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1. Introduction 
 

1.1 Alzheimer´s Disease and neurodegeneration 
 

According to the World Alzheimer Report 2021, 55 million people worldwide are affected by 

dementia and about two third of them suffer from Alzheimer´s disease (AD), the most common 

form of dementia.1 It is the sixth leading cause of death in the United States and the fifth 

leading cause of death among the population with the age of 65 and older.2 AD was firstly 

described by Alois Alzheimer in 1907 as in illness of the cerebral cortex.3 The disease 

progresses over several stages and is thought to begin up to 20 years or more before the first 

symptoms evolve.4-9  

The so-called AD continuum is divided into three broad phases: preclinical AD, mild cognitive 

impairment (MCI), and dementia.10-13 In the first stage, the disease does not show any 

symptoms and also in the second stage, MCIs do not interfere with everyday activities and 

may not be noticed by others than family and friends. The dementia due to AD goes along 

with language problems and memory loss, difficulties to perform daily activities e.g., clothing, 

or personal hygiene and in the final stage individuals need around-the-clock care. 

Like Parkinson´s disease (PD) or Huntington´s disease, AD is a neurodegenerative disease. 

Neurodegeneration is a general term, which describes pathological processes leading to 

neuronal damage and the loss of neurons.14 Neurodegeneration is driven by several factors 

including oxidative stress, loss of neurotrophic support, alternations in glucose metabolism, 

inflammation, and alterations in protein processing.15-16 The best-known proteins in relation to 

AD and major hallmarks of the disease are abnormal aggregation of the β-amyloid peptide 

(Aβ) and tau-protein.17 Both proteins will be discussed in more detail later on. The 

pathophysiological changes in the brain occur also while aging, making age besides genetics 

the greatest risk factor for AD.18-19  

The temporal sequence and the complex interplay between the different contributors to AD 

and neurodegeneration is still under discussion and a parallel occurrence of the main events 

is likely to cause the disease. Therefore, it becomes evident, that addressing only one target 

within this intertwined network of pathologies of AD is unlikely to alter the disease progression 

significantly (Fig. 1). 
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Figure 1: Overview of different AD and neurodegeneration pathologies. 

 

 

1.2 Amyloid β and Tau Hypothesis 
 

1.2.1 Amyloid β 
 

The probably best-known hallmark of AD is the deposition of senile plaques (SP), which were 

already described by Alois Alzheimer.3 SP are associated with the aggregation and deposition 

of the peptide amyloid-β (Aβ).20 Aβ also exists in healthy individuals, but its physiological 

function of is poorly understood.21 Under normal conditions, the processing of the 

transmembrane polypeptide amyloid precursor protein (APP) is regulated by α-, β-, and γ-

secretase22 and cleavage products are rapidly degraded.23 However, miscleavage of APP and 

insufficient clearance of Aβ results in formation of neurotoxic oligomers.24 

The amyloid cascade hypothesis was established in 199225-28 and claims Aβ as the initial 

cause of AD followed by a sequence of pathogenic events: microglial and astrocytic activation, 

disturbed neuronal homeostasis and oxidative injury, altered kinase and phosphatase 

activities leading to neurofibrillary tangles (NFTs), widespread neuronal and synaptic 

dysfunction, neuronal loss and in the end dementia.29 While there is general agreement of the 

single events within the amyloid cascade and the connection to AD and a large acceptance of 

this hypothesis supported by genetic and biochemical data, the presence of Aβ plaques in 

healthy individuals, the uncertain nature of the pathogenic amyloid species and repeated 

failure of therapeutics targeting Aβ inconsistent with the hypothesis.30-31  
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With a long list of failed drugs targeting Aβ aggregation (tramiprosate32, tarenflurbil33, 

semagacestat34) or Aβ clearance (bapineuzumab35, solanezumab36) and the controversial 

approval of aducanumab37-38, the one-target strategy for AD was unsuccessful so far. 

Therefore, a holistic strategy addressing multiple factors of the disease is needed for modifying 

the disease.  

 

1.2.2 Tau-Protein 

 

Closely related to the Aβ hypothesis and another prominent hallmark of AD are NFTs, which 

consist of hyperphosphorylated tau protein.39 The biochemical role of tau is the stabilization of 

microtubules, particularly in axons.40 Tau is also involved in neuronal maturation and 

regulation of synaptic functions.41-42 Native tau is unfolded, however, abnormal 

posttranslational modifications mostly represented by hyperphosphorylation lead to 

aggregation43-45, which goes a long with impaired axonal transport, synaptic loss and several 

other factors like oxidative stress and inflammation and ultimately cognitive impairment.39 

Evidence in literature suggests that Aβ oligomers are upstream of NFTs in AD pathogenesis, 

nevertheless, this is controversially discussed and studies suggest crosstalk between Aβ and 

tau. Some studies even suggest, these proteins act separately.17, 46-50 

 

1.3 Phenotypic Screening reflecting different pathologies of AD 
 

Within multiple approaches for drug discovery the most important are the single target 

paradigm and phenotypic screening.15 Addressing one single molecular target in the context 

of neurodegeneration and AD becomes very difficult if not impossible, because the 

understanding of the disease is still incomplete and there is no well-validated target yet.51  

All single target-based efforts have failed in the past.15 Therefore, the phenotypic screening 

approach aims on different aspects of AD and reflects single pathological events in cell-based 

assays with the aim to identify compounds with a pleotropic effect, which address several 

pathways in parallel.52 The phenotypic screening assays described below were carried out 

within this work and should not be considered as a complete set for phenotypic screening. 

Every assay related to neurodegeneration and AD would gain additional information about the 

behavior of a desired compound and several additional assays and cell lines are already in 

use like the PC12 cell differentiation assay53 or the Aβ expressing MC65 cells.54 
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1.3.1 Oxytosis/Ferroptosis  

 

Oxidative stress describes the imbalance between pro- and antioxidants in cell homeostasis, 

resulting in the accumulation of reactive oxygen species (ROS) and a number of downstream 

events, which are associated with cell death and are thought to be driver of synaptic loss and 

the disease progression of AD.55-56 A pathway, which is very well studies in this regard is the 

oxytosis/ferroptosis pathway (Fig. 2). The oxytosis/ferroptosis pathway is a form of oxidative 

stress-induced programmed cell death showing the morphology of necrosis57 and biochemical 

characteristics of apoptosis.58 Glutamate toxicity was first discovered in 198959 and the term 

oxytosis was established in 2001.60 Ferroptosis was described over 10 years later61 and shows 

similar characteristics to oxytosis, why oxytosis/ferroptosis pathway is probably a more 

appropriate name for it.62 The oxytosis/ferroptosis can be assayed in the murine neuronal cell 

line HT22, a subclone of the hippocampal cell line HT4.63 The initial step in this pathway is the 

inhibition of the glutamate/cystine antiporter Xc
- by an excess of glutamate59, the small 

molecule erastin61 or sulfasalazine.64 Cystine is the oxidized form of cysteine, the rate-limiting 

amino acid for the production of the tripeptide glutathione (GSH), a key player in cellular redox 

homeostasis.65 Hence, the depletion of GSH leads after 6-8 h to an exponential increase in 

ROS.66 It is important to note, that high levels of ROS do not lead directly to cell death, however 

ROS activates further cascades, which participate in cell death.67 GSH-depletion not only 

results in increased ROS, but it also results in decreased activity of the GSH dependent 

enzyme glutathione peroxidase 4 (GPx4).68 GPx4 reduces lipid hydroperoxides69 and 

experimentally, the inhibition of GPx4 is induced by the compound RSL3.70 Depletion of GSH 

as well as GPx4 leads to increased lipid peroxidation due to the activation of 12/15 lipid 

oxygenase (12/15 LOX)68, 71 and it is still under discussion if the peroxidation in the 

oxytosis/ferroptosis pathway leads to cell death or is a result of cell death.72-74 Within the time 

frame of ROS accumulation, GSH depletion and lipid peroxidation (6-8 h after glutamate 

treatment), cyclic guanosine monophosphate (cGMP) levels rise, which is mechanistically 

connected to calcium influx, a requirement for cell death via oxytosis/ferroptosis.59, 71, 75 

Increased Ca2+ levels result in the release of apoptotic factors.76-77 The features of the 

oxytosis/ferroptosis pathway are observed in neurodegeneration and AD and recent studies 

could also link amyloid toxicity to the oxytosis/ferroptosis pathway.78 This close relationship 

shows the relevance of the oxytosis and ferroptosis assay as laboratory tool for drug 

screening. The role of every single event of this cascade in context of neurodegeneration and 

AD is exhaustively discussed in a recent review by Maher et al.67 
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Figure 2: Oxytosis/Ferroptosis pathway. Glutamate and cystine are transported via the Xc
- antiporter. Cystine is 

converted in cysteine, the rate-limiting amino acid for production of GSH. GSH and GPx4 prevent lipid peroxidation 

by LOX and ROS. The XC
- inhibitors as well as the GPx4 inhibitor RSL-3 cause intracellular ROS overproduction, 

which is besides lipid peroxidation linked to rise of cGMP levels. Elevated cGMP levels are connected to Ca2+ influx 

and cell death. 

1.3.2 ATP-depletion 

 

Age is the major risk factor for AD18-19, therefore aging processes have to be considered in 

studies related to neurological disorders.79-80 During aging and also observed in AD, energy 

metabolism changes, the mitochondrial activity is reduced and consequently adenosine 

triphosphate (ATP) levels decrease.81-83 Additionally, it could be shown, that hypoglycaemia 

impairs cerebral function and cognition.84 Therefore, compounds which maintain ATP levels 

are considered to act neuroprotective. The ischemia of ATP can be induced in vitro with the 

well-known irreversible inhibitor iodoacetic acid (IAA) of the glycolytic enzyme glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) and is applied within the phenotypic screening 

approach in HT22 cells.85  

 

1.3.3 Neuroinflammation 

 

Emerging evidence suggest an important role of inflammatory processes in the pathogenesis 

and the progression of AD.86 A key player in neuroinflammation are microglia, the resident 

phagocytes of the central nervous system.87 Microglia are important for pathogen defense87, 

as well as for the maintenance and protection of synapses88 e.g., by the release of 

neurotrophic factors.89 Activated microglia initiate an innate immune response leading to 
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neuroinflammation, which is intended to be protective and beneficial for repairing tissue 

damage90, however, a chronic inflammatory response can contribute to neurodegeneration.91 

Chronic inflammation is mediated by cytokines and chemokines.92-93 The relevance of 

neuroinflammation in AD can be shown e.g., by elevated levels of the proinflammatory 

cytokines tumor necrosis factor-alpha (TNF-α) and interleukin 6 (IL-6).94-96 One laboratory tool 

to study inflammatory processes is the murine microglia cell line BV-2. The treatment of BV-2 

cells with bacterial lipopolysaccharide (LPS) leads to an increased release of nitrogen 

monoxide (NO), proinflammatory cytokines and several other factors contribution to 

neuroinflammation and finally neurodegeneration.97 

 

1.4 Flavonoids 
 

1.4.1 Chemistry of Flavonoids 

 

Records of the first use of plants for medical purposes are described in the Ebers Papyrus of 

the Ancient Egypt in 2900 B.C..98 Plants produce natural products, which are secondary 

metabolites and usually not important for plant growth or reproduction.99 Natural products and 

their derivatives have provided a source for the development of new drugs for a long time100 

and still today it is estimated, that ~25% of all prescribed drugs are derived from secondary 

plant metabolites.101 Among a very large number of different natural products is the class of 

flavonoids. Flavonoids are polyphenolic phytochemicals which can be found in fruits, wine, 

tea, and seeds. Many studies investigated the pleiotropic effect of flavonoids on neurons and 

cognition, making them an interesting compound class in the context of neurodegenerative 

diseases.102 Chemically, flavonoids consist of a flavan backbone and the major group can be 

subdivided into six groups: flavanonols, flavonols, flavanones, flavones, flavanols and 

anthocyanidins (Fig. 3).103 
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Figure 3: Structure of taxifolin (1), eriodictyol (2), catechin (3) quercetin (4), luteolin (5), and delphinidin (6) as 

representatives of the major subgroups of flavonoids. 

 

The most important synthetic approach towards different kind of flavonoids is the condensation 

of  2-hydroxyacetophenones with benzaldehydes resulting in chalcones, which can be 

cyclized under basic or acidic conditions to the respective flavonoid (Fig. 4).104  

 

 

Figure 4: General synthetic approach towards flavonoids. 
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1.4.2 Flavonoids in the context of neurodegeneration and AD 
 

Epidemiological studies suggest a beneficial impact of flavonoids, especially flavonols, on AD 

and related dementia105-106 as well as on Parkinson´s Disease.107 The epidemiological studies 

can be supported by countless studies of single flavonoids or plant extracts containing 

flavonoids as major ingredient on different pathways related to oxidative stress, inflammation, 

and neurodegeneration. The extensively studied flavonol quercetin for example reduces Aβ 

toxicity in the neuronal cell line PC12108, decreases oxidative stress by increasing GSH levels 

as well as activation of the anti-oxidative glyoxalase pathway.109 Quercetin also reduces levels 

of the inflammation marker TNFα and IL-6.110 Dihydroquercetin, also known as taxifolin, is 

mitochondrial protective, anti-oxidative, and counteracts Aβ oligomerization.111 There are also 

reports on the beneficial effects of luteolin102, fisetin112 and eriodictyol113 in the context of AD 

and neurodegeneration and the list could be continued, however, those flavonoids are most 

relevant in context of this work. 

Despite the positive effects described for flavonoids they have poor pharmacokinetics and are 

suspected for low druggability.114 Flavonoids have poor water solubility and depending on the 

distinct structure they are poorly bioavailable.115-116 Flavonoids are rapidly metabolized via 

first-pass Phase II metabolism117 and also their ability to reach the central nervous system and 

cross the blood brain barrier (BBB) is questioned.118 On the one hand there are reports on 

flavonoids of blueberry extracts, which could not be found enriched in rat brains after chronic 

consumption and therefore do not cross the BBB,119 on the other hand the flavanone 

naringenin120 and flavanol (-)-epigallocatechin121 are penetrating the BBB.  

However, many flavonoids, inter alia, luteolin, fisetin and quercetin, have shown disease 

modifying potential within animal models of AD and PD.122 One encouraging example of 

natural products in the context of dementia is the leaf extract of Ginkgo biloba (EGB761). It 

contains glycosides of quercetin, kaempferol, and isorhamnetin and those are with 24% of the 

total wight the main component of the extract.123 Several double-blinded, randomized placebo-

controlled clinical trials have shown the efficacy of EGb761 against dementia.124 
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2. Scope and Objectives 
 

As highlighted in the introduction, AD is a complex multifactorial disease, and the single-target 

approach did not lead to a treatment or drug to alter the progression of AD. Natural products 

hold a special interest as disease modifying agents in the context of neurodegeneration and 

AD. The scope of this work can be divided into three parts which contained the synthesis and 

biological evaluation of: 

• the flavanone sterubin,  

• flavonoid cinnamic acid amide hybrid compounds,  

• and bioisosteric compounds of the natural product curcumin. 

Sterubin is a known flavanone of the plant Eriodictyon californicum and was found to be a very 

potent neuroprotectant within the screening of a commercial library of plant extracts.113 The 

plant extracts were firstly screened in the oxytosis assays and positive hits were further 

characterized in phenotypic screening assays introduced above. Sterubin carries a 

stereogenic center at C-2 and the objective within this work was to study the impact of the 

stereochemistry on the biological activity. Additionally, sufficient amounts of the compound 

were accessible by synthesis for characterization of disease-modifying effects in an AD mouse 

model. 

Previous studies have shown the drastical increase of the neuroprotective properties of the 

flavonolignan silibinin125 or the flavanonol taxifolin126 by esterification of position 7 with 

cinnamic acid. To further increase the neuroprotective properties of this kind of compounds, 

taxifolin was exchanged by flavonoids known to be more active in the phenotypic screening 

assays than taxifolin. For better druggability, the ester was replaced by an amide, which is 

more stable towards hydrolysis and finally, the influence of a double bond within the C-ring of 

the flavonoids was assessed.  

The third part comprises the design, synthesis, characterization within the phenotypic 

screening approach and the influence on aggregation of Aβ and tau by bioisosteres of the 

natural product curcumin. 
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3. Sterubin: Enantioresolution and Configurational 

Stability, Enantiomeric Purity in Nature, and 

Neuroprotective Activity in Vitro and in Vivo 
 

 

The content of this chapter was previously published and adapted with the permission of 
Wiley-VCH GmbH.  

Hofmann J.*; Fayez, S.*; Scheiner, M.; Hoffmann, M.; Oerter, S.; Appelt-Menzel, A.; Maher, 

P.; Maurice, T.; Bringmann, G.; Decker, M. Sterubin: Enantioresolution and Configurational 

Stability, Enantiomeric Purity in Nature, and Neuroprotective Activity in Vitro and in Vivo. 

Chem. Eur. J. 2020, 26 (32), 7299–7308.  

* These authors contributed equally. 

Author contributions: 

J. Hofmann under supervision of Prof. Dr. Michael Decker designed and synthesized the 

compounds and performed the biological experiments. 

Dr. S. Fayez under supervision of Prof. Dr. Gerhard Bringmann performed extraction of E. 

californicum, chiral resolution of sterubin and HPLC analysis of cell samples.  

M. Scheiner and Dr. M. Hofmann under supervision of Dr. T. Maurice performed in vivo studies 

in memory impaired mice. 

Dr. Sabrina Oerter and Dr. A. Appelt-Menzel performed toxicity experiments. 

Dr. P. Maher performed in vivo studies in healthy mice. 
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3.1 Introduction 
 

Over the past few decades, numerous plant-derived natural products have been investigated 

for their activities against neurodegenerative hallmarks, including the reduction of oxidative 

stress, Aβ aggregation, and neuroinflammation.127 Especially flavonoids hold a huge interest 

in this regards due to their pleiotropic effects.52, 128 Recently, Fischer et al. have investigated 

a plant extract library with a history of use in traditional medicine obtained from Caithness 

Biotechnologies (Leicester, UK) in age associated phenotypic screening for AD drug 

candidates.113 This included the extract of Eriodictyon californicum, also known as Yerba santa 

meaning the “sacred herb”. Yerba santa has long been used for medicinal purposes by native 

inhabitants of California, where the plant is indigenous.129 The leaves contain different 

flavonoids (Fig. 5), which are known for their anti-inflammatory acitivites.130 The study 

assigned sterubin as the most active compound in the extract of E. californicum, showing a 

remarkably higher in vitro activity than the co-existing flavonoids eriodictyol (2) or 

homoeriodictyol (8).113 Sterubin (7) is also a known antagonist for the bitter taste receptors 

T2R131, why it is used as ingredient in food and pharmaceuticals as bitter-masking agent.132 

The T2R receptor is also present in the brain133, where its function is presently unknown. 

Sterubin (7) is very well characterized within multiple in vitro assays related to 

neurodegeneration, however, the chirality of sterubin was not taken into consideration making 

it unclear, which or if a single enantiomer was responsible for the activity. Moreover, nothing 

has been reported on the in vivo activity of sterubin in an AD model so far.  

 

Figure 5: Flavonoids of E. californicum: Eriodictyol (2), luteolin (5), sterubin (7), homoeriodictyol (8), hesperetin (9), 

chrysoeriol (10). Structural differences to sterubin (7-OMe, yellow) are highlighted in grey. 
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3.2 Chemistry 
 

3.2.1 Synthesis of sterubin and dehydrosterubin 
 

Efforts on the synthesis of flavonoids have a long tradition, and many synthesis procedures 

are known. The most important for laboratory practice is the condensation of a C6C2 unit 

(mostly represented by a 2-hydroxyacetophenone) and a C6C1 unit (represented by an 

aromatic aldehyde).104 The synthesis of the acetophenone started with methylation of 

phloroglucinol (11) followed by acetylation and methoxymethyl (MOM) protection of the free 

hydroxy groups. Phloroglucinol is indeed also an important building block for the A ring of 

flavonoids in the biosynthesis of plants.134 For the C-ring, commercially available 3,4-

dihydroxybenzaldehyde (15) was also MOM-protected before the condensation with 

acetophenone (14) to form the respective chalcone (17). Concomitant MOM deprotection and 

ring closure was achieved by heating compound 17 in 10% HCl(aq.) in MeOH, followed by 

treatment with sodium acetate to give racemic sterubin (7). Dehydrosterubin (20), also named 

hydroxygenkwanin, was needed as reference compound later on. After acetylation of sterubin, 

dehydrogenation with N-bromosuccinimide (NBS) in the presence of catalytic amounts of 

benzoyl peroxide (BPO) gave the respective dehydro compound. Deprotection was 

accomplished in 6 M HCl(aq.) in acetonitrile, resulting in dehydrosterubin (20). 
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Figure 6: Synthesis of sterubin (7) and hydroxygenkwanin (20): Reagents and conditions: i) K2CO3, Me2SO4, 

acetone, 55 °C, 16 h (82%); ii) CH3COCl, AlCl3, CH2Cl2, 0 °C to r.t., 16 h (54%); iii) NaH, MOM-Cl, DMF, 0° to r.t., 

16 h (90%); iv) K2CO3, MOM-Cl, acetone, r.t., 16 h (96%); v) KOH, EtOH, 0° to r.t., 16 h (85%); vi) 1. 10% HCl in 

MeOH, 45 °C, 30 min., 2. NaOAc, MeOH, reflux, 3 h (55%); vii) Ac2O, I2, r.t., 2 h (70%); viii) NBS, BPO, CHCl3, 

reflux, 2 h (63%); ix) 6M HCl, MeCN, reflux, 1.5 h (50%). 

