chromatogram
Segment#] (x10.000.000) Segment#1 (x10.000.000)
TICEHY@L ()327.00)@1 (1
002227 757728
1.00-
1.00- |
A
A RN
o 0 R Mo
00 B 00 2 50 75 100 135 150 175
n n
Pealk# Ret Time Area Area% Peald# Ret Time Are: Area%
1 2,303 1464 0,204 1 4552 5239 1,67
2 9103 16952 2.366 2 4769 2504 083!
3 10,406 11192 1,562 3 7.168 4858 1.07
4 10,738 15057. 2101 4 9492 5688 1,094
5 11,297 671857 93.766 5 11,899 4849794 95,31
Tota 7165231 100,000 Tota 5088081 100,000
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min
MS Chromatogram
Segment#1 (x10.000.000)
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100 o
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00 25 50 75 100 125 150
Peald Ret. Time Area Area%
1 797 2767702 95,031
2 871 13539 0465
3 9.50¢ 110856 3.806
4 11,29! 20323 0,698
Total 2912421 100,000
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