 

3.2.2 Resolution of sterubin enantiomers and configurational assignment  
 

The synthetic racemate of sterubin was successfully resolved on a ChiralPak IA® column (10 

x 25 mm, 5 µm) using gradient elution with initial condition from 32% B to 60% B in 29 min 

and a flow rate of 6 mL/min, where B is 90% acetonitrile in water with 0.05% TFA as a buffer 

(Fig 7A). Maximum absorption and peak detection were achieved using a PDA detector at λ = 

290 nm.  

Next, the absolute configuration of the two resolved peaks was assigned online, by HPLC-

ECD coupling.135 By measurement at a single wavelength, 290 nm, the chiroptically opposite 

behavior of the two peaks was clearly observed (Fig 7B). This was corroborated by the full 

online ECD spectra showing a first, negative couplet at 330 nm (Peak I) and a second, positive 

one at 290 nm (Peak II) for the fast enantiomer and an opposite curve for the slower peak 

(Fig 7C). The assignment of the two peaks was accomplished by comparison of the ECD 





16 

3.2.3 Stability of the pure enantiomers and assignment of enantiomeric purity in E. 

californicum 
 

The pure enantiomers were kept dissolved in methanol at room temperature and the solution 

was monitored for racemization by HPLC on a ChiralPak IA® column after 2, 20, and 44 h. 

Under the applied conditions, the two enantiomers proved to be configurationally fully stable 

over the whole time as seen in figure 8 A-C. 

The first isolation of sterubin from E. californicum was described by Johnson in 1983.137 

However, nothing was reported regarding enantiomeric purity of sterubin in nature. The most 

flavonoids produced by plants are in the respective (S)-conformation.138 To investigate the 

absolute configuration and the enantiomeric purity of sterubin (7) in E. californicum, dried 

leaves of the plant were extracted in ethyl acetate assisted by ultrasonication for 30 min at 

room temperature. Sterubin and related flavanones were enriched by precipitation from the 

ethyl acetate crude extract after addition of n-hexane. The resulting precipitate was filtered, 

dissolved in methanol, and injected on a ChiralPak IA® column (Fig. 8E). Spiking experiments 

with the synthetic racemate of sterubin revealed an increase in the peak intensity of the S-

enantiomer (Fig 8F), showing that the plant contained sterubin in an enantiomerically pure 

form as its (S)-enantiomer. No racemization had occurred during the extraction procedure, 

while extraction under reflux conditions as described in the literature132 can lead to 

racemization. 
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Figure 8: Stability studies on the (R)- and (S)-enantiomers of sterubin (A-C) and chromatograms of synthetic 

racemic sterubin (D), E. californicum extract containing sterubin (E), and coelution of racemic sterubin with the 

sterubin containing E. californicum extract on a ChiralPak IA
®
 column. (R)- and (S)-sterubin were configurationally 

stable over the entire 44 h. The arrows indicate the expected sites of the respective minor enantiomer. 

Chromatogram F shows an increased peak intensity of the (S)-enantiomer evidencing that sterubin is produced in 

an enantiopure S-form in E. californicum. 
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3.3 Biology 
 

3.3.1 Neuroprotection in HT22 cells 
 

It is widely known that enantiomers of chiral compounds can have significant impact on their 

biological activity.139 Therefore, the pure enantiomers were tested for their activity in the 

oxytosis assay. Like described before, an extracellular excess of glutamate leads to an 

oxidative stress cascade resulting in cell death.60 The pure enantiomers of sterubin as well as 

the synthetic racemic mixture were investigated in the oxytosis assay to identify possible 

differences in activity between the stereoisomers. The flavonol quercetin served as a positive 

control at a high concentration (25 µM) (Fig. 9). Unexpectedly, no difference in activity was 

observed between the racemic mixture and any of the pure enantiomers. All of them provided 

significant neuroprotection at concentrations from 2.5 µM to 10 µM, which even exceeded that 

of the positive control quercetin at a concentration of 5 µM. The lack of a difference in 

bioactivity between the pure enantiomers (and between them and the racemic mixture) raised 

the question whether the pure enantiomers might possibly undergo racemization upon contact 

with cells or even upon exposure to the culture medium, in contrast to their proven 

configurational stability in methanol (see above). 

 

 

Figure 9: HT22 cells were treated with 5 mM glutamate (red) to induce oxytosis. Quercetin (blue) served as a 

positive control, racemic sterubin, (S)-sterubin, and (R)-sterubin showed the same neuroprotective efficacy. Data 

are presented as means ± SEM of three independent experiments and results refer to untreated control cells 

(black). Statistical analysis was performed using One-Way ANOVA followed by Dunnett’s multiple comparison 

posttest using GraphPad Prism 5 referring to cells treated with 5 mM glutamate. Level of significance: *** p < 0.001. 
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3.3.2 Cellular Uptake and Racemization 
 

Previous studies by Vrba et al.140 and Gunesch et al.126 observed the formation of 

dehydrogenated products of hybrid compounds combining the flavonoid taxifolin and 

polyphenolic acids in macrophages (RAW264.7) or microglia cells (BV-2). If this is also the 

case for sterubin, this would cause a loss of the stereogenic center at C-2 and explain the 

same activities found for (R)- and (S)-sterubin. Another explanation would be racemization 

upon contact with cells or in cell culture medium. Therefore, cellular uptake experiments in  

microglial BV-2 cells and stability measurements in cell culture medium were performed. BV-2 

cells were treated with 50 µM (R)-sterubin and incubated for 2 h, 4 h or lysed immediately. 

Lysates were analyzed by HPLC/UV and also on a chiral-phase column. While no conversion 

of sterubin to dehydrosterubin could be detected (Fig. 10A), HPLC on a chiral stationary phase 

revealed rapid racemization in the cell culture medium even without the presence of cells 

(Fig. 10B). 

 

 

Figure 10:  (A) The chemical stability of (R)-Sterubin in BV-2 cells was assigned by HPLC/UV: (a) at 0 h (black), 

(b) after 2 h (red), and (c) after 4 h (blue) of incubation. A reference chromatogram of sterubin together with 

dehydrosterubin (d) was recorded (green) as well as UV spectra of sterubin (e) and dehydrosterubin (f). 

(R)-Sterubin was chemically stable over the whole time and did not convert to dehydrosterubin (20). (B) 

Chromatogram of (R)-Sterubin immediately after dissolving enantiomerically pure compound in DMSO and further 

dilution in cell culture medium. 
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3.3.3 Neuroprotection in vivo 
 

Natural products and derivatives, most notably the polyphenolic flavonoids, have been 

investigated in vitro and in vivo as multifunctional agents against neurodegeneration and 

AD.122, 141 Surprisingly, sterubin showed a higher activity against oxidative stress and 

neuroinflammation than several other flavonoids in vitro.113 To determine if sterubin also has 

neuroprotective effects in vivo, experiments were performed using a interventional mouse 

model of AD.142-143 AD-like neurotoxicity and memory impairments were induced by 

intracerebroventricular (ICV) injection of the preaggregated amyloid β (Aβ) fragment Aβ25-35 

(9 nmol) on the first day of the study. The ICV injection leads to cell loss in the frontoparietal 

cortex and the hippocampal formation. Control mice received distilled water (V1) ICV. Racemic 

sterubin was dissolved in a mixture of 60% DMSO and 40% saline (0.9% NaCl in milliQ water) 

and the solutions were injected intraperitoneally (IP) once per day for the following 7 d at doses 

between 0.3 and 3 mg/kg. Injections of vehicle (60% DMSO + 40% saline, V2) were used for 

the two control groups. Short-term spatial memory was evaluated in the Y-maze test (YMT) 

on day 8 and long-term memory was evaluated on days 9 (training) and 10 (measurement of 

step-through latency) in the step-through passive-avoidance assay (STPA). Sterubin 

significantly improved the Aβ25-35-induced alternation deficit in the YMT at doses greater than 

1 mg/kg (Fig. 11A), further substantiating the neuroprotective effects observed in vitro.113 In 

agreement with the results obtained in the YMT (Figure 7A), the Aβ25-35-induced deficit in long-

term memory was also compensated at a dose of 1 mg/kg and higher (Fig. 11B). Sterubin 

exceeded the activity of previously studied polyphenols such as silibinin144, taxifolin145 and 

taxifolin derivatives126 used in the same mouse model of AD with respect to the dose needed 

to compensate for the Aβ25-35 induced effects. 
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Figure 11: Effect of sterubin on Aß25-35-induced learning impairments in mice. Sterubin was administered IP: (A) 

spontaneous alternation performance in YMT and (B) step-through latency in the STPA. Animals obtained distilled 

water (V1) or Aß25-35 (9 nmol ICV) on day 1 and received sterubin (0.3-3 mg/kg IP), or DMSO 60% in saline (V2), 

o.d. between day 1 and 7. They were examined in the YMT on day 8 and passive avoidance training was performed 

on day 9, with retention being tested after 24 h. Data show mean ± SEM in (A) and median and interquartile range 

in (B). n = 12-18 per groups. ANOVA: F(4,57) = 3.85, p < 0.01 in (A). Kruskal-Wallis ANOVA: H = 11.6, p < 0.05 in 

(B). * p < 0.05 vs. (V+V)-treated group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. (V+Aß25-35)-treated group; 

Dunnett's test in (A), Dunn's test in (B). 

 

3.4 Conclusion 
 

Racemic sterubin was successfully synthesized and resolution by HPLC on a chiral phase 

column into its pure enantiomers was achieved. Additionally, dehydrosterubin was 

synthesized as reference compound. Configurational stability of the enantiomers was 

observed in methanol; however, fast racemization took place in the cell culture medium. These 

findings explain why no difference in the neuroprotective activity in HT22 cells was found 

between racemic sterubin and its pure enantiomers. More importantly, the in vivo experiments 

revealed the high potency of sterubin as a neuroprotective agent against Aβ25-35-induced AD-

like memory loss in mice. The effects were observed in both short-term and long-term memory 

assays. These findings suggest crossing of the BBB and sufficient metabolic stability of 

sterubin. It can be concluded that sterubin exhibits strong neuroprotective properties during 

the 7-day treatment of the mice, leading to improved memory in the behavioural tests after the 

treatment was stopped. Hence, these findings strongly support that sterubin holds significant 

potential as a disease-modifying neuroprotectant in AD. 
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4.  Synthesis and Biological Evaluation of Flavonoid -

Cinnamic Acid Amide Hybrids with Distinct Activity in 

Phenotypic Screening Assays for Neurodegeneration  
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compounds and performed the biological experiments. 

R. Walther assisted with the planning and the execution of the analytics for stability and cellular 

up experiments. 

Dr. Marcus Gutmann performed fluorescence microcopy experiments. 
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4.1 Introduction 
 

Due to the complexity of neurodegeneration and AD, multi-target directed ligands have drawn 

the attention of research.141 Respectiv efforts of our group focus in this regard on hybrid 

compounds consistent of two natural products: an aromatic acid combined with a 

flavonolignan or flavanoid. Compounds of the first generation contained esterified silibinin with 

different polyphenolic acids and were studied towards their neuroprotective and antioxidant 

properties (Fig. 12).125 The esterification was done at the 7-OH group of silibinin, because this 

position is suspected to have a pro-oxidant character.146 Interestingly, the 7-O-esters of 

silibinin have shown overall lower antioxidant capacities in the physicochemical, cell free 

FRAP-assay, however, some of these compounds, especially the derivatives with ferulic or 

cinnamic acid, have shown overaddtive neuroprotective effects in the oxytosis assay in HT22 

cells. Additionally, an overadditve effect was observed against inflammation, ATP-depletion 

and on PC12 cell differantiation, respectively.125 Outclassing the respective single components 

of the hybrids as well as their 1:1 mixture, the hybridization concept was proven to be very 

successful. Nevertheless, these compounds are only moderatly stable towards hydrolysis.125, 

147 Their high molecular weight and a restricted solubility represent additional drawbacks.147  

Therefore, the compounds of second generation combined the smaler but structural familiar 

taxifolin with ferulic or cinnamic acid in analogy to the silibinin compouds (Fig. 12).126 These 

compounds also had a significant overaddtive effect in a varierty of phenotypic screening 

assays in HT22 and BV-2 cells. And even in vivo these compouds have shown a remarkable 

neuroprotective effect in an Aβ25-35-induced memory impaired mouse model. Modification of 

these compounds with an alkine tag as chemical probe for target identification in activity-based 

protein profiling revealed specific intracellular targets.148 Additionally, microscopy studies 

revealed their localization in mitochondria. 
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Figure 12: Compound development of flavonoid-cinnamic acid amides based on the structure of compounds of 

the 1st and 2nd Generation. Yellow: Amide-linker; green and blue: hydroxylation pattern; brown: dehydro-site. 

 

Based on the encouraging results of the previous studies, a set of six flavonoid-cinnamic acid 

amide derivates was synthesized, containing three pairs of a flavanone and the respective 

flavone (Fig. 13). The flavonoid part of these hybrids was exchanged by several flavanoids, 

which are known to be more active in phenotypic screening assays related to 

neurodegeneration than taxifolin as single compound. The amide linker was supposed to 

improve the stability towards hydrolysis and the flavanones were compared with the flavones 

to investigate the influence of the double bond at the C-ring on biological activity, as it is known, 

that conversion to dehydrocompounds is taking place within assay conditions.126, 140, 147 

 

 

Figure 13: Overview target compounds. CA = cinnamic acid amide. 
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4.2 Chemistry 
 

The synthesis of the desired target compounds was achieved in total synthesis or semi 

synthetically. Taxifolin, quercetin and fisetin were purchased from commercial suppliers and 

had not to be synthesized, whereas eriodictyol, luteolin and fustin were synthesized in analogy 

to sterubin and dehydrosterubin (hydroxygenkwanin) like described above. MOM-protected 

acetophenones were combined by condensation reaction under basic conditions to the 

respective chalcone. In case of fustin, the double bond of the respective chalcone was 

oxidized with H2O2 under basic conditions to an epoxide, which is the precursor of the hydroxy 

group at C-3, of fustin. To obtain fustin and eriodictyol, heating of the respective chalcones in 

10 % HCl in MeOH cleaved the MOM-groups and simultaneously formed the flavonoids. All 

flavonoids were fully protected with acetyl groups with acetic acid anhydride in the presence 

of catalytic amounts of iodine. For luteolin, acetylated eriodictyol was dehydrogenated with N-

bromosuccinimide (NBS) in the presence of catalytic amounts of azobisisobutyronitrile (AIBN).  

 

Figure 14: General synthesis of flavonoids. Reagents: i) 1. NaH/K2CO3, DMF/acetone, MOM-Cl, 2. KOH, EtOH; ii) 

H2O2, NaOH, MeOH; iii) 10% HCl in MeOH;  iv) 1. Ac2O, I2, 2. NBS, BPO, CHCl3. 
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The per-O-acetylated flavonoids were selectively deprotected at position 7 by a literature 

procedure using imidazole.149-150 Cinnamic acid was transformed to its acyl chloride with oxalyl 

chloride, and an amine linker with terminal bromide was introduced to from an amide. For the 

connection of flavonoid and cinnamic acid amide, the bromide was transformed into an iodide 

via Finkelstein reaction and final hybridization was achieved via Williamson ether synthesis, 

directly followed by deprotection of the acetyl groups with 6M HCl in acetonitrile. 

 

 

 

Figure 15: General synthesis of flavonoid-cinnamic acid amides. Reagents: i) 1. Ac2O, I2; ii) imidazole, CH2Cl2; iii) 

1. oxalyl chloride, 2. NEt3, H2N(CH2)4Br; iv) NaI, acetone; v) K2CO3, DMF vi) 6 M HCl in MeOH. 
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4.3 Biology 
 

The compounds hold two so-called “pan assay interference (PAIN) motifs”, the catechol, and 

the Michael-System of cinnamic acid. PAINS are compounds, which can interfere with the 

assay read out e.g., by fluorescence or unspecific binding to proteins, leading to false positive 

results.151 Even if the threat of PAINS is mostly relevant for high throughput screens and in 

vitro assays with isolated molecular targets, it has to be taken into consideration and the 

applied assays have to be critically examined. Therefore, the compounds were tested in a 

variety of assays and importantly in cell-based assays (HT22 cells), which reflect a more 

complex system in comparison to e.g. an isolated enzyme, and have proven to be more robust 

against PAINS, in particular against aggregators.152 Additionally, the compounds do not 

interfere with the assay read out. 

 

4.3.1 Neuroprotection in HT22 cells – Oxytosis 
 

Oxytosis describes a programmed cell death due to oxidative stress. It is a general pathway 

and the initial screening assay within the phenotypic screening approach from Maher and 

Schubert et al.15 An overview of the oxytosis and the closely related ferroptosis pathway is 

given in Figure 16.  

 

 

Figure 16: Overview Oxytosis/Ferroptosis pathway. 

 

All compounds showed protection against the glutamate induced cell death and the quercetin 

derivative was the most active compound at a concentration of 1.56 µM (Fig. 17). Interestingly, 

the quercetin-CA was at one concentration level lower active than the taxifolin derivate. The 

eriodictyol derivative showed greater protection than the luteolin derivative (3.12 µM vs. 

6.25 µM) and the fustin derivative showed comparable results to the fisetin derivative. Overall, 

there was no clear trend within the results of the oxytosis assays if there is a significant 

difference between the flavanones and the flavones. 
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Figure 17: Oxytosis assay in murine hippocampal HT22 cells. Cells were treated with 5 mM glutamate alone (red) 

or in the presence of the indicated compound (grey). Data are presented as means ± SEM of three independent 

experiments and results refer to untreated control cells (black). Statistical analysis was performed using One-Way 

ANOVA followed by Dunnett’s multiple comparison posttest using GraphPad Prism 5 referring to cells treated with 

5 mM glutamate. Level of significance: * p < 0.05; ** p < 0.01; *** p < 0.001. 

 

4.3.2 Quantification of Reactive Oxygen Species (ROS) 

 

There is an increase in ROS within 6-8 h after glutamate treatment downstream the Xc
-

cystine/glutamate antiporter.59-60 Notably to say, that ROS themself do not kill the cells directly, 

but activate a number of further cascades, leading to apoptosis or necrosis.67 There are even 

compounds that act downstream of ROS and are neuroprotective in presence of elevated 

ROS levels.153 For a better understanding of the mode of action of the hybrid compounds and 

to get more information at which site of the oxytosis/ferroptosis pathway the compounds may 

act, ROS accumulation was investigated using the reduced fluoresceine derivate CM-

H2DCFDA, a versatile oxidative stress indicator and a fluorogenic probe, which evolves its 

fluorescence after oxidation by ROS.154 The most active compound pair of the oxytosis assay, 

the taxifolin and the quercetin derivative, were investigated regarding their influence on ROS 

accumulation. The quercetin derivative could prevent glutamate induced ROS accumulation 

at 1.56 µM, whereas taxifolin-CA did not (Fig. 18 A and C). These results were consistent with 
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the activities found in the oxytosis assay and indicated, that the compounds could even 

decrease the basal level of ROS. Thus, the influence of the two compounds on HT22 cells 

without glutamate treatment was investigated (Fig. 18B). Both compounds decreased the 

basal level of oxidative stress in HT22 cells, the quercetin derivative decreased basal ROS 

already at 3.12 µM significantly, whereas the taxifolin derivative showed statistically significant 

activity only at 12.5 µM. 

 

 

Figure 18: Qualitative and quantitative analysis of reactive oxygen species (ROS) with CM-H2DCFDA in HT22 

cells. The cells were treated with (red) or without glutamate (black) for 6 h in the presence or absence of taxifolin-CA 

and quercetin-CA (white). (A) Dose dependent effect of taxifolin-CA and quercetin-CA on glutamate induced ROS-

levels, (B) dose dependent effect of taxifolin-CA and quercetin-CA on basal ROS levels, (C) visualization of 

glutamate induced ROS via fluorescence microscopy at compound concentration 1.56 µM. Statistical analysis was 

performed using One-Way ANOVA followed by Dunnett’s multiple comparison posttest using GraphPad Prism 5 

referring to untreated control cells (*) or cells treated with 5 mM glutamate (#). Level of significance: */# p < 0.05; 

**/## p < 0.01; ***/### p < 0.001. 
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4.3.3 Neuroprotection in HT22 cells – Ferroptosis 
 

Ferroptosis is closely related to oxytosis. The small molecule RSL-3 induces cell death by 

inhibition of GPx4, which acts rather in the middle of the oxytosis/ferroptosis pathway.70 All 

compounds were neuroprotective against ferroptosis (Fig. 19). Taxifolin-CA and quercetin-CA 

were again the most active compounds and quercetin-CA was also at one concentration level 

lower active than the taxifolin derivate. Fustin-CA and fisetin-CA showed comparable results, 

both were active at 6.25 µM. Interestingly the eriodictyol and luteolin derivative changed their 

activity profile. In the oxytosis assay, luteolin-CA showed neuroprotection at 6.25 µM and 

eriodictyol-CA at 3.12 µM. In the ferroptosis assay, the lowest active concentration of 

luteolin-CA was 3.12 µM. 

 

Figure 19: Ferroptosis assay in murine hippocampal HT22 cells. Cells were treated with 300 nM RSL-3 alone (red) 

or in the presence of the indicated compound (grey). Data are presented as means ± SEM of three independent 

experiments and results refer to untreated control cells (black). Statistical analysis was performed using One-Way 

ANOVA followed by Dunnett’s multiple comparison posttest using GraphPad Prism 5 referring to cells treated with 

300 nM RSL-3. Level of significance: * p < 0.05; ** p < 0.01; *** p < 0.001. 
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4.3.4 Neuroprotection in HT22 cells – Protection against energy loss 
 

Like described above, breakdown of energy production and the decrease of ATP levels in the 

brain is associated with neuronal damage and neurodegeneration.155 This is reflected in 

mouse hippocampal HT22 cells by inhibition of the enzyme glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) with IAA.85 Like seen in the oxytosis and ferroptosis assay as well 

as in the ROS accumulation assay, the cinnamic acid amide flavonoids rescued the cells from 

death (Fig. 20). Furthermore, taxifolin-CA and quercetin-CA were the most active compounds 

and like in the other assays, quercetin-CA was more active than taxifolin-CA (3.12 µM vs. 

6.25 µM). 

 

 

Figure 20: ATP-depletion was induced with 17.5 µM IAA in the absence (red) or presence of the indicated 

compound (grey). Data are presented as means ± SEM of three independent experiments and results refer to 

untreated control cells (black). Statistical analysis was performed using One-Way ANOVA followed by Dunnett’s 

multiple comparison posttest using GraphPad Prism 5 referring to cells treated with 17.5 µM IAA. Level of 

significance: * p < 0.05; ** p < 0.01; *** p < 0.001. 
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4.3.5 Cytotoxicity in HT22 cells 
 

The dehydro-derivative of silibinin-CA from compounds of the first generation have shown 

higher toxicity compared to the parent compound.147 Therefore, toxicity studies using the 

widely applied colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT) assay were examined (Fig. 21). Cells were treated for 24 h with the respective 

compounds, before the cell viability was determined. All compounds showed significant toxic 

effects, starting from 3.12 µM. The dehydro derivates showed overall higher cytotoxic effects 

i.e., a smaller therapeutic window. 

 

 

 

 

Figure 21: HT22 cells were treated with different concentrations of flavonoid-CA and cell viability was determined 

with a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Data is presented as 

means ± SEM of three independent experiments and results refer to untreated control cells (black). Statistical 

analysis was performed using One-Way ANOVA followed by Dunnett’s multiple comparison posttest using 

GraphPad Prism 5 referring to cells treated with 5 mM glutamate. Level of significance: *** p < 0.001, ** p < 0.01. 
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4.3.6 Stability in cell culture medium and cellular uptake 
 

It is known that the taxifolin hybrids of the second generation as well as comparable derivatives 

from literature and also the silibinin compounds from the first generation can be oxidized to 

the respective dehydro derivative in the presence of BV-2 microglia, RAW264.7 macrophages 

or even in assay medium.125-126, 140, 147 Therefore, cellular uptake experiments were conducted 

to get information about the intracellular behavior of taxifolin-CA and quantification of the 

intracellular taxifolin-CA concentration was done by calibration curve. Standard as well as a 

blank chromatogram was measured beforehand (Fig. 22A). Prior to cellular uptake 

experiments, the stability of taxifolin-CA was assessed in assay medium. No specific 

degradation product was found, however, the compound concentration decreased over time 

to 54.6 % of the initial concentration after 4 h (Tab. 1). 

Table 1: Stability of taxifolin-CA in cell culture medium. The compound was dissolved in DMSO, diluted in cell 

culture medium, and incubated for the indicated time period prior to LC/MS analysis. 

Time [h] Amount [%] SEM 

0 100.0 0.0 

0.5 88.8 6.1 

1 82.1 8.7 

2 70.5 6.9 

4 54.6 3.0 

 

The maximal intracellular concentration of taxifolin-CA was reached after 0.5 h at a 

concentration of 3.4 µM. Besides the chromatographic peak of taxifolin-CA at retention time 

21.9 min (red) with m/z 506.1, three prominent peaks have risen at 22.7 min (blue), 24.2 min 

(orange) and 25.4 min (green) (Fig. 22B). Mass spectroscopic analysis revealed the molecular 

ions [M+H]+ with m/z 520.15 for the blue peak, m/z 504.05 for the orange peak, and m/z 518.15 

for the green peak. The m/z 504.05 and the retention time of 24.2 min (orange) refer to the 

quercetin-CA derivative. Compared to literature data126, 140, the conversion rate of the taxifolin 

hybrid to the quercetin hybrid is much lower. The masses m/z 520.15 and m/z 518.15 may 

refer to the methylated taxifolin or quercetin hybrid, respectively. Similar results were obtained 

in HT22 cells (Fig. 22C). 
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Figure 22: (A) HPLC chromatogram of 50 µM quercetin-CA, 50 µM taxifolin-CA and blank chromatogram of BV-2 

cell lysate. Chromatogram overlay of cellular uptake experiments of taxifolin-CA. BV-2 (B) or HT22 (C) cells were 

treated for the indicated time with 50 µM taxifolin-CA. Taxifolin-CA (red) was converted into quercetin-CA (orange) 

and both compounds show a conversion to a compound, one methyl group heavier (m/z +15.0) than the parent 

compound (blue, taxifolin-CA + methyl; green, quercetin-CA + methyl). UV-spectra were recorded at 314 nm. 

 

4.4 Conclusion 
  

This chapter reports the synthesis of the third generation of natural products hybrids containing 

a flavonoid and a cinnamic acid amide moiety and their activity in neurodegeneration related 

phenotypic screening assays. All compounds have shown good neuroprotection in a variety 

of assays. Even if there was no clear trend regarding the influence of the double bond at the 

C-ring within all compounds, it was demonstrated, that in case of taxifolin-CA and 

quercetin-CA the active concentration was reduced by introducing the double bond and that 

small changes at the flavonoid core structure can go along with different behavior in various 

biological assays. Taxifolin-CA showed longer intracellular residence time compared to 

compounds of the second generation and was stable towards hydrolysis as expected. Further 

studies for a deeper molecular characterization of the mode of action of these compounds are 

ongoing and in vivo studies are planned to correlate the longer residence time in cells to a 

respective in vivo outcome. 
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5. Azobioisosteres of Curcumin with Pronounced 

Activity Against Amyloid Aggregation, Intracellular 

Oxidative Stress and Neuroinflammation 
 

 

 

 

The content of this chapter was previously published and adapted with the permission of 

Wiley-VCH GmbH. 
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5.1 Introduction 
 

Since aggregation of Aβ peptides is believed to be the initial event of AD, the identification of 

potential inhibitors of amyloid aggregation has attracted much interest.156-157 The natural 

product curcumin is the major curcuminoid of Curcuma longa which is used in traditional 

Chinese medicine.158 Besides other polyphenolic natural products like taxifolin (1) and 

apigenin (23) (Fig. 23), curcumin has shown positive effects on counteracting oxidative stress 

and inflammation as well as preventing amyloid-β aggregation.159-161 

 

 

Figure 23: Chemical structure of curcumin (22) , taxifolin (1), quercetin (4), apigenin (23) and epigallocatechin-

gallate (EGCG) (24). 

 

Structure-activity relationship studies have shown that methylation of the free hydroxy groups 

of curcumin leads to loss of its activity.162 Nevertheless, the therapeutic potential of curcumin 

is limited by poor pharmacokinetics, high rate of metabolism and low stability in aqueous 

environment.163 Additionally, curcumin is considered as a pan-assay interference compound 

(PAIN),163 which can possibly interfere with the assay readout or bind unspecifically to proteins 

leading to false positive results.151 
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A common strategy to improve the pharmacological and/or pharmacokinetic profile of 

bioactive molecules is bioisosterism. This applies changes in the molecular structure of a lead 

compound to improve their physicochemical properties, while preserving the relevant 

pharmacophoric features of the lead structure.164  

Recent studies on taxifolin revealed its anti-aggregative ability on Aβ and defined the catechol 

as pharmacophore.165-166 This was further confirmed by computational studies suggesting an 

Aza-Michael reaction between K16 and/or K28 residues of preformed amyloid fibrils with the 

oxidized catechol of taxifolin.167 

This project focuses on a new class of compounds, conceived by hybridizing relevant 

structural elements present in curcumin and taxifolin following the rationale summarized in 

(Fig.  24). 

 

Figure 24: Rationalization of the azobioisostere prototype from the Aβ42 inhibitors, curcumin and taxifolin. HBD = 

hydrogen bond donor; HBA = hydrogen bond acceptor. 
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5.2 Chemistry 

 
Start of the synthesis was Friedel-Crafts acylation of 4-nitrobenzoic acid chloride (22) with 

dimethoxy benzene (23) to yield the corresponding acetophenone 24. Ether cleavage of the 

methoxy groups to obtain the pharmacophoric catechol was achieved in a mixture of 

concentrated hydrobromic and acetic acids, followed by hydrogenation of the keto group by 

H2 on Pd/C to obtain compound 26a as first building block. The second part of the target 

compounds was introduced in a Baeyer-Mills reaction. Beforehand, partial oxidation of 

respective anilines with oxone to their nitroso derivatives was performed. Compound 29g  was 

synthesized in analogy to compounds 29 a-f, but without cleavage of the methoxy groups 

of 24. This compound was important to explore the role of the catechol moiety in the respective 

assays by comparison with the activity of the target compounds 29 a-f. 

 

 

 

Figure 25: Synthesis of target compounds 29 a-f and comparison compound 29 g. Reagents and conditions: i) 

FeCl3, 60 °C, 16 h (41%); ii) 48% HBr, AcOH, reflux, 3.5 h (85%); iii) H2, Pd/C, MeOH, 10 bars, r.t., 16 h (45%-

56%); iv) oxone®, CH2Cl2/H2O, r.t., 3.5 h; v) AcOH, r.t., 16 h (16%-64%); vi) nitroso benzene, AcOH, r.t., 16 h 

(25%). 
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5.2 Biology 

 

5.2.1 In Vitro inhibition of Aβ42 and tau aggregation 
 

Aggregation of Aβ and NFTs containing aggregates of hyperphosphorylated tau protein are 

associated with AD and compounds with anti-aggregative properties are considered as 

disease modifying, even if Aβ and tau may not be the single cause of AD and 

neurodegeneration.30-31, 168-169 A common method for the detection of aggregated proteins is 

the use of thioflavin dyes.170-171 However, the detection of amyloid fibrils by fluorescent dyes 

can be biased by compounds with absorptive and fluorescent properties like the molecules 

investigated in this study.172 Hence, the inhibitory effect of these compounds was firstly 

examined by transmission electron microscopy, which provides a dye-independent and 

therefore unsusceptible to PAINS compounds approach to assess the anti-aggregative effect 

of the compounds. The results clearly confirmed an inhibitory effect on fibril formation of Aβ42 

at 10 µM for curcumin and the compounds 29 a-f (Fig. 26 and Appendix II, Supporting 

Information). Compound 29g did not show a significant reduction of the Aβ fibrils, indicating 

the importance of the free catechol group. Based on the TEM pictures, the bioisosteres 

seemed to have a stronger anti-aggregative activity.  Further evaluation and a quantitative 

analysis of the anti-aggregative capacity against Aβ and tau of the target compounds was 

investigated applying a screening method in E. coli overexpressing the respective protein 

(Aβ42, human tau).161, 173  

The proteins form inclusion bodies (IB), which are consequently stained by thioflavin-S (Th-S) 

to assess the amount of aggregated protein. Similar anti-aggregative activity for Aβ42 and tau 

were found. The compounds reduced the aggregation of both proteins very effectively 

between 65-80% at 10 µM (Tab. 2). Compounds 29a and 29f display an average (Aβ42 and 

tau) inhibition of 75.8 and 75.7% against these proteins. Compound 29c, and at less extent 

300 nm300 nm300 nm300 nm

A B C D

Figure 26: TEM analysis of the inhibitory effect on Aβ42. The Aβ monomer (100 µM) was incubated at 37°C in PBS 
for 24 h with or without 10 µM of the respective compound. A) control; B) curcumin ; C) 29g; D) 29f. Scale bar 300 nm. 
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29b, showed, however, a higher inhibitory potency against aggregation of Aβ42. Interestingly, 

compound 29g, which has a protected catechol moiety, displays practically no activity (< 10%) 

in the bacterial system. The parent compounds curcumin and taxifolin served as controls and 

as shown in Table 2, a similar anti-aggregation activity was observed for Aβ42 and tau, 

whereas taxifolin displays practically no activity (< 5%), curcumin was found to have a 

moderate inhibitory effect (~ 36%). The activity of the target compounds greatly exceeds the 

potency of curcumin and taxifolin, revealing the suitability of the bioisosteric design. 

 

Table 2: In vitro anti-amyloid activity of taxifolin, curcumin and 8a-g. E. coli is overexpressing the respective 

protein, which forms IBs and can be quantified by Th-S staining. Compounds were tested at 10 µM. 

 A42 tau 

Compound Inhibition 

% 

SEM Inhibition 

% 

SEM 

Control   0.0 2.0   0.0 2.1 

taxifolin   4.9 4.0   1.1 4.4 

curcumin 37.8 2.7 35.2 3.2 

29a 80.4 2.1 71.0 2.1 

29b 78.2 3.4 65.1 2.4 

29c 81.3 1.6 58.0 3.9 

29d 63.1 4.2 66.6 2.9 

29e 67.5 2.9 73.6 3.6 

29f 73.3 4.3 78.3 4.1 

29g   9.6 3.9   5.7 3.8 

 

The experimental results of the Aβ42 aggregation inhibition were further confirmed by 

molecular simulations combining classical molecular dynamics (MD) and replica-exchange 

molecular dynamics (REMD). For more details see Appendix II. 
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5.2.2 Neurotoxicity and neuroprotection in HT22 cells 
 

Cytotoxicity and neuroprotective properties against oxytosis were examined using the murine 

hippocampal neuronal cell line HT22. Compounds 29 a-f showed very strong protection 

against the intracellular oxidative stress at concentrations between 2.5 and 7.5 µM (Fig. 27). 

The target compounds even exceeded the positive control quercetin. Curcumin as well as 29g 

did not show distinct neuroprotection. Only at 10 µM weak protection with a cell survival of 

21% was observed.  

 

5.2.3 DPPH radical scavenging assay 
 

The DPPH radical scavenging assay was performed to elucidate and exclude unspecific 

protection against oxidative stress by radical scavenging. This assay measures the direct 

antioxidant capacity in a cell free system by the use of the stable radical 2,2-diphenyl-1-

picrylhydrazyl (DPPH), which is decolorized upon reduction.174 The known antioxidant 

ascorbic acid (vitamin C) served as positive control with an IC50 value of 8.4 µM. The parent 

compound curcumin showed an IC50 value of 10.5 µM. The target compounds were active in 

a similar range, from 5 µM to 10 µM (Tab. 3). Compound 29g did not show any activity at all, 

as there is no functionality to react with the free DPPH radical. 

Table 3: Free radical scavenging capacity determined by DPPH assay 

Compound EC50 [µM] SEM 

ascorbic 

acid 
8.4 0.5 

curcumin 10.5 0.2 

29a 9.1 0.3 

29b 7.7 0.4 

29c 5.4 0.5 

29d 5.6 0.1 

29e 9.6 0.4 

29f 5.4 0.1 

29g not active  
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Figure 27: Neuroprotection and neurotoxicity were determined in HT22 cells. 5 mM glutamate (red) induced cell 

death, 25 µM quercetin (blue) served as positive control for cell survival: (A) Neurotoxicity of curcumin and 29 a-c; 

(B) neuroprotection of curcumin and 29 a-c; (C) neurotoxicity of 29 d-g; (D) neuroprotection of 29 d-g. Data is 

presented as means ± SEM of three independent experiments and results refer to untreated control cells (black). 

Statistical analysis was performed using One-Way ANOVA followed by Dunnett’s multiple comparison posttest 

using GraphPad Prism 5 referring to cells treated with 5 mM glutamate. Level of significance: *** p < 0.001, ** p < 

0.01, *p < 0.05.  
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5.2.4 Anti-inflammatory effect on BV-2 cells 
 

Besides oxidative stress, amyloid and tau plaques, neuroinflammation represents a key 

hallmark of AD.97 In this regard, BV-2 cells, stimulated with bacterial LPS were used to 

evaluate a possible anti-inflammatory effect of the target compounds. Cells were treated with 

bacterial lipopolysaccharide (LPS) to induce inflammation and the production of NO was 

quantified in the Griess assay. All compounds reduced NO production dose-dependently with 

the strongest anti-inflammatory effect at 10 µM (Fig 28). Like the results for neuroprotectivity 

in HT22 cells, the target compounds exceeded the activity of curcumin. Compound 29c was 

the most active compound with a decrease of inflammation down to 17% at a concentration of 

10 µM compared to the LPS control. The other compounds tested reduced NO production in 

a similar manner from 31% to 42% at 10 µM (compound 29f is shown as representative). 

 

 

 

Figure 28: Effect of compounds 29c, f, g, and curcumin on the production of NO as inflammation marker. BV-2 

cells were treated with 50 ng/mL LPS alone or with the respective compound. NO was determined by the Griess 

assay in the supernatant. Data is presented as means ± SEM of three independent experiments and results refer 

to LPS treated cells. Statistical analysis was performed using One-Way ANOVA followed by Dunnett’s multiple 

comparison posttest using GraphPad Prism 5. Level of significance: *** p < 0.001, ** p < 0.01, *p < 0.05. 
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5.5 Conclusion 
 

A series of azobioisosteres of curcumin, carrying the pharmacophoric catechol moiety of 

taxifolin, have been synthesized. Their pharmacological profile was assessed in two 

phenotypic screening assays and additionally, their effect on protein aggregation of Aβ42 and 

tau was investigated. The synthetic bioisosteric compounds showed higher aggregation 

inhibition of Aβ42 relative to the parent compound curcumin. This could be observed in a 

bacterial in vitro assay with Th-S staining as well as in dye-independent in TEM experiments. 

Additionally, the compounds showed higher protection against glutamate induced intracellular 

oxidative stress in HT22 cells than curcumin. Moreover, the compounds revealed pronounced 

anti-inflammatory properties in BV-2 cells. The observed effects seem to be due to a specific 

mechanism, as the activity of the compounds in the DPPH radical scavenging assay did not 

show substantial differences. 
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6. Discussion and Outlook 
 

With an aging society and an increased life expectancy, the annual number of patients with 

AD and other forms of dementia is expected to double in 2050.175 There is still no medication 

to alter or slow down the disease progression and the single target approach mainly focusing 

on the peptide Aβ did not deliver a promising treatment.30 

The natural product sterubin has long been known to be a constituent of E. californicum137, a 

plant used for medicinal purposes by native people in Mendocino County, California, for the 

treatment of e.g. fever.176 Sterubin was rediscovered in the context of Alzheimer´s disease 

and neurodegeneration as very potent neuroprotective compound.113 Consistent with the 

reported use of E. californicum by indigenous people, sterubin has shown very strong anti-

inflammatory effects. Furthermore, sterubin was active against oxytosis, ferroptosis and 

energy loss. Sterubin is an activator of the cytoprotective177 and anti-inflammatory178 

transcription factor nuclear factor (erythroid-derived 2)-related factor 2 (Nrf2). Activation of 

Nrf2 leads to suppression of cytokines and the upregulation of gens related to counteract 

oxidative stress. Therefore, sterubin holds a special interest in the context of 

neurodegeneration as a potential disease modifying agent and the in vivo studies conducted 

in this work strongly support this hypothesis. 

The second aim of this work was the development of the 3rd generation of flavonoid-aromatic 

acid hybrid compounds. Previous work125-126, 147-148 have shown the beneficial effect of the 

combination of taxifolin or silibinin with different phenolic acids and cinnamic acid. These 

compounds have shown their potential against inflammation, oxidative stress, and ATP-

depletion in neurodegeneration associated phenotypic screening assays and also beneficial 

effects in an Aβ25-35-induced memory-impaired mouse model. While the compounds of the 1st 

generation could already be improved regarding their molecular weight, compounds of the 2nd 

generation still contained a hydrolysis labile ester connection between the flavonoid and the 

phenolic acid. Therefore, the compounds of the 3rd generation contained a more stable amid 

connection.  

The former hybrids exceeded the activity of the single components and as there are single 

flavonoids known to have stronger neuroprotective properties than taxifolin, e.g., fisetin179 and 

eriodictyol113, there was the question if the activity of flavonoids could be increased by 

hybridization with cinnamic acid.  

Chemical conversion of the taxifolin hybrid of generation 2 to the respective quercetin 

compound was observed, leading to the question, which of the compounds is the active form 

and how do they contribute to the biological activity.   
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To answer these questions a set of six flavonoid-cinnamic acid amide derivates was 

synthesized, containing three pairs of a flavanone and the corresponding flavone. Overall, no 

clear trend within the activity related to the oxidation state of the C-ring was observed. 

However, in case of the taxifolin- and quercetin-hybrid quercetin-CA was always at one 

concentration level lower active than the taxifolin derivative, showing that small changes within 

the flavonoid structure can have significant impact on the biological activity.  

Especially the compounds of the 1st generation were instable towards hydrolysis and also 

conversion to the dehydro compounds took place in cell culture medium. Also, the 2nd 

generation compounds showed high rate of conversion to the respective dehydro derivative. 

The amide compounds of the 3rd generation were stable towards hydrolysis under assay 

conditions. Nonetheless, there was a time dependent concentration decrease to ~55% of the 

starting concentration within 4 hours. This may be explained by unspecific binding to fetal 

bovine serum (FBS).180 The conversion of the taxifolin compound to the quercetin analogue 

was also observed for this kind of compounds, but in a much slower rate compared to literature 

data.126, 140 This might be a hint for specific enzyme catalyzed transformation of the respective 

compound rather than an unspecific oxidation by e.g., ROS. The additionally found 

metabolites within the cellular uptake experiments strongly support the hypothesis that these 

compounds get methylated. The methylation reaction could be catalyzed by the well-known 

enzyme catechol-O-methyltransferase (COMT). This enzyme catalyzes the transfer of a 

methyl group of S-adenosyl methionine to catechol structures like in the neurotransmitter 

dopamine or catechol containing drugs.181 The flavonoids quercetin and luteolin are substrates 

of COMT suggesting that the hybrid compounds may also get methylated by COMT.182-184 

Methylation of the catechol group of flavonoids leads to a decrease of biological acitvity113, 185 

and the same observations were made within the studies of the curcumin bioisosteres. Hence, 

future studies should aim for protection of the catechol by an intracellularly cleaved protection 

group for a potential increase in efficacy of these compounds. Suitable protection groups for 

this purpose might be boronic acids/esters. This strategy is discussed in tumor biology to 

reduce side effects of chemotherapeutics.186-187 High levels of ROS  in tumor tissue cleave the 

boronic group and lead to release of the active drug. The same concept might be viable for 

the protection of the catechol to protect the compounds from methylation.  

Another drawback of the flavonoid hybrid compounds is their poor solubility. Even if solubility 

was not determined, at concentrations >50 µM precipitation could be observed. A common 

strategy to improve solubility is the insertion of more polar groups. This can be realized by 

e.g., the exchange of the linker group to a polyethylene glycol (PEG) chain.188 Another 

possibility to improve solubility and also metabolic stability is the conjugation with 

phosphodiester glycans like impressively demonstrated by Romanucci et al.189 Similar to 

glycosylation is the formulation with cyclodextrins (CD) like described for the anthocyanin 
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delphinidin.190    

The flavonoid hybrid compounds are active in the oxytosis and the ferroptosis assay, meaning 

they act downstream the Xc
- antiporter and downstream GPx4 as well as GSH loss. They 

decrease ROS within glutamate treated HT22 cells and also basal ROS levels in untreated 

cells to a comparable level. This indicates that the compounds activate anti-oxidative 

intracellular pathways, which prevent general ROS formation like the Nrf2 pathway. Further 

studies e.g., on the effect on mitochondrial function, Nrf2 signaling or PC12 cell differentiation 

might bring deeper insights into the molecular mode of action of these compounds. 

The natural product curcumin is controversially discussed whether it is “solid gold” for the 

treatment of several diseases or just a PAINS compound.163 Nevertheless, curcumin has 

shown some potential to prevent Aβ aggregation.161-162, 191-192 Curcumin itself has only little till 

no activity in the phenotypic screening assays, but the curcumin derivative J147 shows 

outstanding therapeutic activities.193 The bioisosteres of curcumin synthesized in this work 

carried the pharmacophoric catechol of flavonoids and the data presented underlined the 

importance of the free catechol, because methylation of the free catechol led to dramatic loss 

of activity in all of the performed assays. The compounds have shown strong cellular 

protection against intracellular oxidative stress in the oxytosis assay, but only moderate radical 

scavenging activity. This suggests that the neuroprotection in HT22 cells is based on a target-

specific mode of action. It must be considered that azobenzenes are commonly suspected to 

cause long-term toxicity due to instability towards bacterial azoreductases, which might cleave 

the azobenzenes into toxic anilines. But there are several examples of food colorants and 

drugs, which support the safe use of molecules containing azobenzene moieties194 and at 

least in E. coli, the compounds synthesized were not cytotoxic indicating stability towards 

azoreductases. The compounds have shown greater activity than the parent natural products, 

proofing the successful accomplishment of the bioisosterism and since azobenzene 

compounds can undergo cis-/trans-photoisomerization upon irradiation with appropriate 

wavelengths, the compounds can potentially be used as molecular tool for the characterization 

of a respective biological system. 

With the establishment of the large “omics” approaches like proteomics, transcriptomics, and 

metabolomics78, 148, 195-196, new potential molecular targets and signaling pathways are 

characterized and there is deeper understanding of the intertwined network of AD and 

neurodegeneration. The molecular mode of action of the compounds presented in this work 

and their potential as disease modifying agents can be further explored with the increasing 

knowledge about the cause of the disease in the future. 
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7. Summary  
 

Alzheimer´s disease (AD) is a neurodegenerative disease and the most common form of 

dementia with still no preventive or curative treatment. Besides several risk factors, age is one 

of the major risks for AD and with an aging society, there is an urgent need for disease 

modifying  agents. The strategy to address only one target within the intertwined network of 

AD failed so far.  

Natural products especially the phytochemical flavonoids, which are poly-phenolic natural 

products, have shown great potential as disease modifying agents against neurodegenerative 

disorders like Alzheimer´s disease (AD) with activities even in vivo. Flavonoids are produced 

by many plants and the native Californian plant Eriodictyon californicum is particularly rich in 

flavonoids. One of  the major flavonoids of E. californicum is sterubin, a very potent agent 

against oxidative stress and inflammation, two hallmarks and drivers of AD and 

neurodegeneration. Herein, racemic sterubin was synthesized and separated into its pure (R)- 

and (S)-enantiomer by chiral HPLC. The pure enantiomers showed comparable 

neuroprotection in vitro with no significant differences. The stereoisomers were 

configurationally stable in methanol, but fast racemization was observed in culture medium. 

Moreover, the activity of sterubin was investigated in vivo, in an AD mouse model. Sterubin 

showed a significant positive impact on short- and long-term memory at low dosages. 

A promising concept for the increase of activity of single flavonoids is hybridization with 

aromatic acids like cinnamic or ferulic acids. Hybridization of the natural products taxifolin and 

silibinin with cinnamic acid led to an overadditive effect of these compounds in phenotypic 

screening assays related to neurodegeneration and AD. Because there are more potent 

agents as taxifolin or silibinin, the hybrids were further developed, and different flavonoid 

cinnamic acid hybrids were synthesized. The connection between flavonoids and cinnamic 

acid was achieved by an amide instead of a labile ester to improve the stability towards 

hydrolysis to gain better “druggability” of the compounds. To investigate the oxidation state of 

the C-ring of the flavonoid part, the dehydro analogues of the respective hybrids were also 

synthesized. The compounds show neuroprotection against oxytosis, ferroptosis and ATP-

depletion in the murine hippocampal cell line HT22. While no overall trend within the 

flavanones compared to the flavones could be assigned, the taxifolin and the quercetin 

derivative were the most active compounds in course of all assays. The quercetin derivate 

even shows greater activity than the taxifolin derivate in every assay. As desired no hydrolysis 

product was found in cellular uptake experiments after 4h, whereas different metabolites were 

found. 
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The last part of this work focused on synthetic bioisoteres of the natural product curcumin. 

Due to the drawbacks of curcumin and flavonoids arising from poor pharmacokinetics, rapid 

metabolism and sometimes instability in aqueous medium, we have examined the biological 

activity of azobenzene compounds designed as bioisoteres of curcumin, carrying the 

pharmacophoric catechol group of flavonoids. These bioisosteres exceeded their parent 

compounds in counteracting intracellular oxidative stress, neuroinflammation and amyloid-

beta aggregation. By incorporating an azobenzene moiety and the isosteric behaviour to the 

natural parent compounds, these compounds may act as molecular tools for further 

investigation towards the molecular mode of action of natural products. 
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8. Zusammenfassung  
 

Die Alzheimersche Krankheit ist eine neurodegenerative Erkrankung und die häufigste Form 

der Demenz, für die es noch keine präventive oder kurative Behandlung gibt. Neben mehreren 

Risikofaktoren ist das Alter eines der Hauptrisiken für die Krankheit und in einer alternden 

Gesellschaft besteht ein dringender Bedarf an Mitteln zum Stoppen oder Heilen der Krankheit. 

Die Strategie, nur ein Ziel innerhalb des verflochtenen Netzwerks der Pathogenese von AD 

zu adressieren, ist bisher gescheitert. 

Naturstoffe, insbesondere die sekundären Pflanzenmetabolite Flavonoide, bei denen es sich 

um polyphenolische Naturstoffe handelt, haben ein großes Potenzial zum Eindämmen von 

neurodegenerativen Erkrankungen. Zahlreiche Studien, in vitro und auch in vivo, legen eine 

Wirksamkeit dieser Stoffe nahe. Flavonoide werden von vielen Pflanzen produziert und die 

kalifornische Pflanze Eriodictyon californicum ist besonders reich an Flavonoiden. Eines der 

wichtigsten Flavonoide von E. californicum ist Sterubin, ein sehr potenter Wirkstoff gegen 

oxidativen Stress und Entzündungen, zwei Treiber der Alzheimerschen Erkrankung und 

Neurodegeneration. In dieser Arbeit wurde racemisches Sterubin synthetisiert und durch 

chirale HPLC in das reine (R)- beziehungsweise (S)-Enantiomer getrennt. Die reinen 

Enantiomere zeigten in vitro eine vergleichbare neuroprotektive Aktivität ohne signifikante 

Unterschiede. Die Stereoisomere waren in Methanol konfigurativ stabil, in Zellkulturmedium 

wurde jedoch schnelle Racemisierung beobachtet. Darüber hinaus wurde die Aktivität von 

Sterubin in vivo in einem Alzheimer-Mausmodell untersucht. Sterubin zeigte bei niedrigen 

Dosierungen einen signifikanten positiven Einfluss auf das Kurz- und Langzeitgedächtnis. 

Ein vielversprechendes Konzept zur Aktivitätssteigerung einzelner Flavonoide ist die 

Hybridisierung mit aromatischen Säuren wie Zimt- oder Ferulasäure. Die Hybridisierung der 

Naturstoffe Taxifolin und Silibinin mit Zimtsäure führte zu einer überadditiven Wirkung dieser 

Verbindungen in phänotypischen Screening-Assays im Zusammenhang mit 

Neurodegeneration und Alzheimer. Da es potentere Moleküle als Taxifolin oder Silibinin gibt, 

wurden die Hybride weiterentwickelt und verschiedene Flavonoid-Zimtsäure-Hybride 

synthetisiert. Die Verbindung zwischen dem Flavonoid und der Zimtsäure wurde durch ein 

Amid anstelle eines labilen Esters geknüpft, um die Stabilität gegenüber Hydrolyse zu 

verbessern. Um die Oxidationsstufe des C-Rings des Flavonoidteils zu untersuchen, wurden 

auch die Dehydro-Analoga der jeweiligen Hybride synthetisiert. Die Verbindungen zeigten 

Neuroprotektion gegen Oxytose, Ferroptose und dem Verlust von ATP in der murinen 

Hippocampus-Zelllinie HT22. Während kein allgemeiner Trend zur besseren Wirksamkeit der 

Flavanone gegenüber den Flavonen festzustellen war, waren das Taxifolin und das Querzetin-

Derivat die aktivsten Verbindungen in allen Assays. Das Querzetin-Derivat zeigt in jedem 
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Assay sogar eine höhere Aktivität als das Taxifolin-Derivat. Wie erwartet wurde in zellulären 

Aufnahmeexperimenten nach 4 h kein Hydrolyseprodukt gefunden, wohingegen verschiedene 

Metabolite gefunden wurden. 

Der letzte Teil dieser Arbeit beschäftigte sich mit synthetischen Bioisosteren des Naturstoffs 

Curcumin. Aufgrund der Nachteile von Curcumin und Flavonoiden, die aus einer schlechten 

Pharmakokinetik, einem schnellen Metabolismus und manchmal einer Instabilität in 

wässrigem Medium resultieren, wurde die biologische Aktivität von Azobenzolverbindungen 

untersucht, die als Bioisostere von Curcumin konzipiert sind und die pharmakophore 

Catecholgruppe der Flavonoide tragen. Diese Bioisostere übertrafen ihre 

Stammverbindungen in der Protektion gegen intrazellulären oxidativen Stress, 

Neuroinflammation und der anti-aggregativen Eigenschaften gegen Amyloid-Beta. Durch den 

Einbau einer Azobenzoleinheit und das isostere Verhalten zu den natürlichen 

Stammverbindungen könnten diese Verbindungen als molekulare Werkzeuge für die weitere 

Untersuchung der molekularen Wirkungsweise von Naturstoffen dienen.  
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8. Experimental Section 
 

8.1 Chemistry 
 

General  

All reagents were used without further purification and bought from common commercial 

suppliers. Thin-layer chromatography was performed on silica gel 60 (alumina foils with 

fluorescent indicator 254 nm). UV light (254 and 366 nm) was used for detection. For column 

chromatography, silica gel 60 (particle size 0.040−0.063 mm) was used. Nuclear magnetic 

resonance (NMR) spectra were recorded with a Bruker AV-400 NMR instrument (Bruker, 

Karlsruhe, Germany) in CDCl3 or DMSO-d6, and chemical shifts are expressed in ppm relative 

to CDCl3 (7.26 ppm for 1H and 77.16 ppm for 13C) or DMSO-d6 (2.50 ppm for 1H and 39.52 ppm 

for 13C). Purity of the synthesis products was determined by HPLC (Shimadzu Products), 

containing a DGU-20A3R degassing unit, a LC20AB liquid chromatograph, and an SPD-20A 

UV/vis detector. UV detection was measured at 254 nm. Mass spectra were obtained by a 

LCMS 2020 (Shimadzu Products) running in positive ionization mode. As a stationary phase, 

a Synergi 4U fusion-RP (150 mm × 4.6 mm) column was used, and as a mobile phase, a 

gradient of methanol/water with 0.1 % (v/v) formic acid. Parameters: A = water, B = methanol, 

V(B)/(V(A) + V(B)) = from 5 % to 90 % over 10 min, V(B)/(V(A)+V(B)) = 90 % for 5 min, 

V(B)/(V(A) + V(B)) = from 90 % to 5 % over 3 min. The method was performed with a flow rate 

of 1.0 mL/min. Compounds were only used for biological evaluation if the purity was ≥95 %. 

Melting points/decomposition (dec.) were determined using an OptiMelt automated melting 

point system (Scientific Instruments GmbH, Gilching, Germany). 
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3,4-bis(methoxymethoxy)benzaldehyde 

K2CO3 (10.7 g, 77.9 mmol) was added to a solution of 3,4-trihydroxylbenzaldehyde (2.00 g, 

12.9 mmol) in dry acetone (50 mL) at 0–5 °C. Chloromethyl methyl ether (2.94 mL, 38.9 mmol) 

was slowly added over a period of 15 min to keep the temperature under 5°C. The reaction 

mixture was stirred at room temperature overnight (16 h), quenched by the addition of cold 

distilled water (100 mL) and extracted with ethyl acetate (200 mL). The combined organic layer 

was washed with distilled water (200 mL) and brine (100 mL) and dried over Na2SO4. The 

solvent was removed under reduced pressure and the crude product was purified by silica gel 

column chromatography using a mixture of cyclohexane/ethyl acetate (4/1). The product was 

obtained as a white solid in 96 % yield (2.82 g, 12.5 mmol). 1H NMR: (400 MHz, CDCl3): δ = 

9.87 (s, 1H, CHO), 7.68 (d, 4J = 2.0 Hz, 1H, Ph), 7.51 (dd, 3J = 8.3, 4J = 2.0 Hz, 1H, Ph), 7.28 

(d, 3J = 8.3 Hz, 1H, Ph), 5.33 (s, 2H, CH2OCH3), 5.30 (s, 2H, CH2OCH3), 3.53 (s, 3H, 

CH2OCH3), 3.52 (s, 3H, CH2OCH3). – 13C NMR (100 MHz, CDCl3): δ = 190.9 (Cq, CHO), 152.7 

(Cq, Ph-C), 147.5 (Cq, Ph-C), 131.2 (+ ,Ph-C), 126.4 (+, Ph-C), 116.0 (+, Ph-C), 115.5 (+, 

Ph-C), 95.5 (-, CH2OCH3), 95.1 (-, CH2OCH3), 56.6 (+, CH2OCH3), 56.5 (+, CH2OCH3). – 

ESI-MS [C11H14O5+H]+: m/z calcd 227.09; found 227.1. MP 68.9 °C. The analytical data were 

consistent with those reported in the literature.185 

 

1-(2,4,6-tris(methoxymethoxy)phenyl)ethan-1-one 
 
To a mixture of NaH (0.989 g, 24.7 mmol) and 4 Å molecular sieve (3 g) in dry DMF (50 mL), 

a dried solution of 1-(2,4,6-trihydroxyphenyl)ethan-1-one monohydrate (1.00 g, 5.49 mmol) in 

dry DMF (15 mL) was added dropwise at 4 °C under an argon atmosphere and the reaction 

mixture was stirred for 45 min at room temperature. Chloromethyl methyl ether (1.88 mL, 

24.7 mmol) was slowly added over a period of 15 min  keeping the temperature under 5 °C. 

The reaction mixture was stirred overnight (16 h) at room temperature, then water (75 mL) 

was added, and the mixture was extracted with ethyl acetate (350 mL). The combined organic 

layers were dried over Na2SO4, and the solvent was removed under reduced pressure. The 

crude product was purified by silica gel chromatography using a mixture of cyclohexane and 

ethyl acetate (4/1) as the eluent. The product was obtained as a colorless oil in 84 % yield 

(1.38 g, 4.61 mmol). 1H-NMR: (400 MHz, CDCl3): δ = 6.51 (s, 2H, 2 Ar-H), 5.14 (s, 2H, 

CH2OCH3), 5.13 (s, 4H, CH2OCH3), 3.47 (s, 3H, CH2OCH3), 3.46 (s, 6H, CH2OCH3), 2.49 (s, 

3H, CH3) ppm; 13C NMR (100 MHz, CDCl3): δ = 201.6 (Cq, C=O), 159.6 (Cq, Ar-C), 155.4 (Cq, 

2 Ar-C), 117.1 (Cq, Ar-C), 97.3 (+, 2 x Ar-C), 94.9 (-, 2 CH2OCH3), 94.6 (-, CH2OCH3), 56.5 (+, 

2 CH2OCH3), 56.4 (+, CH2OCH3), 32.7 ppm (+, CH3); ESI-MS: m/z calcd for [C14H20O7+H]+: 
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301.12, found 301.10. The analytical data are consistent with those reported in the 

literature.197 

 

1-(2,4-bis(methoxymethoxy)phenyl)ethan-1-one 

NaH (0.788 g, 19.7 mmol, 3.00 equiv.) was suspended in dry DMF (20 mL) under argon 

atmosphere at cooled to 4 °C. A solution of 1-(2,4-dihydroxyphenyl)ethan-1-one (1.0 g, 

6.57 mmol, 1.00 equiv.) in dry DMF was added dropwise and stirred for 45 minutes at room 

temperature. The solution was cooled again to 4 °C and MOM-Cl (1.58 g, 19.7 mmol, 1.5 mL, 

3 equiv.) was added dropwise. The reaction was stirred overnight. After that time, water was 

added, and the mixture was extracted with ethyl acetate. The combined organic layers were 

dried with Na2SO4, and the solvent was removed under reduced pressure. The crude product 

was purified via silica gel chromatography using a mixture of cyclohexane/ethyl acetate (4/1). 

The product was obtained as colorless oil in 66 % yield (1.17 g). 1H NMR: (400 MHz, CDCl3): 

δ = 7.78 (d, 3J = 8.8, 1H, Ph), 6.82 (d, 4J = 2.2 Hz, 1H, Ph), 6.72 (dd, 3J = 8.8 Hz, 4J = 2.3 Hz, 

1H, Ph), 5.27 (s, 2H, OCH2OCH3), 5.20 (s, 2H, OCH2OCH3), 3.52 (s, 3H, OCH2OCH3), 3.48 

(s, 3H, OCH2OCH3), 2.61 (s, 3H, CH3). – 13C NMR (100 MHz, CDCl3): δ = 197.9 (Cq, C=O), 

161.9 (Cq, Ar-C), 158.4 (Cq, Ar-C), 132.4 (Cq, Ar-C), 122.7 (+, Ar-C), 109.0 (+, Ar-C), 102.9 (+,  

Ar-C), 94.6 (-, 2 CH2OCH3), 94.3 (-, 2 CH2OCH3), 56.6 (+, 2 CH2OCH3), 56.4 (+, CH2OCH3), 

32.9 (+, CH3) ppm – ESI-MS [C12H16O5+H]+: m/z calcd 241.10; found 241.19. The analytical 

data are consistent with those reported in the literature.198 

 

(E)-1-(2,4-bis(methoxymethoxy)phenyl)-3-(3,4-bis(methoxymethoxy)phenyl)prop-2-en-

1-one 

A saturated KOH-solution in EtOH (15 mL) was added to an ice-cold solution of 1-(2,4-

bis(methoxymethoxy)phenyl)ethan-1-one (1.2 g, 4.96 mmol) dissolved in EtOH (20 mL) and 

stirred for 15 min. A solution of 3,4-bis(methoxymethyl)benzaldehyde (1.12 g, 4.96 mmol) in 

EtOH (15 mL) was added dropwise and allowed to stir over night at room temperature. The 

reaction as quenched with water (20 mL) and extracted with ethyl acetate (200 mL). The 

combined organic layer was dried over Na2SO4, and the solvent was removed under reduces 

pressure. The crude product was purified by silica gel chromatography using a mixture of 

cyclohexane/ethyl acetate (3/1). The product was obtained as yellow oil in 80 % yield (1.76 g, 

3.92 mmol). 1H NMR (400 MHz, CDCl3):  δ = 7.67 (d, 3J = 8.6 Hz, 1H, Ar-H), 7.58 (d, 3J = 15.7 

Hz, 1H, HC=CH), 7.45 (d, 4J = 1.9 Hz, 1H, Ar-H), 7.36 (d, 3J = 15.9 Hz, 1H, HC=CH), 7.19 (dd, 

3J = 8.6 Hz,  4J = 1.9 Hz, 1H, Ar-H), 7.16 (d, 3J = 8.4 Hz, 1H, Ar-H), 6.85 (d, 4J = 2.3 Hz, 1H, 
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Ar-H), 6.77 (dd, 3J = 8.5 Hz, 4J = 2.2 Hz, 1H, Ar-H), 5.27 (s, 2H, -OCH2OCH3), 5.25 (s, 2H, -

OCH2OCH3), 5.25 (s, 2H, -OCH2OCH3), 5.21 (s, 2H, -OCH2OCH3), 3.52 (s, 3H, -OCH2OCH3), 

3.51 (s, 3H, -OCH2OCH3), 3.50 (s, 3H, -OCH2OCH3), 3.49 (s, 3H, -OCH2OCH3) ppm. – 13C 

NMR (100 MHz, CDCl3): δ = 191.2 (Cq, C=O), 161.3 (Cq, Ar-C), 157.6 (Cq, Ar-C), 149.2 (Cq, 

Ar-C), 147.6 (Cq, Ar-C), 142.4 (+, HC=CH), 132.2 (Cq, Ar-C), 129.9 (Cq, Ar-C), 126.0 (+, 

HC=CH), 124.1 (+, Ar-C), 123.9 (+, Ar-C), 116.3 (+, Ar-C), 115.7 (+, Ar-C), 109.3 (+, Ar-C), 

103.5 (+, Ar-C), 95.6 (-,CH2OCH3), 95.3 (-,CH2OCH3), 95.0 (-,CH2OCH3), 94.4 (-,CH2OCH3), 

56.6 (+,CH2OCH3), 56.4 (+,CH2OCH3), 56.4 (+,CH2OCH3), 56.3 (+,CH2OCH3) ppm – ESI-MS: 

m/z calcd for [C23H28O9+H]+: 449.18; found 449.20. The analytical data were consistent with 

those reported in the literature.198 

 

(2,4-bis(methoxymethoxy)phenyl)(3-(3,4-bis(methoxymethyl)phenyl)oxiran-2-
yl)methanone 

H2O2 (30 % w/v) was added to a solution of (E)-1-(2,4-bis(methoxymethoxy)phenyl)-3-(3,4-

bis(methoxymethoxy)phenyl)prop-2-en-1-one (100 mg, 0.223 mmol) in methanol (5 ml) with 

2 N NaOH (0.5 mL) and stirred at room temperature overnight. The mixture was concentrated 

under reduced pressure and the residue was extracted with ethyl acetate (50 mL). The 

combined organic layers were washed with water (50 mL) and brine (50 mL) and dried over 

Na2SO4. The solvent was removed under reduced pressure and the product was obtained as 

pale-yellow solid in 80 % yield (82 mg, 0.178 mmol). 1H NMR (400 MHz, CDCl3):  δ = 7.83 (d, 

3J = 8.7 Hz, 1H, Ar-H), 7.16 (d, 3J = 8.4 Hz, 1H, Ar-H), 7.13 (d, 4J = 1.9 Hz, 1H, Ar-H), 6.99 

(dd, 3J = 8.4 Hz, 4J = 2.1 Hz, 1H, Ar-H), 6.78 (d, 4J = 2.2 Hz, 1H, Ar-H), 6.76 (dd, 3J = 8.4 Hz, 

4J = 2.2 Hz, 1H, Ar-H), 5.23 (s, 2H, -OCH2OCH3), 5.22 (d, 2J = 6.9 Hz, 1H, -OCH2OCH3), 5.20 

(s, 2H, -OCH2OCH3), 4.98 (d, 2J = 6.9 Hz, 1H, -OCH2OCH3), 4.88 (d, 2J = 5.56 Hz, 1H, -

OCH2OCH3), 4.30 (d, 3J = 1.9 Hz, 1H, Hα/β), 3.92 (d, 3J = 1.9 Hz, 1H, Hα/β), 3.53 (s, 3H, -

OCH2OCH3), 3.51 (s, 3H, -OCH2OCH3), 3.50 (s, 3H, -OCH2OCH3), 3.47 (s, 3H, -OCH2OCH3) 

ppm. – 13C NMR (100 MHz, CDCl3): δ = 193.0 (Cq, C=O), 162.8 (Cq, Ar-C), 159.2 (Cq, Ar-C), 

147.7 (Cq, 2 x Ar-C), 132.5 (Cq, Ar-C), 131.0 (Cq, Ar-C), 120.6 (+, Ar-C), 120.3 (+, Ar-C), 116.9 

(+, Ar-C), 114.2 (+, Ar-C), 109.5 (+, Ar-C), 102.5 (+, Ar-C), 95.6 (-, CH2OCH3), 95.5 (-, 

CH2OCH3), 94.6 (-, CH2OCH3), 94.5 (-,CH2OCH3), 64.8 (Cq, Cα/β), 59.5 (Cq, Cα/β), 56.5 (+, 

CH2OCH3), 56.4 (+, CH2OCH3), 56.4 (+, CH2OCH3), 56.3 (+, CH2OCH3) ppm – ESI-MS: m/z 

calcd for [C23H28O10+K]+: 503.13; found 503.20. – MP 138.5 °C. The analytical data are 

consistent with those reported in the literature.198 
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(E)-3-(3,4-bis(methoxymethoxy)phenyl)-1-(2,4,6-tris(methoxymethyl)phenyl)prop-2-en-

1-one 

A saturated KOH-solution in EtOH (15 mL) was added to an ice-cold solution of 1-(2,4,6-

tris(methoxymethoxy)phenyl)ethan-1-one (1.38 g, 4.60 mmol) dissolved in EtOH (20 mL) and 

stirred for 15 min. A solution of 3,4-bis(methoxy methoxy)benzaldehyde (1.04 g, 4.60 mmol) 

in EtOH (15 mL) was added dropwise and allowed to stir over night at room temperature. The 

reaction was quenched with water (20 mL) and extracted with ethyl acetate (200 mL). The 

combined organic layer was dried over Na2SO4, and the solvent was removed under reduces 

pressure. The crude product was purified by silica gel chromatography using a mixture of 

cyclohexane/ethyl acetate (2/1). The product was obtained as yellow oil in 84 % yield (1.96 g, 

3.86 mmol). 1H NMR (400 MHz, CDCl3): δ = 7.35 (d, 4J = 1.2 Hz, 1H, Ar-H), 7.28 (d, 3J = 16.0 

Hz, 1H, HC=CH), 7.14 (d, 4J = 1.2 Hz, 1H, Ar-H), 6.87 (d, 3J = 16.0 Hz, 1H, HC=CH), 6.56 (s, 

2H, Ar-H), 5.25 (s, 2H, -OCH2OCH3), 5.23 (s, 2H, -OCH2OCH3), 5.18 (s, 2H, -OCH2OCH3), 

5.11 (s, 4H, -OCH2OCH3), 3.51 (s, 3H, -OCH2OCH3), 3.51 (s, 6H, -OCH2OCH3), 3.39 (s, 6H, 

-OCH2OCH3) ppm. – 13C NMR (100 MHz, CDCl3): δ = 194.4 (Cq, C=O), 159.7 (Cq, Ar-C), 155.9 

(Cq, 2 x Ar-C), 149.4 (Cq, Ar-C), 147.6 (Cq, Ar-C), 144.9 (+, HC=CH), 129.4 (Cq, Ar-C), 128.0 

(+, HC=CH), 123.8 (Cq, Ar-C), 116.3 (+, Ar-C), 116.0 (+, Ar-C), 115.0 (+, Ar-C), 97.3 (+, 2 x 

Ar-C), 95.6 (-, CH2OCH3), 95.3 (-, CH2OCH3), 94.8 (-, CH2OCH3), 94.7 (-, 2 x CH2OCH3), 56.5 

(+,CH2OCH3), 56.4 (+, 3 x CH2OCH3), 56.3 (+, CH2OCH3) ppm – ESI-MS: m/z calcd for 

[C25H32O11+H]+: 509.20; found 509.40.197 

Eriodictyol (2-(3,4-dihydroxyphenyl)-5,7-dihydroxychroman-4-one) 

A solution of chalcone (1.20 g, 2.36 mmol) in 10 % methanolic HCl (100 mL) was stirred for 

60 min at reflux. The solvent was removed under reduced pressure and the crude product was 

purified by silica gel chromatography using an eluent of dichloromethane/methanol (10/1). The 

product was obtained as white solid in 57 % yield (680 mg, 2.36 mmol). 1H NMR: (400 MHz, 

DMSO-d6): δ = 12.13 (s, 1H, OH), 9.04 (s, 2H, OH), 6.87 (s, 1H, Ar-H), 6.74 (s, 2H, Ar-H), 5.88 

– 5.87 (m, 2H, Ar-H), 5.37 (dd, 3J = 12.6, ,4J = 3.1 Hz, 1H, CH), 3.17 (dd, 2J = 17.1 Hz, 

3J = 12.9 Hz, 1H, CH) 2.68 (dd, 2J = 17.1 Hz, 3J = 3.1 Hz, 1H, CH) – 13C NMR (100 MHz, 

DMSO-d6): δ = 196.3 (Cq, C=O), 166.6 (Cq, Ph-C), 163.4 (Cq, Ph-C), 162.8 (Cq, Ph-C), 145.7 

(Cq, Ph-C), 145.2 (Cq, Ph-C), 129.4 (Cq, Ph-C), 117.9 (+, Ph-C), 115.3 (+, Ph-C), 114.3 (+, Ph-

C),  101.7 (Cq, Ph-C), 95.7 (+, Ph-C), 94.9 (+, Ph-C), 78.4 (+, CH), 45.6 (-, CH2). – ESI-

MS: [C15H12O6+H]+: m/z calcd 289.07; found 289.10 – MP 246 °C dec. Analytical data are 

consistent with those reported in the literature.132, 199 
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Fustin (2-(3,4-dihydroxyphenyl)-3,7-dihydroxychroman-4-one) 

A solution of chalcone (567 mg, 1.22 mmol) in 10 % methanolic HCl (50 mL) was stirred for 

45 min at reflux. The solvent was removed under reduced pressure and the crude product was 

purified by silica gel chromatography using an eluent of dichloromethane/methanol (20/1). The 

product was obtained as light brown solid in 57 % yield (200 mg, 0.694 mmol). 1H NMR: (400 

MHz, DMSO-d6): δ = 10.59 (s, 1H, OH), 8.98 (s, 1H, OH), 8.94 (s, 1H, OH), 7.63 (d, 3J = 8.7 

Hz, 1H, Ar-H), 6.88 (d, 4J = 1.8 Hz, 1H, Ar-H), 6.76 (dd, 3J = 8.2, 4J = 1.8 Hz, 1H, Ar-H), 6.73 

(d, 3J = 8.0 Hz, 1H, Ar-H), 6.53 (dd, 3J = 8.7, 4J =  2.2 Hz, 1H Ar-H), 6.30 (d, 4J = 2.1 Hz, 1H 

Ar-H), 5.47 (s, 1H, OH), 4.97 (d, 3J = 11.3 Hz, 1H), 4.40 (dd, 3J = 11.3, 5.2 Hz, 1H). – 13C NMR 

(100 MHz, DMSO-d6): δ = 192.5 (Cq, C=O), 164.7 (Cq, Ph-C), 162.7 (Cq,Ph-C), 145.6 (Cq, 

Ph-C), 144.8 (Cq, Ph-C), 128.6 (Cq, Ph-C), 128.3 (+, Ph-C), 119.4 (+, Ph-C), 115.3 (+, Ph-C), 

115.0 (+, Ph-C),  112.1 (Cq, Ph-C), 110.5 (+, Ph-C), 102.3 (+, Ph-C), 83.5 (+, CH), 72.5 (+, 

CH). – ESI-MS: [C15H12O6+H]+: m/z calcd 289.07; found 289.11 – MP 205 °C dec. The 

analytical data are consistent with those reported in the literature.200 

General Procedure for acetyl protection of flavonoids 

To a suspension of the respective flavonoid (1 equiv.) in acetic anhydride (10 equiv.), iodine 

(0.07 equiv.) was added, and the reaction mixture was stirred 2 h at room temperature. For 

protected flavanones, ethyl acetate was added, and the mixture was washed with saturated 

Na2S2O3-solution (aq.) and saturated NaHCO3-solution (aq.). The organic layer was dried over 

Na2SO4, and the solvent was removed under reduced pressure. The crude products were 

recrystallized in a mixture of cyclohexane and ethyl acetate (1/1) and the products were 

obtained as white solid. 

For protected quercetin and fisetin, the precipitant was filtered off and washed with 

cyclohexane, saturated Na2S2O3-solution (aq.) and saturated NaHCO3-solution (aq.). The 

residues were dissolved in dichloromethane and washed with saturated NaHCO3-solution 

(aq.) and brine. The organic layer was dried over Na2SO4, and the solvent was removed under 

reduced pressure. The products were obtained as white solid. 

 

Penta-O-acetyl taxifolin (2-(3,4-diacetoxyphenyl)-4-oxochromane-3,5,7-triyl triacetate) 

Yield: 77 % – 1H NMR: (400 MHz, CDCl3): δ = 7.37 (dd, 3J = 8.4, 4J = 2.1 Hz, 1H, Ph), 7.28 (d, 

4J = 2.1 Hz, 1H, Ph), 7.25 (d, 3J = 8.4, 1H, Ph), 6.77 (d, 4J = 2.3, 1H), 6.59 (d, 4J = 2.2, 1H), 

5.64 (d, 3J = 12.3 Hz, 1H), 5.41 (d, 3J = 12.3 Hz, 1H), 2.36 (s, 3H, OAc), 2.28 (s, 6H, OAc), 

2.20 (s, 3H, OAc), 2.03 (s, 3H, OAc). – 13C NMR (100 MHz, CDCl3): δ = 184.8 (Cq, C=O), 

169.2 (Cq, CH3COO), 169.1 (Cq, CH3COO), 168.0 (Cq, CH3COO), 168.0 (Cq, CH3COO), 167.9 
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(Cq, CH3COO), 162.4 (Cq, Ph), 156.4 (Cq, Ph), 151.4 (Cq, Ph),  143.0 (Cq, Ph), 142.2 (Cq, Ph), 

133.5 (Cq, Ph-C), 125.3 (+, Ph-C), 123.8 (+, Ph-C), 122.8 +, Ph-C), 111.4 (+, Ph-C), 110.6 

(Cq, Ph-C), 109.0 (+, Ph-C), 80.3 (+, CH), 73.1 (+, CH), 22.1 (+, CH3COO), 20.9 (+, CH3COO), 

20.6 (+, CH3COO), 20.6 (+, CH3COO), 20.2 (+, CH3COO). – ESI-MS [C25H22O12+Na]+: m/z 

calcd 537.12; found 537.10. – MP 145 °C. Analytical data are consistent with those reported 

in the literature.201 

 

Penta-O-acetyl quercetin (2-(3,4-diacetoxyphenyl)-4-oxo-4H-chromene-3,5,7-triyl 

triacetate) 

Yield: 75 % – 1H NMR: (400 MHz, CDCl3): δ = 7.71 (dd, 3J = 8.4, 4J = 2.1 Hz, 1H, Ph), 7.69 (d, 

4J = 2.1 Hz, 1H, Ph), 7.35 (d, 3J = 8.5, 1H, Ph), 7.33 (d, 4J = 2.2 Hz, 1H, Ph), 6.87 (d, 4J = 2.2, 

1H, Ph), 2.43 (s, 3H, CH3COO), 2.33 (s, 6H, CH3COO), 2.32 (s, 6H, CH3COO). – 13C NMR 

(100 MHz, CDCl3): δ = 170.2 (Cq, C=O), 169.3 (Cq, CH3COO), 168.0 (Cq, CH3COO), 167.9 

(Cq, CH3COO), 167.9 (Cq, CH3COO), 167.8 (Cq, CH3COO),  157.0 (Cq, Ph-C),  154.4 (Cq, 2 x 

Ph-C), 153.9 (Cq, Ph-C), 150.5 (Cq, Ph-C), 144.5 (Cq, Ph-C), 142.3 (Cq, Ph-C), 134.2 (Cq, Ph-

C), 127.8 (+, Ph-C), 124.0 (+, Ph-C), 123.9 (+, Ph-C), 114.9 (+, Ph-C), 114.0 (+, Ph-C), 109.1 

(+, Ph-C), 21.3 (+, CH3COO), 21.2 (+, CH3COO), 20.7 (+, 2 x CH3COO), 20.6 (+, CH3COO). 

– ESI-MS [C25H21O12+H]+: m/z calcd 513.10; found 513.20 – MP 191 °C. Analytical data are 

consistent with those reported in the literature.149 

 

Tetra-O-acetyl eriodictyol (4-(5,7-diacetoxy-4-oxochroman-2-yl)-1,2-phenylene 

diacetate) 

Yield: 83 % – 1H NMR: (400 MHz, CDCl3): δ = 7.35 – 7.29 (m, 2H, Ar-H), 7.25 (d, 3J = 8.8 Hz, 

1H, Ar-H), 6.79 (d, 4J = 2.2, 1H), 6.55 (d, 4J = 2.2 Hz, 1H), 5.48 (dd, 3J = 13.6, 4J = 2.8 Hz, 

1H), 3.00 (dd, 2J = 16.7 Hz, 3J = 13.6 Hz, 1H), 2.80 (dd, 2J = 16.7, 3J = 13.6 Hz, 1H), 2.38 (s, 

3H, OAc), 2.31 (s, 3H, OAc), 2.30 (s, 3H, OAc), 2.30 (s, 3H, OAc). – 13C NMR (100 MHz, 

CDCl3): δ = 188.7 (Cq, C=O), 169.4 (Cq, CH3COO), 168.2 (Cq, CH3COO), 168.1 (Cq, CH3COO), 

168.0 (Cq, CH3COO), 163.0 (Cq, Ph-C), 156.1 (Cq, Ph-C), 151.4 (Cq, CH3COO) 142.5 (Cq, 2 x 

Ph), 137.0 (Cq, Ph-C), 124.3 (+, Ph-C), 124.0 (+, Ph-C), 121.5 (+, Ph-C),  111.9 (Cq, Ph-C), 

110.0 (+, Ph-C), 109.2 (+, Ph-C), 78.6 (+, CH), 60.5 (-, CH2), 21.3 (+, CH3COO), 21.1 (+, 

CH3COO), 20.8 (+, CH3COO) 20.7 (+, CH3COO). – ESI-MS [C23H21O10+H]+: m/z calcd 457.11; 

found 457.15. – MP 133 °C. Analytical data are consistent with those reported in the 

literature.202 
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Tetra-O-acetyl luteolin (4-(5,7-diacetoxy-4-oxo-4H-chromen-2-yl)-1,2-phenylene 

diacetate) 

Dibenzoyl peroxide (12 mg, 0.05 mmol) was added to a solution of tetra-O-eriodictyol 

(233 mg, 0.511 mmol) and N-bromosuccinimide (109 mg, 0.613 mmol) in chloroform (2.5 mL) 

and heated to reflux for 2 h. Chloroform was added (25 mL) and the mixture was washed with 

water (50 mL) and brine (25 mL). The organic layer was dried over Na2SO4, and the solvent 

was removed under reduced pressure. The crude product was purified by silica gel column 

chromatography using an eluent of cyclohexane and ethyl acetate (2/1 → pure ethyl acetate). 

The product was obtained as white solid in 60 % yield (139 mg, 0.306 mmol). 1H NMR: (400 

MHz, CDCl3): δ = 7.72 (dd, 3J = 8.5, 4J = 2.3 Hz, 1H, Ph), 7.69 (d, 4J = 2.1 Hz, 1H, Ph), 7.35 

(d, 3J = 8.5, 1H, Ph), 7.33 (d, 4J = 2.2 Hz, 1H, Ph), 6.85 (d, 4J = 2.2, 1H, Ph), 6.60 (s, 1H, 

C=CH), 2.43 (s, 3H, CH3COO), 2.33 (s, 6H, CH3COO), 2.31 (s, 3H, CH3COO). – 13C NMR 

(100 MHz, CDCl3): δ = 176.2 (Cq, C=O), 169.4 (Cq, CH3COO), 168.0 (Cq, 2 x CH3COO), 167.8 

(Cq, CH3COO), 160.8 (Cq, Ph-C), 157.6 (Cq, Ph-C), 154.1 (Cq, Ph-C), 150.3 (Cq, Ph-C), 144.9 

(Cq, Ph-C), 142.7 (Cq, Ph-C), 129.7 (Cq, Ph-C), 124.6 (+, Ph-C), 124.4 (+, Ph-C), 121.7 (+, Ph-

C), 115.0 (Cq, Ph-C), 113.9 (+, Ph-C), 109.1 (+, Ph-C), 109.0 (+, C=CH), 21.3 (+, CH3COO), 

21.1 (+, CH3COO), 20.8 (+, CH3COO), 20.7 (+, CH3COO). – ESI-MS [C23H19O10+H]+: m/z calcd 

455.10; found 455.15 – MP 213 °C. Analytical data are consistent with those reported in the 

literature.203-204 

 

Tetra-O-acetyl fustin (4-(3,7-diacetoxy-4-oxochroman-2-yl)-1,2-phenylene diacetate) 

Yield: 67 % – 1H NMR: (400 MHz, CDCl3): δ = 7.94 (d, 3J = 8.6 Hz, 1H, Ar-H), 7.41 (dd, 3J = 

8.4, 4J = 2.1 Hz, 1H, Ar-H), 7.32 (d, 4J = 2.1 Hz, 1H, Ar-H), 7.27 (d, 3J = 8.7, 1H, Ar-H), 6.87 

(dd, 3J = 8.6, 4J = 2.1, 1H), 6.84 (d, 4J = 2.1, 1H), 5.72 (d, 3J = 12.2 Hz, 1H), 5.44 (d, 3J = 12.2 

Hz, 1H), 2.31 (s, 3H, OAc), 2.30 (s, 6H, OAc), 2.07 (s, 3H, OAc). – 13C NMR (100 MHz, CDCl3): 

δ = 187.1 (Cq, C=O), 169.3 (Cq, CH3COO), 168.4 (Cq, CH3COO), 168.1 (Cq, CH3COO), 168.0 

(Cq, CH3COO), 161.7 (Cq, Ph-C), 157.1 (Cq, Ph-C), 142.9 (Cq, Ph), 142.2 (Cq, Ph), 133.9 (Cq, 

Ph-C), 129.1 (+, Ph-C), 125.4 (+, Ph-C), 123.9 (+, Ph-C), 122.9 (+, Ph-C),  117.6 (Cq, Ph-C), 

116.7 (+, Ph-C), 111.2 (+, Ph-C), 81.0 (+, CH), 73.7 (+, CH), 21.2 (+, CH3COO), 20.8 (+, 

CH3COO), 20.6 (+, CH3COO) 20.4 (+, CH3COO). – ESI-MS [C23H21O10+H]+: m/z calcd 457.11; 

found 457.10. – MP 138 °C. 
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Tetra-O-acetyl fisetin (4-(3,7-diacetoxy-4-oxo-4H-chromen-2-yl)-1,2-phenylene 

diacetate) 

Yield: 84 % – 1H NMR: (400 MHz, CDCl3): δ = 8.25 (d, 3J = 8.8 Hz, 1H, Ph), 7.77-7.74 (m, 2H, 

Ph), 7.40 (d, 4J = 2.1, 1H, Ph), 7.36 (d, 3J = 8.3 Hz, 1H, Ph), 7.18 (dd, 3J = 8.9 Hz, 4J = 1.74 Hz, 

1H, Ph), 2.36 (s, 3H, CH3COO), 2.35 (s, 3H, CH3COO), 2.33 (s, 6H, CH3COO). – 13C NMR 

(100 MHz, CDCl3): δ = 171.6 (Cq, C=O), 168.5 (Cq, CH3COO), 168.1 (Cq, CH3COO), 167.9 

(Cq, CH3COO), 167.9 (Cq, CH3COO), 156.0 (Cq, Ph-C), 155.0 (Cq, Ph-C), 154.9 (Cq, Ph-C), 

144.5 (Cq, Ph-C), 142.3 (Cq, Ph-C), 134.0 (Cq, Ph-C), 128.2 (Cq, Ph-C), 127.6 (+, Ph-C), 126.6 

(Cq, Ph-C), 124.1 (+, Ph-C), 124.0 (+, Ph-C),  121.4 (+, Ph-C), 119.8 (+, Ph-C), 111.1 (+, Ph-

C), 21.3 (+, CH3COO), 20.8 (+, 2 x CH3COO), 20.6 (+, CH3COO). – ESI-MS [C23H18O10+Na]+: 

m/z calcd 455.10; found 455.15 – MP 197 °C. 

 

General procedure for deprotection of the position 7 

The selective deprotection was done like previously described.[11] A solution of imidazole (2.00 

equiv.) in dichloromethane was added dropwise to an -15 °C cold solution of the respective 

peracetylted flavonoid in dichloromethane. The reaction mixture was warmed to room 

temperature and stirred for 2 hours. Dichloromethane was added and the solution was washed 

with 5 % HCl and brine. The organic layer was dried over Na2SO4, and the solvent was 

removed under reduced pressure. The crude product was purified by silica gel 

chromatography using an eluent of dichloromethane/methanol (40/1). The products were 

obtained as colourless foam. 

 

7-OH-Taxifolin (4-(3,5-diacetoxy-7-hydroxy-4-oxochroman-2-yl)-1,2-phenylene 

diacetate) 

Yield: 40 % – 1H NMR: (400 MHz, CDCl3): δ = 7.31 (dd, 3J = 8.4, 4J =2.1 Hz, 1H, Ph), 7.25 (d, 

4J = 2.1 Hz, 1H), 7.23 (d, 3J = 8.3 Hz, 1H, Ph), 6.19 (d, 4J = 2.3, 1H, Ph), 6.11 (d, 4J = 2.3, 1H, 

Ph) 5.58 (d, 3J = 12.1 Hz, 1H), 5.30 (d, 3J = 12.2 Hz, 1H), 2.37 (s, 3H, CH3COO), 2.31 (s, 3H, 

CH3COO), 2.30 (s, 3H, CH3COO), 2.00 (s, 3H, CH3COO). – 13C NMR (100 MHz, CDCl3): δ = 

185.8 (Cq, C=O), 170.7 (Cq, CH3COO), 169.6 (Cq, CH3COO), 168.7 (Cq, CH3COO), 168.6 (Cq, 

CH3COO), 164.0 (Cq, Ph-C), 163.2 (Cq, Ph-C), 152.0 (Cq, Ph-C), 142.8 (Cq, Ph-C), 142.1 (Cq, 

Ph-C), 134.2 (Cq, Ph-C), 125.7 (+, Ph-C), 123.9 (+, Ph-C), 122.9 (+, Ph-C), 111.4 (Cq, Ph-C), 

106.5 (+, Ph-C), 102.0 (+, Ph-C), 80.2 (+, CH), 73.1 (+, CH), 21.2 (+, CH3COO), 20.7 (+, 2 x 

CH3COO), 20.5 (+, CH3COO). – ESI-MS [C23H20O11+H]+: m/z calcd 473.11; found 473.05. 

MP 134 °C. Analytical data are consistent with those reported in the literature.205 
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7-OH-Quercetin (4-(3,5-diacetoxy-7-hydroxy-4-oxo-4H-chromen-2-yl)-1,2-phenylene 

diacetate) 

Yield: 48 % – 1H NMR: (400 MHz, CDCl3): δ = 7.66-7.64 (m, 2H, Ph), 7.29 (d, 3J = 9.1 Hz, 1H, 

Ph), 6.63 (d, 4J = 2.3 Hz, 1H, Ph), 6.50 (d, 4J = 2.3 Hz, 1H, Ph), 2.38 (s, 3H, CH3COO), 2.32 

(s, 3H, CH3COO), 2.31 (s, 6H, CH3COO). – 13C NMR (100 MHz, CDCl3): δ = 170.7 (Cq, C=O), 

170.2 (Cq, CH3COO), 168.8 (Cq, CH3COO), 168.2 (Cq, CH3COO), 168.1 (Cq, CH3COO), 162.1 

(Cq, Ph-C), 158.0 (Cq, Ph-C), 153.6 (Cq, Ph-C), 150.7 (Cq, Ph-C), 144.4 (Cq, Ph-C), 142.2 (Cq, 

Ph-C), 133.4 (Cq, Ph-C), 128.0 (Cq, Ph-C), 126.6 (+, Ph-C), 124.0 (+, Ph-C), 123.8 (+, Ph-C), 

110.3 (Cq, Ph-C), 109.7 (+, Ph-C), 101.3 (+, Ph-C), 21.2 (+, CH3COO), 20.8 (+, 2 x CH3COO), 

20.7 (+, CH3COO). – ESI-MS [C23H18O11+H]+: m/z calcd 471.08; found 471.10. MP 180 °C. 

Analytical data are consistent with those reported in the literature.149 

 

7-OH-Eriodictyol (4-(5-acetoxy-7-hydroxy-4-oxochroman-2-yl)-1,2-phenylene diacetate) 

Yield: 45 % – 1H NMR: (400 MHz, CDCl3): δ = 7.32 (d, 4J = 1.6 Hz, 1H, Ar-H), 7.26 (d, 3J = 

1.1 Hz, 2H, Ar-H), 6.20 (d, 4J = 2.3, 1H), 6.16 (d, 4J = 2.4 Hz, 1H), 5.35 (dd, 3J = 13.4, 4J = 2.8 

Hz, 1H), 2.93 (dd, 2J = 16.7 Hz, 3J = 13.5 Hz, 1H), 2.72 (dd, 2J = 16.7, 3J = 2.9 Hz, 1H), 2.43 

(s, 3H, OAc), 2.36 (s, 3H, OAc), 2.36 (s, 3H, OAc). – 13C NMR (100 MHz, CDCl3): δ = 188.7 

(Cq, C=O), 170.6 (Cq, CH3COO), 168.7 (Cq, CH3COO), 168.5 (Cq, CH3COO), 163.9 (Cq, Ph-C), 

163.3 (Cq, Ph-C), 151.9 (Cq, CH3COO), 142.3 (Cq, Ph-C), 142.2 (Cq, Ph-C), 137.4 (Cq, Ph-C), 

124.7 (+, Ph-C), 124.0 (+, Ph-C), 121.6 (+, Ph-C),  107.5 (Cq, Ph-C), 105.8 (+, Ph-C), 102.0 

(+, Ph-C), 78.4 (+, CH), 44.7 (-, CH2), 21.3 (+, CH3COO), 20.7 (+, 2 x CH3COO). – ESI-MS 

[C21H18O9+H]+: m/z calcd 415.10; found 415.15. – MP 128 °C.  

 

7-OH-Luteolin (4-(5-acetoxy-7-hydroxy-4-oxo-4H-chromen-2-yl)-1,2-

phenylene diacetate) 

Yield: 31 % – 1H NMR: (400 MHz, DMSO-d6): δ = 11.15 (s, 1H, OH), 8.00-7.98 (m, 2H, Ar-H), 

7.48 (d, 3J = 9.2 Hz, 1H, Ar-H), 6.95 (d, 4J = 2.3 Hz, 1H, Ar-H), 6.77 (s, 1H, C=CH), 6.57 (d, 4J 

= 2.3 Hz, 1H, Ar-H), 2.33 (s, 3H, CH3COO), 2.31 (s, 6H, CH3COO), 2.29 (s, 3H, CH3COO). – 

13C NMR (100 MHz, DMSO-d6): δ = 175.1 (Cq, C=O), 168.8 (Cq, CH3COO), 168.2 (Cq, 

CH3COO), 167.9 (Cq, CH3COO), 162.3 (Cq, Ph-C), 159.4 (Cq, Ph-C), 158.2 (Cq, Ph-C), 150.0 

(Cq, Ph-C), 144.5 (Cq, Ph-C), 142.5 (Cq, Ph-C), 129.4 (Cq, Ph-C), 124.7 (+, Ph-C), 124.5 (+, 

Ph-C), 121.7 (+, Ph-C), 109.4 (Cq, Ph-C), 108.8 (+, Ph-C), 107.9 (+, Ph-C), 100.9 (+, C=CH), 
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20.9 (+, CH3COO), 20.4 (+, CH3COO), 20.3 (+, CH3COO). – ESI-MS [C23H19O10+H]+: m/z calcd 

413.09; found 413.20 – MP 191 °C. The analytical data are consistent with those reported in 

the literature.204 

 

7-OH-Fustin (4-(3-acetoxy-7-hydroxy-4-oxochroman-2-yl)-1,2-phenylene diacetate) 

Yield: 44 % – 1H NMR: (400 MHz, CDCl3): δ = 7.80 (d, 3J = 8.6 Hz, 1H, Ar-H), 7.40 (dd, 3J = 

8.4, 4J = 2.1 Hz, 1H, Ar-H), 7.31 (d, 4J = 2.1 Hz, 1H, Ar-H), 7.25 (d, 3J = 8.6, 1H, Ar-H), 6.53 

(dd, 3J = 8.7, 4J = 2.3, 1H), 6.41 (d, 4J = 2.2, 1H), 5.67 (d, 3J = 12.2 Hz, 1H), 5.37 (d, 3J = 12.1 

Hz, 1H), 2.31 (s, 3H, OAc), 2.30 (s, 3H, OAc), 2.07 (s, 3H, OAc). – 13C NMR (100 MHz, CDCl3): 

δ = 186.8 (Cq, C=O), 169.7 (Cq, CH3COO), 168.3 (Cq, CH3COO), 168.3 (Cq, CH3COO), 163.7 

(Cq, 2 x Ph-C), 142.8 (Cq, Ph), 142.2 (Cq, Ph), 134.4 (Cq, Ph-C), 129.9 (+, Ph-C), 125.5 (+, 

Ph-C), 123.9 (+, Ph-C), 122.9 (+, Ph-C),  113.5 (Cq, Ph-C), 111.7 (+, Ph-C), 103.5 (+, Ph-C), 

80.8 (+, CH), 73.8 (+, CH), 20.8 (+, CH3COO), 20.7 (+, CH3COO), 20.5 (+, CH3COO). – ESI-

MS [C21H18O9+H]+: m/z calcd 415.11; found 415.15. – MP 143 °C. 

 

7-OH-Fisetin (4-(3-acetoxy-7-hydroxy-4-oxo-4H-chromen-2-yl)-1,2-phenylene diacetate) 

Yield: 30 %  – 1H NMR: (400 MHz, CDCl3): δ = 8.26 (d, 3J = 8.7, 1H, Ph), 7.72 (d, 4J = 2.1 Hz, 

1H, Ph), 7.69 (dd, 3J = 8.5, 4J = 2.2 Hz, 1H, Ph), 7.40 (d, 3J = 2.1 Hz, 1H, Ph), 7.17 (dd, 3J = 

8.7, 4J = 2.1 Hz, 1H, Ph), 7.13 (d, 3J = 8.5 Hz, 1H, Ph), 2.41 (s, 3H, CH3COO), 2.37 (s, 3H, 

CH3COO), 2.36 (s, 3H, CH3COO). – 13C NMR (100 MHz, CDCl3): δ = 170.2 (Cq, C=O), 168.2 

(Cq, CH3COO), 168.0 (Cq, CH3COO), 167.9 (Cq, CH3COO), 156.9 (Cq, Ph-C), 153.1 (Cq, Ph-

C), 152.4 (Cq, Ph-C), 144.1 (Cq, Ph-C), 142.1 (Cq, Ph-C), 132.8 (Cq, Ph-C), 127.8 (Cq, Ph-C), 

127.4 (+, Ph-C), 126.5 (Cq, Ph-C), 126.9 (+, Ph-C), 124.9 (+, Ph-C),  124.0 (+, Ph-C), 116.1 

(+, Ph-C), 103.1 (+, Ph-C), 20.8 (+, CH3COO), 20.7 (+, CH3COO), 20.6 (+, CH3COO). – ESI-

MS [C21H16O9+H]+: m/z calcd 413.36; found 413.30 – MP 213 °C. 

 

N-(4-Bromobutyl)cinnamamide 

To an ice-cold solution of cinnamic acid (174 mg, 1.17 mmol) and DMF (10 µL) in dry 

dichloromethane (10 mL) oxychloride (149 µL, 1.29 mmol) was added. The solution was 

stirred 1 h at room temperature before 4-bromobutan-1-amonie hydrobromide (300 mg, 

1.29 mmol) was added. A solution of NEt3 (734 µL, 5.27 mmol.) in dry dichloromethane (5 mL) 

was added and the reaction mixture was stirred 1 h. Water (30 mL) was added, and the 

mixture was extracted with dichloromethane (90 mL). The combined organic layers were 
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washed with 5 % HCl-solution (150 mL), saturated NaHCO3-solution (100 mL) and brine 

(50 mL) and dried over Na2SO4. The solvent was removed under reduced pressure and the 

product was obtained as pale-yellow solid in 80 % yield (287 mg). 

1H NMR: (400 MHz, CDCl3): δ = 7.62 (d, 3Jtrans = 15.6 Hz, 1H), 7.48 (m, 2H, Ph), 7.35 (m, 

3H, Ph), 6.41 (d, 3Jtrans = 15.6 Hz, 1H), 5.90 (s, 1H, NH), 3.43 (m, 4H, CH2), 1.99 – 1.88 (m, 

2H, CH2), 1.79 – 1.70 (m, 2H, CH2). – 13C NMR (100 MHz, CDCl3): δ = 166.2 (Cq, C=CONH), 

141.2 (+, HC=CH), 134.9 (Cq, Ph), 129.8 (+, Ph-C), 128.9 (+, 2 x Ph-C), 127.8 (+, 2 x Ph-C), 

120.7 (+, HC=CH), 38.9 (CH2) , 33.4 (CH2), 30.1 (CH2), 28.4 (CH2). – ESI-MS 

[C13H16BrNO+H]+: m/z calcd 282.05; found 282.10. – MP 101 °C. 

 

N-(4-Iodobutyl)cinnamamide 

A suspension of NaI (800 mg, 5.33 mol) and N-(4-bromobutyl)cinnamamide (287 mg, 

1.07 mmol) in dry acetone (10 mL) was heated to reflux for 1.5 h. The solution was diluted 

with water (20 mL) and extracted with ethyl acetate (80 mL). The organic layer was washed 

with water (50 mL) and brine (50 mL) and dried over Na2SO4. The solvent was removed under 

reduced pressure and the crude product was used directly without further purification. 

General procedure for ether synthesis and deprotection 

N-(4-iodobutyl)cinnamamide (1.2 equiv.) and K2CO3 (1 equiv.) were added to a solution of the 

respective 7-OH-flavonoid in dry DMF under argon atmosphere and stirred overnight (16 h) at 

room temperature. Dichloromethane was added and the organic layer was washed with 5 % 

HCl(aq.) and brine. The organic layer was dried over Na2SO4, and the solvent was removed 

under reduced pressure. The crude product was dissolved in acetonitrile and the same amount 

of concentrated HCl(aq.)
 was added. The reaction mixture was stirred 15 minutes at 70°C. Ethyl 

acetate was added, and the organic layer was washed with 5 % HCl(aq.) and brine. The organic 

layer was dried over Na2SO4, and the solvent was removed under reduced pressure. The 

crude product was purified using an Interchim Puri Flash 430 purification system equipped 

with a 12 g C18 50 µm spherical RP column as stationary phase. A mixture of A = water, B = 

methanol was used a mobile phase, V(B)/(V(A) + V(B)) = from 10 % to 70 % over 15 min, 

V(B)/(V(A)+V(B)) = 70 % for 35 min. The method was performed with a flow rate of 

30.0 mL/min. 

 

  



66 

Taxifolin-cinnamic acid amide (N-(4-((2-(3,4-dihydroxyphenyl)-3,5-dihydroxy-4-

oxochroman-7-yl)oxy)butyl)cinnamamide) 

The product was obtained as white solid in 15 % yield (40 mg). 

1H NMR: (400 MHz, DMSO-d6): δ = 11.46 (s, 1H, OH), 9.08 (s, 2H, OH), 8.12 (t, 3J = 5.7 Hz, 

1H, NH), 7.54 (d, 3J = 7.27 Hz, 2H, Ar-H), 7.42-7.34 (m, 4H, 3 x Ar-H, HC=CH), 6.89 (s, 1H, 

Ar-H), 6.75 (s, 2H, Ar-H), 6.61 (d, 3Jtrans = 15.8 Hz, 1H, HC=CH), 6.10 (d, 4J = 2.2 Hz, 1H, Ar-

H), 6.07 (d, 4J = 2.2 Hz, 1H), 5.78 (s, 1H, OH), 5.02 (d, 3J = 11.2 Hz, 1H, OCH), 4.54 (d, 3J = 

11.3 Hz, 1H, CH), 4.05 (t, 3J = 6.3 Hz, 2H, OCH2 ), 3.22 (q, 3J = 6.6 Hz, 2H, NCH), 1.72 (m, 

2H, CH2), 1.58 (m, 2H, CH2) ppm. – 13C NMR (100 MHz, DMSO-d6): δ 198.2 (Cq, C=O), 166.9 

(Cq, Ar-C), 164.8 (NC=O), 162.9 (Cq, Ar-C), 162.4 (Cq, Ar-C), 145.7 (Cq, Ar-C), 144.9 (Cq, Ar-

C), 138.4 (+, HC=CH), 134.9 (Cq, Ar-C), 129.3 (+, Ar-C), 128.9 (+, 2 x Ar-C), 127.8 (Cq, Ar-C), 

127.4 (+, 2 x Ar-C), 122.2 (+, HC=CH), 119.3 (+, Ar-C), 115.3 (+, Ar-C), 115.0 (+, Ar-C), 101.3 

(Cq, Ar-C), 95.2 (+, Ar-C), 94.1 (+, Ar-C), 83.1 (+, CH), 71.6 (+, CH), 68.0 (-, OCH2), 38.2 (-, 

NCH2), 25.9 (-, CH2), 25.6 (-, CH2) ppm. – ESI-MS [C28H27NO8+H]+: m/z calcd 506.18; found 

506.15. – MP 153 °C dec. 

Quercetin-cinnamic acid amide (N-(4-((2-(3,4-dihydroxyphenyl)-3,5-dihydroxy-4-oxo-

4H-chromen-7-yl)oxy)butyl)cinnamamide) 

The product was obtained as yellow solid in yield 10 % (15 mg). 

1H NMR: (400 MHz, DMSO-d6): δ = 12.46 (s, 1H, OH), 9.44 (s, 2H, OH), 8.15 (t, 3J = 5.8 Hz, 

1H, NH), 7.73 (d, 4J = 1.85 Hz, 1H, Ar-H), 7.58-7.53 (m, 3H, 3 x Ar-H), 7.45-7.34 (m, 4H, 3 x 

Ar-H, HC=CH), 6.89 (d, 1H, 3J = 8.4 Hz, Ar-H), 6.70 (dd, 1H, 3J = 8.05, 4J = 2.2 Hz, Ar-H), 6.62 

(d, 3Jtrans = 15.8 Hz, 1H, HC=CH), 6.33 (d, 4J = 2.2 Hz, 1H, Ar-H), 4.12 (t, 3J = 5.1 Hz, 2H, 

OCH2), 3.26 (q, 3J = 6.5 Hz, 2H, NCH), 1.73 (m, 2H, CH2), 1.62 (m, 2H, CH2) ppm. – 13C NMR 

(100 MHz, DMSO-d6): δ 175.9 (Cq, C=O), 164.9 (NC=O), 164.2 (Cq, Ar-C), 160.3 (Cq, Ar-C), 

156.0 (Cq, Ar-C), 147.8 (Cq, Ar-C), 147.2 (Cq, Ar-C), 145.0 (Cq, Ar-C), 138.4 (+, HC=CH), 136.0 

(Cq, Ar-C), 134.9 (Cq, Ar-C), 129.3 (+, Ar-C), 128.9 (+, 2 x Ar-C), 127.4 (+, 2 x Ar-C), 122.3 (+, 

HC=CH), 121.84 (Cq, Ar-C), 119.9 (+, Ar-C), 115.5 (+, Ar-C), 115.2 (+, Ar-C), 103.9 (Cq, Ar-

C), 97.4 (+, Ar-C), 92.2 (+, Ar-C), 68.1 (-, OCH2), 38.2 (-, NCH2), 26.0 (-, CH2), 25.7 (-, CH2) 

ppm. – ESI-MS [C28H25NO8+H]+: m/z calcd 504.16; found 504.15. – MP 205 °C dec. 
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Eriodictyol-cinnamic acid amide (N-(4-((2-(3,4-dihydroxyphenyl)-5-hydroxy-4-

oxochroman-7-yl)oxy)butyl)cinnamamide) 

The product was obtained as white solid in 55 % yield (31 mg). 

1H NMR: (400 MHz, DMSO-d6): δ = 12.10 (s, 1H, OH), 9.04 (s, 2H, OH), 8.13 (t, 3J = 5.7 Hz, 

1H, NH), 7.58 – 7.51 (m, 2H, Ar-H), 7.45 – 7.34 (m, 4H, Ar-H), 6.89 (d, 4J = 1.3 Hz, 1H, Ar-H), 

6.75 (d, 4J = 1.2 Hz, 2H, Ar-H), 6.62 (d, 3Jtrans = 15.8 Hz, 1H, HC=CH), 6.08 (d, 4J = 2.3 Hz, 

1H, Ar-H), 6.07 (d, 4J = 2.3 Hz, 1H, Ar-H), 5.41 (dd, 3Jtrans = 12.5, 3Jcis = 3.0 Hz, 1H, OCH), 

4.05 (t, 3J = 6.4 Hz, 2H, OCH2), 3.27 – 3.17 (m, 3H, CH2, CH), 2.71 (dd, 2J = 17.2, 3Jcis = 3.1 

Hz, 1H, CH), 1.73 (m, 2H, CH2), 1.58 (m, 2H, CH2). ppm. – 13C NMR (100 MHz, DMSO-d6): δ 

196.28(Cq, C=O), 166.7 (Cq, Ar-C), 164.8 (NC=O), 163.1 (Cq, Ar-C), 162.8 (Cq, Ar-C), 145.8 

(Cq, Ar-C), 145.2 (Cq, Ar-C), 138.5 (+, HC=CH), 134.9 (Cq, Ar-C), 129.4 (+, Ar-C), 129.3 (Cq, 

Ar-C), 128.9 (+, 2 x Ar-C), 127.4 (+, 2 x Ar-C), 122.3 (+, HC=CH), 117.9 (+, Ar-C), 115.3 (+, 

Ar-C), 114.3 (+, Ar-C), 102.5 (Cq, Ar-C), 94.9 (+, Ar-C), 94.1 (+, Ar-C), 78.6 (+, CH), 67.9 (-, 

OCH2), 42.1 (-, CH2), 38.2 (-, NCH2), 25.9 (-, CH2), 25.6 (-, CH2) ppm. – ESI-MS 

[C28H27NO7+H]+: m/z calcd 490.18; found 490.20. – MP 164 °C dec. 

 

Luteolin-cinnamic acid amide (N-(4-((2-(3,4-dihydroxyphenyl)-5-hydroxy-4-oxo-4H-

chromen-7-yl)oxy)butyl)cinnamamide) 

The product was obtained as yellow solid in 15 % yield (11 mg). 

1H NMR: (400 MHz, DMSO-d6): δ = 12.96 (s, 1H, OH), 8.15 (t, 3J = 5.7 Hz, 1H, NH), 7.55 (m, 

2H), 7.46 – 7.33 (m, 6H), 6.89 (d, 3J = 8.1 Hz, 1H, Ar-H), 6.74 – 6.69 (m, 2H, C=CH, Ar-H), 

6.63 (d, 3Jtrans = 15.8, 1H), 6.36 (d, 4J = 2.2 Hz, 1H, Ar-H), 4.13 (t, 3J = 6.6 Hz, 2H, OCH2), 3.33 

– 3.22 (q, 3J = 6.5 Hz, 2H, NCH), 1.78 (m, 2H, CH2), 1.64 (m, 2H, CH2) ppm. – 13C NMR (100 

MHz, DMSO-d6): δ 181.7 (Cq, C=O), 164.8 (NC=O), 164.4 (Cq, Ar-C), 164.2 (Cq, Ar-C), 161.1 

(Cq, Ar-C), 157.2 (Cq, Ar-C), 146.9 (Cq, Ar-C), 145.8 (Cq, Ar-C), 138.4 (+, HC=CH), 134.9 (Cq, 

Ar-C), 129.3 (+, Ar-C), 128.9 (+, 2 x Ar-C), 127.4 (+, 2 x Ar-C), 122.2 (+, HC=CH), 121.3 (Cq, 

Ar-H), 119.9 (+, Ar-C), 115.9 (+, Ar-C), 113.4 (+, Ar-C), 104.5 (Cq, Ar-C), 102.9 (+, Ar-C), 98.3 

(+, Ar-C), 92.9 (+, Ar-C), 68.1 (-, OCH2), 38.2 (-, NCH2), 25.9 (-, CH2), 25.6 (-, CH2) ppm. – 

ESI-MS [C28H25NO7+H]+: m/z calcd 488.17; found 488.20. – MP 209 °C. 
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Fustin-cinnamic acid amide (N-(4-((2-(3,4-dihydroxyphenyl)-3-hydroxy-4-oxochroman-

7-yl)oxy)butyl)cinnamamide) 

The product was obtained as off-white solid in 11 % yield  (5 mg). 

1H NMR: (400 MHz, DMSO-d6): δ = 8.13 (s, 1H, t, 3J = 5.6 Hz, 1H, NH), 7.69 (d, 3J = 8.8 Hz, 

1H, Ar-H), 7.58 – 7.51 (m, 2H, Ar-H), 7.44 – 7.34 (m, 4H, 3 x Ar-H, C=CH), 6.89 (d, 4J = 2.0 

Hz, 1H, Ar-H), 6.76 (dd, 3J = 8.16 , 4J = 1.9 Hz, 1H, Ar-H), 6.73 (d, J = 8.16 Hz, 1H, Ar-H), 

6.67 (dd, 3J = 8.8, 4J = 2.3 Hz, 1H, Ar-H), 6.61 (d, 3Jtrans = 15.9 Hz, 1H, C=CH), 6.56 (d, 4J = 

2.3 Hz, 1H, Ar-H), 5.01 (d, 3J = 11.4 Hz, 1H, CH), 4.45 (d, 3J = 11.4 Hz, 1H, CH), 4.08 (t, 3J = 

6.6 Hz, 2H, OCH2), 3.24 (m, 2H, NCH2), 1.76-1.72 (m, 2H, CH2), 1.64 – 1.55 (m, 2H, CH2) 

ppm. – 13C NMR (100 MHz, DMSO-d6): δ 192.6 (Cq, C=O), 165.0 (Cq, Ar-C), 164.8 (Cq, NC=O), 

162.8 (Cq, Ar-C), 145.8 (Cq, Ar-C), 144.9 (Cq, Ar-C), 138.4 (+, HC=CH), 134.9 (Cq, Ar-C), 129.3 

(+ Ar-C), 128.8 (+, 2 x Ar-C), 128.2 (+, Ar-C), 127.4 (+, 2 x Ar-C), 125.5 (Cq, Ar-C), 122.3 (+, 

HC=CH), 119.5 (+, Ar-C), 115.3 (+, Ar-C), 115.0 (+, Ar-C), 114.4 (Cq, Ar-C), 110.4 (+, Ar-C), 

101.2 (+, Ar-C), 83.6 (+, CH), 72.5 (+, CH), 67.8 (-, OCH2), 38.2 (-, NCH2), 25.9 (-, CH2), 25.7 

(-, CH2) ppm. – ESI-MS [C28H27NO7+H]+: m/z calcd 490.18; found 490.15. – MP 169 °C. 

 

Fisetin-cinnamic acid amide (N-(4-((2-(3,4-dihydroxyphenyl)-3-hydroxy-4-oxo-4H-

chromen-7-yl)oxy)butyl)cinnamamide)  

The product was obtained as yellow solid in 12 % yield  (12 mg). 

1H NMR: (400 MHz, DMSO-d6): δ = 9.23 (s, 2H, OH), 8.15 (t, 3J = 5.2 Hz, 1H, NH), 7.91 (d, 

1H, 3J = 8.5 Hz, Ar-H), 7.70 (d, 4J = 2.2 Hz, 1H, Ar-H), 7.62 (dd, 1H, 3J = 8.6, 4J = 2.2 Hz,   7.56 

– 7.53 (m, 3H, 3 x Ar-H,), 7.45 – 7.35 (m, 4H, Ar-H, HC=CH), 7.07 (d, 1H, 3J = 8.7 Hz, Ar-H), 

6.87 (d, 1H, 4J = 2.2 Hz, Ar-H), 6.63 (d, 3Jtrans = 15.8 Hz, 1H, HC=CH), 4.08 (t, 3J = 6.3 Hz, 2H, 

OCH2), 3.27 (q, 3J = 6.5 Hz, 2H, NCH), 1.80 (m, 2H, CH2), 1.65 (m, 2H, CH2) ppm. – 13C NMR 

(100 MHz, DMSO-d6): δ 171.9 (Cq, C=O), 164.8 (NC=O), 162.7 (Cq, Ar-C), 156.4 (Cq, Ar-C), 

156.2 (Cq, Ar-C), 148.1 (Cq, Ar-C), 146.5 (Cq, Ar-C), 145.4 (Cq, Ar-C), 138.4 (+, HC=CH), 134.9 

(Cq, Ar-C), 129.3 (+, Ar-C), 128.8 (+, 2 x Ar-C), 127.4 (+, 2 x Ar-C), 126.4 (+, Ar-C), 122.3 (+, 

HC=CH), 121.8 (Cq, Ar-C), 119.3 (+, Ar-C), 115.5 (+, Ar-C), 114.5 (+, Ar-C), 113.8 (Cq, Ar-C), 

112.9 (+, Ar-C), 101.7 (+, Ar-C), 67.9 (-, OCH2), 38.3 (-, NCH2), 26.1 (-, CH2), 25.8 (-, CH2) 

ppm. – ESI-MS [C28H25NO7+H]+: m/z calcd 488.16; found 488.15– MP 218 °C. 
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HPLC-chromatograms for Purity Control of the Target Compounds 

Purity of the synthesis products was determined by HPLC (Shimadzu Products), containing a 

DGU-20A3R degassing unit, a LC20AB liquid chromatograph, and an SPD-20A UV/vis 

detector. UV detection was measured at 254 nm. Mass spectra were obtained by a LCMS 

2020 (Shimadzu Products) running in positive ionisation mode. As a stationary phase, a 

Synergi 4U fusion-RP (150 mm × 4.6 mm) column was used, and as a mobile phase, a 

gradient of methanol/water with 0.1 % (v/v) formic acid. Parameters: A = water, B = methanol, 

V(B)/(V(A) + V(B)) = from 5 % to 90 % over 10 min, V(B)/(V(A)+V(B)) = 90 % for 5 min, 

V(B)/(V(A) + V(B)) = from 90 % to 5 % over 3 min. The method was performed with a flow rate 

of 1.0 mL/min. 

 

Taxifolin-CA 
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Fisetin-CA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8.2 Biology 
 

Cell Culture general procedures 

HT22 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, Sigma Aldrich, Munich 

Germany) supplemented with 10 % (v/v) fetal calf serum (FCS) and 1 % (v/v) penicillin-

streptomycin. BV-2 cells were grown in low glucose DMEM (Invitrogen, Carlsbad, CA, USA) 

supplemented with 10 % FCS and 1 % (v/v) penicillin-streptomycin. Cells were subcultured 

every two days and incubated at 37°C with 5 % CO2 in a humidified incubator. 

Compounds were dissolved in dimethyl sulfoxide (DMSO, Sigma Aldrich, Munich, Germany) 

as stock solutions and diluted further into culture medium. 

For determination of cell viability, a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl 

tetrazolium bromide (MTT, Sigma Aldrich, Munich, Germany) assay was used. MTT solution 

(4 mg/mL in PBS) was diluted 1:10 with medium and added to the wells after removal of the 

old medium. Cells were incubated for 3 hours and then lysis buffer (10 % SDS) was applied. 

The next day, absorbance at 560 nm was determined with a multiwell plate photometer 

(Tecan, SpectraMax 250). 
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Oxytosis in HT22 cells 

HT22 cells were seeded into sterile 96-well plates at a density of 5 x 103 per well and incubated 

overnight. The medium was exchanged, and cells were treated with 5 mM glutamate 

(monosodium-L-glutamate, Sigma Aldrich, Munich, Germany) alone or together with 1.56, 

3.12, 6.25 or 12.5 µM of the respective compound. After 24 hours 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 three independent experiments. 

Analysis was accomplished using GraphPad Prism 5 Software applying Oneway ANOVA 

followed by Dunnett’s multiple comparison posttest. Levels of significance: * p < 0.05; ** p < 

0.01; *** p < 0.001. 

 

Reactive oxygen species (ROS) measurement 

HT22 cells were seeded into sterile black walled 96-well plates at a density of 5 x 103 per well 

and incubated overnight. The medium was exchanged, and cells were treated with 5 mM 

glutamate (monosodium-L-glutamate, Sigma Aldrich, Munich, Germany) alone or together 

with 1.56, 3.12, 6.25 or 12.5 µM of the respective compound for 6 hours. The medium was 

removed and 100 µL phenol red-free Hank's balanced salt solution (Sigma Aldrich, Munich, 

Germany) containing 1 µM CM-H2DCFDA (Thermo Fisher Scientific, Darmstadt, Germany) 

was added. After 20 min incubation, fluorescence (λ excitation = 495 nm, λ emission = 

525 nM) was determined using a Tecan Infinite M Plus microplate reader or subjected to 

fluorescence microscopy using a Zeiss Axiovert Observer fluorescence microscope. 

Fluorescence was normalized to control cells not exposed to glutamate. Images were 

processed with the ZEN 3.4 (blue edition) software. Data is expressed as means ± SEM of 

three independent experiments. Analysis was accomplished using GraphPad Prism 5 

Software applying Oneway ANOVA followed by Dunnett’s multiple comparison posttest. 

Levels of significance: */# p < 0.05; **/## p < 0.01; ***/### p < 0.001. 

 

Ferroptosis in HT22 cells 

HT22 cells were seeded into sterile 96-well plates at a density of 3 x 103 per well and incubated 

overnight. The medium was exchanged, and cells were treated with 300 nM RSL-3 (Sigma 

Aldrich, Munich, Germany) alone or together with 1.56, 3.12, 6.25 or 12.5 µM of the respective 

compound. After 24 hours 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 three independent experiments. Analysis was accomplished 
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using GraphPad Prism 5 Software applying Oneway ANOVA followed by Dunnett’s multiple 

comparison posttest. Levels of significance: * p < 0.05; ** p < 0.01; *** p < 0.001. 

 

ATP depletion in HT22 cells 

HT22 cells were seeded into sterile 96-well plates at a density of 3 x 103 per well and incubated 

overnight. The medium was exchanged, and cells were treated with 17.5 µM iodoacetic acid 

(IAA) (Sigma Aldrich, Munich, Germany) alone or together with 1.56, 3.12, 6.25 or 12.5 µM of 

the respective compound. After 24 hours 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 three independent experiments. Analysis was 

accomplished using GraphPad Prism 5 Software applying Oneway ANOVA followed by 

Dunnett’s multiple comparison posttest. Levels of significance: * p < 0.05; ** p < 0.01; *** p < 

0.001. 

 

Cellular uptake experiments and stability in cell culture medium 

  

BV-2 cells or HT22 cells were grown in sterile 100 mm dishes at a density of 8 x 106 cells 

overnight. The next day, 50 µM taxifolin-CA diluted in cell culture medium (4 mL) was added. 

Cells were incubated for the indicated time periods, after which the supernatant was removed, 

and cells were washed twice with PBS. Further PBS (1 mL) was added, cells were scraped 

and transferred to Eppendorf tubes. The samples were centrifuged (10000 x g for 5 minutes) 

and resuspended in 200 µL of MeOH. The cells were frozen in liquid nitrogen and thawed at 

37 °C (10 times). Cell debris was pelleted by centrifugation (10000 x g for 10 minutes) and the 

supernatant was collected for HPLC analysis using the HPLC system described above 

equipped with a Synergi 4U fusion-RP (250 mm × 10 mm) column as a stationary phase. As 

a mobile phase, a gradient of methanol/water with 0.1 % (v/v) formic acid. Parameters: A = 

water, B = methanol, V(B)/(V(A) + V(B)) = from 5 % to 80 % over 20 min, V(B)/(V(A)+V(B)) = 

80 % for 10 min, V(B)/(V(A) + V(B)) = from 80 % to 5 % over 5 min. The method was performed 

with a flow rate of 1.0 mL/min and the injection volume was 50 µL. 

For stability experiments, taxifolin-CA was diluted in Dulbecco’s Modified Eagle Medium 

(DMEM, Sigma Aldrich, Munich Germany) supplemented with 10 % (v/v) fetal calf serum 

(FCS) and 1 % (v/v) penicillin-streptomycin to a final concentration of 50 µM and incubated for 

the indicated time period at 37 °C in an Eppendorf Thermo Mixer F1.5. The solution was mixed 

1/1 with ice-cold methanol and precipitant was removed by centrifugation (10000 x g for 10 
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minutes). The supernatant was subjected to HPLC-UV/MS analysis and quantification was 

done by calibration curve. 

 

 

Figure 29: Calibration curve of taxifolin-CA. Injections were done in triplicates.  

Y axis fraction = -124431.28, slope = 106014.18, R2 = 0.9959. 
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9. Abbreviations 
 

12/15 LOX 12/15 lipid oxygenase  

AD Alzheimer´s disease 

ANOVA analysis of variance 

APP amyloid precursor protein  

ATP adenosin triphosphate 

Aβ β-amyloid  

B.C. before christ 

BBB blood brain barrier 

BPO benzoyl peroxide  

CA cinnamic acid 

CD clyco dextrine 

cGMP cyclic guanosine monophosphate  

COMT catechol-O-methyltransferase 

DMF dimethyl formamide 

DMSO dimethyl sulfoxide 

DPPH 2,2-diphenyl-1-picrylhydrazyl 

E. californicum Eriodictyon californicum 

E. coli Escherichia coli 

ECD electron capture detector 

EGCG epigallocatechin-3-gallate 

EtOH ethanol 

FCS fetal bovine serum  

FRAP ferric ion reducing antioxidant parameter 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

GPx4 glutathione peroxidase 4  

GSH glutathione 

HBA hydrogen bond acceptor 

HBD hydrogen bond donor 

HBr hydrobromic acide 

HCl hydrochloric acid 

HPLC high-pressure liquid chromatography 

IAA iodoacetic acid  

IB inclusion bodies  

icv intracerebroventricular 
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IL-6 interleukin 6  

ip intraperitoneal 

KOH potassium hydroxide 

LPS lipopolysaccharide 

MCI mild cognitive impairment 

MeCN acetonitrile 

MeOH methanol 

MOM methoxymethyl 

MS mass spectrometry 

NaH sodium hydride 

NaOAc sodium acetate 

NaOH sodium hydroxide 

NBS N-bromosuccinimide 

NFT neurofibrillary tangles 

nm nanometer 

NMR nuclear magnetic resonance 

NO nitrogen monoxide 

Nrf2 nuclear factor (erythroid-derived 2)-related factor 2  

PAINS pan assay interference compounds 

PD Parkinson´s disease 

PDA photodiode-array  

PEG polyethylene glycol  

r.t. room temperature 

rac.  racemic 

ROS  reactive oxygen species 

SAR structure-activity relationship 

SEM standard error of mean 

SP senile plaques  

STPA step-through passive-avoidance assay 

TFA trifluoroacetic acid 

Th-S thioflavin-S  

TLC thin layer chromatography 

TNF-α tumor necrosis factor-alpha  

UV ultraviolet 

v vehicle 

YMT Y-maze test  
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resulting mixture was transferred to a separatory funnel and washed with 1M HCl and brine. The organic 

layer was dried over Na2SO4 and the solvent was removed under reduced pressure. The crude product 

was purified by silica gel chromatography using a mixture of cyclohexane and ethyl acetate (4:1) as the 

eluent. The product was obtained as a white solid in 54% yield (332 mg, 1.82 mmol). The analytical 

data were consistent with those reported in the literature.[1] 1H NMR (400 MHz, CDCl3): δ 5.92 (s, 2H, 

Ar-H), 3.79 (s, 3H, OCH3), 2.67 ppm (s, 3H, CH3); 13C-NMR (100 MHz, CDCl3): δ 203.4 (C=O), 165.8 

(Cq, Ar-C), 105.2 (Cq, Ar-C), 96.5 (Cq, Ar-C), 94.4 (2x +, Ar-C), 90.8 (Cq, Ar-C), 55.7 (OCH3), 32.97 ppm 

(CH3); ESI-MS: m/z calcd for C9H10O4+H+: 183.06; found 183.15. 

 

Protected acetophenone 7. To a mixture of NaH (290 mg, 12.1 mmol) in dry DMF (3 mL), a solution 

of SI-15 (489 mg, 2.68 mmol) in dry DMF (5 mL) was added dropwise at 4 °C under an argon 

atmosphere and the reaction mixture was stirred for 45 min at room temperature. Chloromethyl methyl 

ether (919 µL, 12.1 mmol) was slowly added over a period of 15 min keeping the temperature under 

5 °C. The reaction mixture was stirred overnight (16 h) at room temperature, then water was added, 

and the mixture was extracted with ethyl acetate. The combined organic layers were dried over Na2SO4 

and the solvent was removed under reduced pressure. The crude product was purified by silica gel 

chromatography using a mixture of cyclohexane and ethyl acetate (4/1) as the eluent. The product was 

obtained as a colorless oil in 90% yield (650 mg). The analytical data were consistent with those 

reported in the literature.[2] 1H-NMR: (400 MHz, CDCl3): δ 6.38 (s, 2H, 2 Ar-H), 5.14 (s, 4H, CH2OCH3), 

3.78 (s, 3H, OCH3), 3.46 (s, 6H, CH2OCH3), 2.49 ppm (s, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 

201.5 (Cq, C=O), 162.0 (Cq, Ar-C), 155.6 (Cq, 2 Ar-C), 116.0 (Cq, Ar-C), 95.2 (-, 2 CH2OCH3), 94.9 (+, 

2 Ar-C), 56.4 (+, 2 CH2OCH3). 55.6 (+, OCH3), 32.7 ppm (+, CH3); ESI-MS: m/z calcd for C13H18O6+H+: 

271.11, found 271.22. 

 

Benzaldehyde 8. To a solution of S16 (800 mg, 5.79 mmol) in dry DMF (10 mL), K2CO3 (7.20 g, 

52.1 mmol) was added at 4 °C under argon atmosphere. Chloromethyl methyl ether (1.30 mL, 

26.1 mmol) was slowly added over a period of 15 min keeping the temperature under 5 °C. The reaction 

mixture was stirred at room temperature overnight (16 h), quenched by addition of cold distilled water, 

and extracted with ethyl acetate. The combined organic layer was washed with distilled water and brine 
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and dried over Na2SO4. The solvent was removed under reduced pressure and the crude product was 

purified by silica gel column chromatography using a mixture of cyclohexane and ethyl acetate (4:1). 

The product was obtained as a white solid in 96 % yield (1.25 g, 5.54 mmol). The analytical data were 

consistent with those reported in the literature.[3] 1H NMR: (400 MHz, CDCl3): δ 9.87 (s, 1H, CHO), 7.68 

(d, 4J = 2.0 Hz, 1H, Ar-H), 7.51 (dd, 3J = 8.3, 4J = 2.0 Hz, 1H, Ar-H), 7.28 (d, 3J = 8.3 Hz, 1H, Ar-H), 

5.33 (s, 2H, CH2OCH3), 5.30 (s, 2H, CH2OCH3), 3.53 (s, 3H, CH2OCH3), 3.52 ppm (s, 3H, CH2OCH3); 

13C NMR (100 MHz, CDCl3): δ 190.9 (Cq, CHO), 152.7 (Cq, Ar-C), 147.5 (Cq, Ar-C), 131.2 (Cq, Ar-C), 

126.4 (+, Ar-C), 116.0 (+, Ar-C), 115.5 (+, Ar-C), 95.5 (-, CH2OCH3), 95.1 (-, CH2OCH3), 56.6 (+, 

CH2OCH3), 56.5 ppm (+, CH2OCH3); ESI-MS: m/z calcd for C11H14O5+H+: 227.09; found 227.1. 

 

 

Tri-O-acetylsterubin (11). To a suspension of sterubin (1) (194 mg, 0.642 mmol) in Ac2O (3 mL), 

iodine (6 mg, 44.9 µmol) was added. The reaction mixture was stirred at room temperature for 2 h. Ethyl 

acetate was added, and the mixture was washed with a saturated aqueous Na2S2O3 solution, a 

saturated aqueous NaHCO3 solution and brine. The organic layer was dried over Na2SO4 and the 

solvent was removed under reduced pressure. The crude product was purified by silica gel 

chromatography using an eluent of cyclohexane and ethyl acetate (2:1). The product was obtained as 

white solid in 70% yield (193 mg). The analytical data were consistent with those reported in the 

literature.[4] 1H NMR: (400 MHz, CDCl3): δ 7.30-7.16 (m, 3H, Ar-H), 6.36 (d, 4J = 2.5 Hz, 1H, Ar-H), 6.23 

(d, 4J = 2.5 Hz, 1H, Ar-H), 5.38 (dd, 3Jtrans = 13.5, 3Jcis = 2.9 Hz, 1H), 3.77 (s, 3H, OCH3), 2.90 (dd, 2J = 

16.7, 3Jtrans = 13.4 Hz, 1H), 2.68 (dd, 2J = 16.7, 3Jcis = 2.9 Hz, 1H), 2.32 (s, 3H, CH3COO), 2.24 (s, 6H, 

2x CH3COO); 13C NMR (100 MHz, CDCl3): δ 188.3 (Cq, C=O), 169.5 (Cq, CH3COO), 168.2 (Cq, 

CH3COO), 168.2 (Cq, CH3COO), 165.6 (Cq, Ar-C), 164.0 (Cq, Ar-C), 151.9 (Cq, Ar-C), 142.4 (Cq, Ar-C), 

142.4 (Cq, Ar-C), 137.3 (Cq, Ar-C), 124.3 (+, Ar-C), 123.9 (+, Ar-C), 121.4 (+, Ar-C), 108.0 (Cq, Ar-C), 

105.0 (+, Ar-C), 99.6 (+, Ar-C), 78.5 (+, OCH), 55.9 (+, OCH3), 45.1 (-, CH2), 21.2 (CH3COO), 20.7 

(CH3COO), 20.7 (CH3COO); ESI-MS: m/z calcd for C22H20O9+H+: 429.12; found 429.15. 
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2. Racemization in Cell Culture Medium 

 

 

 

 

 

 

 

(R)-Sterubin [(R)-1)] was dissolved in DMSO and diluted to a final concentration of 50 µM in Dulbecco’s 

Modified Eagle Medium (DMEM, Sigma Aldrich, Munich, Germany) supplemented with 10% (v/v) fetal 

calf serum (FCS) and 1% (v/v) penicillin-streptomycin. The samples were further diluted 1:1 with 

methanol and centrifuged at 12,000 rpm for 10 min. The supernatants were analyzed by HPLC on a 

ChiralPak IA® column (10 x 25 mm, 5 µm, Daicel Chemical Industries) using a gradient system with 

initial conditions 32% B (B: 90% MeCN in water + 0.05% TFA) to 60% B in 29 min. 

  

 
 

Figure SI-1: Chromatogram of (R)-1 immediately after dissolving the 

enantiomerically pure compound in DMSO and dilution in cell culture medium. 

(R)-1 (S)-1
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3. Cytotoxicity of 1 

The human induced pluripotent stem cell line IMR90-4 was differentiated to blood-brain barrier 

endothelial cells (EC) as previously described.[5] Differentiated ECs were plated to three wells per 

condition on a collagen IV/fibronectin coated 96-well plate (1 x 106 cells/cm²) in EC medium (hESFM + 

B27) additionally containing hbFGF and retinoic acid. On the next day, medium was changed to EC 

medium. 48 h after seeding, the cells were treated with a dosage of sterubin (1) in DMSO (0.5, 5 and 

50 mg/L) and placed for 24 h in a 5 % CO2 incubator at 37 °C. A control of either EC medium (negative 

control), 1 % SDS (positive control) or a 1:1000 dilution of DMSO (cell blank) in EC medium (highest 

applied sample concentration) were tested in parallel. Upon completion of the treatment, the wells were 

washed with PBS and 200 µl CellTiter-Glo® solution (CellTiter-Glo® Luminescent Cell Viability Assay, 

Promega) was added per well at a 1:2 ratio in EC medium. The plate was transferred into a plate reader, 

mixed for 2 min following an incubation time of 10 min. After incubation, the luminescence of each 

sample was measured. The cell viability was calculated using the negative control (100 % viability) as 

a reference. 

 

 

 

  

 
Figure SI-2: Cell viability of hiPSC-derived endothelial cells after Sterubin treatment. After treatment 

with 50, 5.0 and 0.5 mg/l Sterubin for 24 hours the cell viability of hiPSC-derived BBB ECs was 

measured via CellTiter-Glo® test. Only significant cell death was measured in the positive control (1% 

SDS). All Sterubin concentrations showed mostly unaffected cell viability. Results are presented as 

mean ± SD of three independent experiments and refer to untreated control cells which were set as 

100% value. Statistical analysis was performed using One-Way ANOVA followed by Dunnett’s multiple 

comparison posttest using GraphPad Prism 5. Levels of significance: * p < 0.05; ** p < 0.01; *** p < 

0.001.   
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4. Mouse Body Weight 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 

Figure SI-3: (A) Development of body weight. Weight loss was observed on day 2, induced by stress 

from ICV injection. Animals recovered during the following day. The data show mean; (B) average 

weight gain from day 2-7. The data show mean ± SEM. ANOVA: F(4,77) = 2.87, p = 0.029, n = 12-18. 

Data were not significantly different from those of the Aβ+V2-treated group, Dunnett's test. 
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5.  Protocol Mouse Treatment 
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Figure SI-4: Time regime for the in vivo experiments. Abbreviations: Cpd., compound; ICV, 

intracerebroventricular injection; YMT, Y-maze spontaneous alternation test; ST-PA, step-

through passive avoidance test. 
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1. Parametrization of the C-C-N-N dihedral angle 
 
The capability of the general Amber force field (GAFF) to properly describe the chemistry of the 

azobioisosteres investigated in this study was evaluated through preliminary MD simulations (data not 

shown). Accordingly, since no energy barrier was observed for the Car=Car-N=N torsional, a proper 

parametrization of this torsional was carried out prior to proceed to MD simulations with Aβ42. MM 

parameters were generated by fitting the MM potential energy of the Car=Car-N=N torsional on the QM-

derived potential energy profile for the same torsional, derived from a relaxed scan performed at the 

M062X/6-31G(d) level in vacuo (see Table S1).  

 
Table S1. Energy profiles for the selected torsion in azobenzenes determined by fitting quantum 

mechanical data. All energy values are in kcal/mol. 

 

 
DIHEDRAL ANGLE (degrees) 

ca-ca-nf-ne dihedral 
angle 

(degrees) 
ΔE (M062X) 

 
ΔE (MM default)  

ΔE (MM fitted) 

0 0.00 2.05 0.00 

15 0.15 1.86 0.19 

30 0.72 1.40 0.83 

45 1.89 0.86 2.04 

60 3.56 0.40 3.72 

75 5.16 0.15 5.36 

90 5.94 0.06 6.09 

105 5.43 0.11 5.43 

120 3.92 0.38 3.91 

135 2.19 0.79 2.22 

150 0.91 1.35 0.96 

165 0.27 1.85 0.26 

180 0.09 2.03 0.06 

195 0.26 1.85 0.26 
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210 0.92 1.33 0.97 

225 2.21 0.78 2.24 

240 3.95 0.35 3.85 

255 5.47 0.11 5.43 

270 5.97 0.00 6.09 

285 5.17 0.06 5.43 

300 3.57 0.31 3.85 

315 1.90 0.75 2.09 

330 0.74 1.36 0.85 

345 0.16 1.84 0.20 

360 0.00 2.03 0.02 

 
 
 
 
Fitted torsional parameters used in this study for the C-C-N-N torsion: 
 
1. ca-ca-ne-nf   2    4.100       180.000          -2.000 
1. ca-ca-ne-nf   2    0.300       360.000           4.000 
 
2. ca-ca-nf-ne   2    4.100       180.000          -2.000 
2. ca-ca-nf-ne   2    0.300       360.000           4.000 
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Figure S1. Initial (A), final (B) complex and their superposition (C) from one of the three MD simulation 

of 8c with Aβ42. RMSD for protein backbone (in black), heavy atoms (in red) and for the ligand (in 

green) and distance analysis for Cβ•••NH2-K16Nucl (d1) and C=O•••NH3-K16Act (d2). No data was 

reported for the other two simulated systems since the ligand left the cavity during the unrestrained MD 

simulation. 
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Figure S2. 2D-RMS analysis for the first five T-replicas of Aβ42mon-8f. representative conformers 

relative to the most populated clusters are also reported. Colour code for the Aβ42mon sequence is set 

according to the secondary structure analysis shown in Figure 2 of the main text while 8f is reported 

as yellow sticks. N- and C-terminal edges of the Aβ42mon were reported as blue and red spheres, 

respectively. 
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Figure S3. Contact map for the five T-replicas of the Aβ42mon-8f complex. Contacts between Cβ atoms 

of Aβ42mon and compound 8f are marked by red rectangles.   

  















14 
 

4. Anti-Inflammatory Effect on BV-2 cells 
 

 
 

Figure 6: Effect of compounds 8a, 8b, 8d and 8e on the production of NO as inflammation marker. 

BV-2 cells were treated with 50 ng/mL LPS alone or with the respective compound. NO was 

determined by the Griess assay in the supernatant. Data is presented as means ± SEM of three 

independent experiments and results refer to LPS treated cells. Statistical analysis was performed 

using One-Way ANOVA followed by Dunnett’s multiple comparison posttest using GraphPad 

Prism 5. Level of significance: ** p < 0.01, *p < 0.05. 

 




